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Abstract

In Europe residential and commercial buildings are responsible of about 40% of
the total energy consumption and the 70% of this energy is used for heating.
To reduce this consumption, Standards introduce limits to guarantee the energy
saving in new buildings, but also the energy retrofitting of existing buildings has
to be considered, because of their large impact on the phenomenon.

In this perspective a multi-layer prefabricated facade sandwich panel charac-
terized by an internal EPS layer and by two external layers of Textile Reinforced
Concrete (TRC) is proposed. Just the insulating material is used to transfer the
shear between the external TRC layers. The maximum size of the panel is 1.50
x 3.30 m?; the panel height is properly chosen in order to fix it to the frame
concrete beams by means of four punctual connectors placed near to the four
corners.

The main advantages of the solution if compared with the thermal coating
(EIFS system) are: the lower impact on occupant life (no scaffoldings required),
the possibility to obtain the desired finishing in terms of surface roughness, color,
pattern (including the reproduction of the original fagade), the increase in impact
resistance (low floors), the higher quality of finishing and the higher durability.
The latter aspect is particularly important, especially considering an expected
building life of at least 30 years. Aesthetic and durability aspects are directly
related to the use of a high strength fine-grained concrete in TRC.

The main goal of the work is to provide the mechanical characterization of
this panel. The research is developed at material, cross-section and full-structure

level.
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Material level includes the investigation performed on Textile Reinforced Con-
crete specimens in order to assess their behaviour in tension, considering both
standard and extreme conditions (residual strength after exposure to freezing and
thawing cycles).

At lab-scale level, failure modes of the sandwich solution have been investi-
gated. In particular, small (550x150 mm?) and big (1200x300 mm?) sandwich
beams, characterized by the stratigraphy described above, were tested according
to a four point load scheme. Both geometries were tested in standard conditions,
and small beams were also tested after the exposure to freezing and thawing cy-
cles. Furthermore, the behaviour of the sandwich solution when loaded with a
concentrated load is investigated.

Concerning full-scale level, tests were developed considering a real panel sim-
ply supported on four points and loaded initially with a distributed load, in order
to asses the Serviceability Limit State behaviour, and then with concrete blocks
up to failure, in order to determine the maximum load brought at Ultimate Limit
State.

In parallel, analytical and numerical analysis have been performed and the
adopted models have been validated with respect to the collected experimental

results.
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Introduction

In 2010 in Europe residential and commercial buildings were responsible of about
40% of the total energy consumption and the 70% of this energy was used for
heating [ODYSSEE MURE (2012)]. To reduce this consumption, Standards
introduce limits to guarantee the energy saving in new buildings, but also the
energy retrofitting of existing buildings has to be considered because of their
large impact on the phenomenon.

The European project FASEE - Envelope Approach to improve Sustainabil-
ity and Energy Efficiency in existing multi-storey multi-owner residential build-
ings [EASEE (2016)] - acts in this perspective. One of the main project objectives
is the design of a technological solution representing a valid and more durable
alternative to the Exterior Insulation and Finishing System (EIFS), which is usu-
ally used for the energy retrofitting of existing buildings and typically consists of
an insulation panel made of polystyrene foam, secured to the exterior wall surface
with an adhesive or mechanical anchoring, on which a water-resistant base coating
(reinforced with fibreglass mesh) and a finishing coating are applied. Targets of

the project are multi-storey multi-owner residential buildings, dated before 1975,

1



CHAPTER 1. INTRODUCTION

characterized by reinforced concrete frame structures and cavity brick walls. Two
departments of Politecnico di Milano (Department of Architecture, Built envi-
ronment and Construction engineering - ABC - and Department of Civil and
Environmental Engineering - DICA) are involved in the project, together with
other research institutes and small and medium enterprises coming from all over
Europe.

The solution proposed by the consortium, shown in Figure 1.1, consists in
a multi-layer prefabricated fagade sandwich panel characterized by an internal
insulation layer, made of expanded polystyrene (EPS), and by two external layers
in Textile Reinforced Concrete (TRC). TRC is a composite cement-based material
that allows designers to obtain thin and lightweight panels thanks to the high
load brought in tension.

The maximum size of the panel is 1.50 x 3.30 m?2. The panel height is properly
chosen in order to fix it to the frame concrete beams by means of four punctual
connectors placed near to the four corners on the short edges: the two upper
connectors are aimed to resist only the wind pressure acting on the panel, while
the two connectors placed at the bottom are loaded both by wind pressure and
self weight of the panel.

The polystyrene layer is chosen to be 100 mm thick in order to guarantee
a proper thermal insulation, significantly reducing heat losses of the building.
Considering e.g. a typical existing wall made of external plaster, brick masonry
120 mm thick, air cavity, brick masonry 80 mm thick and internal plaster, its
thermal transmittance U is estimated to be 1.16 W/m?K; the addition of an EPS
layer 100 mm thick leads to a significant reduction of the thermal transmittance
down to 0.26 W/m?K. This value is lower than the one specified for external
walls by the Italian standards currently in force.

In order to correct the out of plumb of the existing fagade, an air cavity is

left between the panel and the wall. The thickness of this cavity is related to the



max 3.30 m

ANVZAN

Figure 1.1: Sandwich panel solution proposed for the energy retrofitting of existing
buildings.

extent of the out of plumb.

In order to prevent the thermal bridges caused by connectors, the insulating
material is used to transfer the shear between the two external TRC layers; in the
panel just few connecting devices, active only in extreme conditions (e.g. fire),
are provided to prevent the detachment between the two TRC layers.

The main advantages of the solution if compared with the thermal coating

(EIFS system) are:

o the lower impact on occupant life (no scaffoldings required);
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o the possibility to obtain the desired finishing in terms of surface roughness,

color, pattern (including the reproduction of the original facade);
o the increase in impact resistance (low floors);
o the higher quality of finishing;

o the higher durability.

The latter aspect is particularly important, especially considering a residual
expected building life of at least 30 years. Aesthetic and durability aspects are
directly related to the use of a high strength fine-grained concrete in TRC.

The proposed panel is also characterized by all the advantages related to pre-
casting in terms of quality control and fast mounting. The use of TRC allows to
keep the weight of the panel under 70 kg/m?; that means building site safety dur-
ing panel handling and low building mass rise, particularly important in seismic
areas.

An innovative in-pressure casting technique is adopted to avoid the use of
glue and to prevent the debonding between the layers thanks to the good bond
obtained during the production.

Within the project, ABC department is in charge of studying the panel ther-
mal behaviour and the process of assessment of existing building using 3D laser
scanning, while DICA department is responsible of the investigation and opti-

mization of the panel mechanical behaviour.

1.1 Levels of investigation

The mechanical characterization of the panel is carried out operating at three

levels: material, lab-scale and full-structure level.

4



1.1. LEVELS OF INVESTIGATION

Material level includes the investigation performed on Textile Reinforced Con-
crete specimens in order to assess their behaviour in tension, considering both
standard and extreme conditions (residual strength after exposure to freezing and

thawing cycles).

At lab-scale level failure modes of the sandwich solution have been investi-
gated. In particular, small (550x150 mm?) and big (1200x300 mm?) sandwich
beams, characterized by the stratigraphy described above, were tested according
to a four point load scheme. Both geometries were tested in standard conditions,
while small beams were also tested after the exposure to freezing and thawing
cycles. Furthermore, the behaviour of the sandwich solution when loaded with a

concentrated load is investigated.

Concerning full-scale level, tests were developed considering a real panel sim-
ply supported on four points and loaded initially with a distributed load, in order
to asses the Serviceability Limit State behaviour, and then with concrete blocks
up to failure, in order to determine the maximum load brought at Ultimate Limit

State.

In parallel, analytical and numerical analysis have been developed and the
models proposed have been validated with respect to the collected experimental

results.

The research has been financially supported by the EASEE project (Grant
Agreement No.: 285540; starting date: March 1st, 2012; duration: 48 months).
The production and testing of the full-scale panel has been possible thanks to
the cooperation with Stam (society of mechanical engineering), that designed the
formwork for the in-pressure casting, and Magnetti Building (precast industry),

that cast the panel and took part in the tests.
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1.2 Outline of the thesis

The thesis is organized in nine chapters.

In the introduction the engineering problem is described; then, the main ob-
jectives of the research and the levels at which it has been developed are high-
lighted.

In Chapter 2 an overview of sandwich structures is provided, focusing in par-
ticular on cladding sandwich panels, including those characterized by traditional
reinforced concrete and Textile Reinforced Concrete faces. An analytical model
proposed in literature and its development are also included.

Chapter 3 concerns the state-of-the-art of Textile Reinforced Concrete: the
tensile behaviour of the composite material, the fields of application and dura-
bility aspects are here addressed.

Chapters 4, 5, 6 and 7 are inherent with the experimental campaign developed
at material, lab-scale and full-scale level. Chapter 4 is devoted to the investiga-
tion of TRC tensile behaviour in standard conditions and after the exposure to
freezing-thawing cycles. Chapter 5 collects experimental results obtained test-
ing the sandwich solution according to four point load and concentrated load
test set-ups. Chapter 6 presents the results of four point load tests performed
on sandwich beams previously treated with freezing-thawing cycles. Chapter 7
includes the behaviour of a real scale panel both at Serviceability and Ultimate
Limit State.

In Chapter 8 the non-linear behaviour of the sandwich solution is predicted
through an analytical solution and a finite element model.

In the last chapter concluding remarks and further developments are drawn.



State-of-the-art of sandwich structures

2.1 Principle of sandwich structures

The success of sandwich structures is related to their higher bending stiffness and
lower maximum face stresses if compared to mono-layer structures, although the
presence of the core implies an increment in weight that, for some applications,
can even double. As an example, Vinson (2005) compares a mono-layer construc-
tion and a sandwich structure, as those shown in Figure 2.1. Considering a ratio
of face thickness to core depth equal to 1/20, the sandwich structure results in a
bending stiffness 300 times higher and in maximum stresses 30 times lower than

the mono-layer element.

MONO-LAYER SANDWICH

tr

te
() (b)

Figure 2.1: Mono-layer (a) and sandwich (b) structure.
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2.2 Main type of sandwich construction

Structural sandwiches are usually characterized by two faces (often identical in
material, fibre orientation and thickness), which primarily resist the in-plane and
bending loads, and by an inner core, that resists transverse shear loads. In special
cases the faces can differ one from the other; possible reasons are: that one is the
primary load-carrying, that the outer face has to withstand elevated temperature
or a corrosive environment, etc. [Vinson (1999)]

In a sandwich structure the two faces are relatively thin and characterized
by a high strength, while the core is relatively thick, light and characterized
by an adequate stiffness in the direction normal to the faces. The faces may
be steel, aluminium, wood, fibre-reinforced plastic or concrete; the core may be
in cork, balsa wood, rubber, solid plastic material (polyethylene), rigid foam
material (polyurethane, polystyrene, phenolic foam), mineral wool slabs, foam
honeycombs, metal, paper. [Davies (2001)]

Four main types of core can be identified (Figure 2.2):

1. foam or solid core (relatively cheap, can be made of balsa, wood or foam /plastic

materials with various densities and shear moduli);

2. honeycomb core (widely used since II World War; the most common are

the hexagonally-shaped cell and the square cell structures);
3. web core;
4. corrugated or truss core.

In the case of web and truss core, a portion of the in-plane and bending loads
is carried by the core.
As underlined by Davies (2001), in composite panels the positive properties of

the individual materials can be combined and the negative properties eliminated.
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(1) Foam Core Sandwich

(2) Honeycomb Core Sandwich

(3) Web Core Sandwich

WVAAA

(4) Truss Core Sandwich
(2) (b)

Figure 2.2: Main types of core [Vinson (1999)] (a) and commercial examples of each
sandwich panel ("Ruukki" wall and ceiling panel, "CelComponents" honeycomb panel,
web panel and "B-MEK CO." truss panel) (b).

The author provides two meaningful examples: the use of thermal insulating
plastic foam or mineral wool is possible only if these core materials are protected
against moisture by means of diffusion-proof facings; the strength and stiffness
of thin-walled metal claddings can be exploited only if they are stiffened against

buckling due to compression by the presence of the core.

2.3 Brief historical overview

Since 1940s sandwich constructions have been used primarily in the aircraft in-
dustry and later in missile and spacecraft structures [Vinson (1999)].

Although the sandwich principle was used earlier in less spectacular applica-
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tions, the first major construction in which sandwich panels were used is quoted
to be the World War II Mosquito aircraft [Davies (2001)], built in England by
means of plywood sandwich panels [Vinson (1999)]. In the same decade, in the
USA, fuselages were designed and fabricated using reinforced plastic faces and
low density core, e.g. Wright Patterson Air Force Base used fibreglass-reinforced
polyester faces with both a glass-fabric honeycomb and a balsa core, while Hexcel
Corporation began the production of honeycomb core for sandwich structures,
becoming one of the most important firm in the sandwich construction field (even
today this company produces over the 50% of the world’s honeycomb core mate-
rials) [Vinson (2005)].

Starting from 1960s, the sandwich solution was applied in other fields, such
as buildings, refrigerated storages and automotive and shipbuilding industries; in
the same years a worldwide boom in prefabricated building elements took place,

favouring the diffusion of sandwich products [Davies (2001)].

2.4 Cladding sandwich panels in buildings

Davies (2001) constitutes a reference for cladding wall and roof sandwich panels
applied in buildings. In particular, the book focuses on panels characterized
by both the inner and the outer faces formed of flat or profiled metal (steel
or aluminium) sheets that act compositely with a relatively low strength core,
which has suitable insulating and stiffening properties (Figure 2.3). The bond
between the components can be obtained through a line foaming process, the use
of adhesives or mechanical fastenings.

Davies’ choice of this particular sandwich solution is related to the favourable
combination of the positive properties of metal facings (load-bearing capacity,
protection of the insulation against mechanical damage, weather protection and

vapour barrier) with the complementary positive core properties (thermal and

10
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(@) (b)

Figure 2.3: Wall sandwich panels with flat (a) and profiled (b) metal sheets [Davies
(2001)].

acoustic insulation and corrosion protection).

According to Davies (2001), these panels result characterized by:

o high load-bearing capacity at low weight;
o excellent and durable thermal insulation;
o absolute water and vapour barrier;

o excellent airtightness;

o surface finished facings providing resistance to weather and aggressive en-

vironments;

o capacity for rapid erection without lifting equipment; easier installation in

hostile weather conditions;
o easy repair or replacement in case of damage;

o economical mass production to pre-cut lengths of components of uniform

high quality;
o long life at low maintenance cost;
o behaviour in fire of panels with mineral wool cores.

However, Davies (2001) identifies also some less favourable properties:

11
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o behaviour in fire of elements with rigid plastic foam cores;

o deformation when one side is exposed to heat, e.g. strong sunlight;
o creep under sustained load of elements with rigid foam cores;

o low thermal capacity;

o although sandwich elements give good sound insulation compared with al-
ternative wall and roof construction of similar weight, the insulation level

achieved is characteristic of lightweight construction.

Other possible boards to be used in faces are: timber-based boards, wood-
based chipboard, plywood, gypsum boards, gypsum boards reinforced with fibres,
cement-based boards and plastic boards.

While in aerospace and automotive applications other considerations may
prevail over costs, in building industry the performance to cost ratio is one of the
main parameter to be considered in order to make the product competitive on
the market. However, all requirements concerning safety, serviceability, durability
and aesthetic have to be satisfied. [Davies (2001)]

According to Davies (2001), these sandwich solutions are designed in such
a way that they act as a composite load-bearing unit for the expected working
life (Figure 2.4(a,b,c)). The adhesive bond between the faces and the core is
supposed to carry a shear stress equal to the shear stresses in the core.

Aims of the core material and its adhesive bond are: to prevent the upper face
slipping (Figure 2.4(d)), that happens when the adhesive is characterized by poor
bond; to prevent the shear failure or a reduced shear action (Figure 2.4(e)), that
occurs when the core is characterized by insufficient shear strength or stiffness;
to avoid the local buckling of the upper compressed face (Figure 2.4(f)), mainly

dependent on the core stiffness.
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Downward load (w per unit length)

= L = (a) Simply supported
| N sandwich panel
- /‘/-J
zg 7
: ension WTL
wL (b) Shearforce
2 diagram
— s
2
(c) Bending moment
wiZ / diagram
s

(d) Low-strength
adhesive allows
faces to slip relative
to each other

Slippage occurs at ends

(e) Low shear strength
and stiffness of core
allows shear failure

or reduces
_ i sandwich action
Upper face is too thin or is
inadequately restrained by the core
(f) Local buckling
(wrinkling) of upper
face

Lower face is too thin or of an inadequate
strength and yields in tension

= = () Tensile yield of lower face

Tension

Figure 2.4: Composite behaviour of the panel (a,b,c) and possible modes of failure
(d,e,f,g) [Davies (2001)].

The last mode of failure shown in Figure 2.4, see subfigure (g), is due to the
tensile failure of the lower face. This failure mode is the less probable between

those presented for this kind of panel.

2.5 Traditional R/C cladding sandwich panels

In building industry, also pre-cast R/C cladding sandwich panels are largely used

worldwide, especially in Europe and North America, as structural and insulating
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wall in multi-unit residential, commercial and warehouse building [Einea et al.
(1991)]. These panels are generally made of two external reinforced concrete
layers connected through the insulation layer by means of various type of shear
connectors (e.g. concrete webs, metal connectors, plastic connectors or a combi-
nation of them).

The main difference comparing them with those presented in Subsection 2.4
is that they are not designed in order to behave as composite panel, exploiting
the adhesive bond. Another important difference is related to the higher order
of weight of the panels.

Depending on the strength and stiffness of the shear connectors used, a
sandwich behaves as fully-composite, partially-composite or non-composite panel
(Figure 2.5) [Salmon et al. (1997)]. In the first case, the connectors are able to
transfer the shear forces between the two external layers, hence both of them
carry the applied load acting as a compact section. When the connectors trans-
fer a minimal part of the shear force from one external layer to the other, the
system is considered non-composite: the amount of load carried by each layer,
and hence the stress distribution, depends on the stiffness of the layer itself. As
underlined by Einea et al. (1991), in many non-composite panels the load is car-
ried by just one concrete layer, that is considered as the structural one, while the
other layer does not contribute to the strength of the panel and is used mainly for
aesthetic purposes, to enhance the panel durability and to encase the insulating
material. Partially-composite panels lie in between these two extremes [Metelli
et al. (2011)].

The thickness of each concrete layer depends on its structural function, the
concrete cover required, the anchorage of the connectors and the finishing; how-
ever, in conventional sandwich panels, it is never smaller than 50 mm [Einea et al.
(1991)].

Some studies concerning the bending behaviour of sandwich panels were devel-
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i _Stress Strain

a) Non-composite

Stress _Sgain

I
/i

b) Fully-composite

7Stress_ Strain

FETT TR e RV R AT L R R

3 N G R e

¢) Partially-composite

Figure 2.5: Non-composite (a), fully-composite (b) and partially-composite (¢) panel
[Salmon et al. (1997)].

oped [Gara et al. (2012)], paying particular attention to the relationship between
the shear connectors used and the obtained composite action [Benayoune et al.
(2008), Naito et al. (2011)].

However, the high costs of full-scale testing, the difficulty in fabricating small-
scale panels and the reluctance of the producers in sharing the information with
their competitors lead to a lack of information on the mechanical performances
of the pre-cast concrete sandwich panels [Benayoune et al. (2008)].

The main advantage of a sandwich solution, that is the integration between
the thermal insulation and the wall structural element, has to be added to all the
advantages related to prefabrication, such as quality control and fast mounting.

The main disadvantages are related to the insufficient architectural design range,
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the clumsy appearance and the corrosion damages that, according to Hegger and
Horstmann (2009), induce a decreasing in the acceptance of this technology for
facade.

Moreover, the insulation efficiency of the sandwich panel depends on the ther-
mal resistance of the insulation material, generally polystyrene or polyurethane,
and this efficiency can be considerably reduced by the thermal bridges caused
by the presence of the shear connectors, that can be significant especially in the

fully-composite solution.

2.6 From R/C to TRC cladding sandwich panels

In order to exploit the advantages of a prefabricated sandwich solution while
solving corrosion problems, improving the design possibility and obtaining the
desired finishing, Hegger and Horstmann (2009) proposed sandwich panels with
both the concrete layers made of Textile Reinforced Concrete (TRC) (Figure 2.6)

and pointed out the good mechanical behaviour of this solution.

Light-weight sandwich fagade Common structural concrete
with TRC facings sandwich panel
Resilient PU rigid foam Non-resilient EPS core

TRC layer

el

| Massive outer
concrete layer

s

[cm] Structural layer

1.5 15 1.5 >7, ,6-8, ,10-14
H——H T 1 7
(@ (b)

Figure 2.6: Comparison between light-weight TRC sandwich panels (a) and traditional
R/C sandwich panels (b) [Hegger and Horstmann (2009)].
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Hegger and Horstmann (2009) investigated TRC sandwich beams in which the
shear stresses are transferred just through adhesive bond; however, in the real
scale panels, they introduced connecting devices in order to guarantee a durable
connection between the TRC layers and a proper sandwich action. Besides, in
the wall elements they proposed the inner profiled layer as structural and the
dead load of the outer thin concrete layer is transferred to it by the foam and the

pin connectors.

The results of tests performed by Hegger and Horstmann (2009) on TRC
sandwich beams are shown in Figure 2.7 in terms of bending moment vs. dis-
placement curves. The specimens are characterized by different core material
(PU = polyurethane; XPS = extruded polystyrene) and densities and by differ-
ent adhesive bond (obtained by gluing or by pressing a notched core into a fresh

concrete layer).

strain gauge

/|2 fem]

11 b =30 (80)

50 i O .
Failure _ / P3 i: e i:
Span  Load F, Deflection E 4 VOTs | A
Panel Core Interface Lg; (m) (kN/m) w (mm) g / 5, 65(170 60 (150; 65(170) 5,
2. 200 (500) |
P1 PU32 Notched 1.9 27.6 43.0 5
P2 PU32  Glued 1.9 18.1 29.2 £
P3 PU200 Notched 1.9 151.2) 28,0 b
P4  PU40 Notched 4.9 232 998 g
PS5  PUSO Notched 1.9 490 320 3
P6 XPS32 Notched 1.9 58.0 40.0 *
o

! tensile failure of fabrics 1 (5 layers) in lower facing.

20

40

60 80 100 120 140 160
Deflection (mm)

Figure 2.7: Results of tests performed on TRC sandwich beam specimens [Hegger and
Horstmann (2009)].

An investigation concerning the influence of shear connectors on the behaviour
of these TRC sandwich panels can be found in Shams et al. (2014b); in particular,
carbon fabric shear grids and glass fibre reinforced polymer pin connectors are

taken into account and tensile, shear and bending behaviours are investigated.
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This thesis, as anticipated in the Introduction, concerns a multi-layer pre-
fabricated facade sandwich characterized by an internal insulation layer made
of expanded polystyrene foam (EPS, 100 mm thick) and by two external layers
of Textile Reinforced Concrete (TRC, 10 mm thick). This sandwich solution is
adopted in the external fagade panel proposed for energy retrofitting of existing
buildings in the framework of a more extensive research project [EASEE (2016)];
the maximum dimension of this panel is 1.5 x 3.3 m?2. The real panel is supposed
to be placed on an existing wall by means of four punctual connectors placed near
to the four corners of the panel on the short edges: the two upper connectors are
aimed to resist only the wind pressure acting on the panel, while the two con-
nectors placed at the bottom are loaded both by wind pressure and self weight
of the panel. In order to prevent the thermal bridges caused by connectors, the
insulating material is used to transfer the shear between the two external TRC
layers; hence, in a full-scale panel designed with this technology, just few con-
necting devices, active only in extreme conditions (e.g. fire), must be provided
to prevent the detachment between the two TRC layers.

This approach, that consists in transferring the shear by means of the core
material, is commonly adopted for building sandwich panels characterized by
metallic or polymeric external skins, as seen in Subsection 2.4; an example of
an experimental investigation performed on such kind of panel can be found in
[Sharaf et al. (2010)].

Nevertheless, Ferrara et al. (2008), Colombo et al. (2008), di Prisco et al.
(2012), di Prisco and Zani (2012) and Miiller et al. (2012) proposed cement based
sandwich elements in which advanced cementitious composites are used for the
external layers and the connection between the layers is obtained only through
the bond between the insulating material and the cementitious layer without any
connector.

In Figure 2.8 the roof sandwich panel proposed by di Prisco et al. (2012) is
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shown together with some experimental results. This panel is characterized by
an upper layer in High Performance Fibre Reinforced Concrete 20 mm thick, a
polystyrene layer 64 mm thick and a lower Textile Reinforced Concrete layer 6

mm thick. In the figure also a picture of the panel edge is plotted.
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Figure 2.8: Sandwich panel production with a zoom on the panel edge (a) and load vs.
vertical displacement curves at midspan (b) [di Prisco et al. (2012)].

2.7 Analytical models

2.7.1 Plane Section approach

The simplest analytical model that can be applied to a sandwich beam is the

plane section model.

It is based on the assumption that the section remains plane and, hence, there
is a linear strain distribution over the cross section (Yeore = Vface, Figure 2.9);
the shear deformations (7., considering x as the longitudinal axis and z the
vertical one) of both the faces and of the core are assumed to be negligible. The

elastic stress distribution over the cross-section is reported in Figure 2.9.
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STRAIN NORMAL STRESSES

\ € sup G sup

Figure 2.9: Strain and stress distribution according to the plane section approach.

2.7.2 Stamm and Witte Theory

As the shear deformation of the core generally plays a key role in the global
behaviour of a sandwich panel, the plane section approach is not suitable in
order to predict the real response.

In their book, Stamm and Witte (1974) propose an analytical model for sand-
wich beams, that takes into account the shear deformation of the core. Two
variations of that model are described: the first concerns sandwich beams char-
acterized by thin faces, while the second is related to sandwich beams with thick
outer layers, whose bending stiffness can not be neglected. The analytical solution
of the first case was previously found by Plantema (1966).

The bending and shear stress distribution over the cross-section is shown in

Figure 2.10 for both the situations.

Sandwich beams with thin faces

The analytical model in the case of thin faces is based on the following assump-
tions:
o the material of the faces is linear elastic; the core is homogeneous and it

also obeys the Hooke’s Law;
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olz) Tlz)
(b)

Figure 2.10: Distribution of normal and shear stresses in a sandwich beam characterized
by thin (a) or thick (b) faces [Stamm and Witte (1974)].

o the faces are planar, parallel to each other and so thin that their own
bending stiffness can be neglected. So, in the outer layers, a membrane
stress state is assumed, with the normal stresses taken constant over the

face thickness (Figure 2.10(a));

o the shear stiffness of the outer layers is large, hence their shear deformations
Jace can be neglected; the cross sections of the outer layers thus remain

planar and perpendicular to the axis even after the deformation (Bernoulli

hypothesis);

core

¢ore can be taken

o the core is soft if compared with the outer faces, hence o
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equal to zero, while 7597 is constant (Figure 2.10(a));

o due to the shear deformation of the core, the total cross section of the
sandwich beam is not flat, but it deforms to a broken line (as shown in

Figure 2.11);
o the sandwich panel is calculated as a one-dimension structure, e.g. a beam;

o both a transverse and a longitudinal load are supposed to act on the sand-

wich beam, hence the second order effects are taken into account;

o small displacements and deformations are considered.

Figure 2.11: Sandwich beam element in deformed configuration [Stamm and Witte
(1974)].

The axial stiffness of the faces results:
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D, = E,bt, (2.1)

D, = E,bt, (2.2)

respectively for the upper (0) and the lower (u) outer layer, considering the
elastic moduli (E, and E,,), the thickness of each face (¢, and ¢,) and the depth

of the sandwich beam (b). Hence, the global axial stiffness of the faces results:

D=D,+D, (2.3)

Considering a, and a,, as defined in Figure 2.11, the sandwich bending stiffness

Bg results:

Bs = D,a? 4+ Dya? (2.4)

u

The shear stiffness of the core is equal to:

2
A= Gb% (2.5)

considering G the shear modulus of the core, b the depth of the beam, a as
defined in Figure 2.10 and h the height of the core.

Finally, if there is no normal force acting on the beam (N=0, first order
theory), the differential equations governing the problem for a generic load ¢

result:

(2.6)
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where w and ~y represent respectively the vertical displacement and the rota-

tion, as illustrated in Figure 2.11.

Sandwich beams with thick faces

If the sandwich is characterized by thick faces, their bending stiffness is not
negligible if compared to the one of the whole sandwich beam. Hence, the previous
model, whose solution is due to Plantema (1966), is implemented by Stamm and
Witte (1974) superimposing the local bending state of each external layer to the
membrane state of stress of these outer layers due to sandwich global behaviour.
The distribution of stresses here considered is plotted in Figure 2.10(b).

If there is no normal force acting on the beam (N=0, first order theory), the

differential equations governing the problem for a generic load ¢ result:

_Buy+Bo, VI, B, IV _  a _ g
A Wt pow =+ g A

B, +B B ! 27
considering:
3
B, = Eoblt—o (2.8)
bt3
B,=FE,—>* 2.
and
B =Bs+ B, + B, (2.10)

Solving the differential equations for a simply supported beam loaded with a
concentrated load placed at a distance e from the support (Figure 2.12), Stamm

and Witte (1974) found the following equations for vertical displacements and
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rotations at point x = e:

field | field Il

Figure 2.12: Simply supported sandwich beam loaded with a concentrated load.
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_Bs
e

1+«
A=/ of (2.18)

Index 1 refers to field I in Figure 2.12, while index 2 refers to field II.

B (2.17)

The following moment can be also computed:

Mg = Pl i ~ [(1 —e)E— Wsinh()\f)] (2.19)

Mg, = PZH% [(1 —&)e - %ﬁ?]smhm - 5)} (2.20)

My = Pl% {(1 — e+ Wsinh(Ag)] (2.21)

My.2 = Pl 10‘17‘; [(1 — e+ %smhm - g)} (2.22)
considering:

Qo = %; (2.23)

= gz (2.24)

Indexes u, o refer respectively to the lower and the upper face, while index S

refers to the sandwich action due to the interaction between the two faces.
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2.7.3 Stamm and Witte Theory implemented by Shams et al. (2014a)

Shams et al. (2014a) implemented the Stamm and Witte analytical model in
order to account the non-linear behaviour of the materials.

As the equations in Stamm and Witte (1974) are solved for constant bending
and axial stiffness, to avoid solving the differential equations with a stiffness
function, Shams et al. (2014a) propose constant average stiffness values for the
full length of the beam.

Firstly, the beam is divided into a finite number of elements with equal length
and an axial and a bending stiffness are assigned to each element, depending if the
section is cracked or un-cracked. Then, overall stiffness EI and EA (originally
called B, ,, and D, ,,) are computed for the beam combining the partial stiffness.

Two ways to compute the overall stiffness are proposed by the authors:

o weighting the beam stiffness basing on the deflection (model A);

o weighting the beam stiffness basing on the internal forces (model B).

Once computed the load-dependant axial and bending stiffness for each ele-
ment, separately for the upper and the lower faces, model A weights them con-
sidering the vertical displacement w; computed for the i-th element and uses the

average values as a constant over the beam length (Figure 2.13(a)):

anl EIl (o
El, = &= 2.25
4 D1 Wi ( )
B, — 2z BA (2.26)

On the other hand, model B weights ET and E'A computed for each element
according to the average bending moment acting on the same element (Figure

2.13(b)):
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Figure 2.13: Beam stiffness weighting basing on the displacement (a) or on the bending
moment (b) [Shams et al. (2014a)].

" EI - M;
Elp = Zf"M (2.27)
=1 ?
" EA; - M;
EAp = Zi"M (2.28)
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Investigating several Textile Reinforced Concrete sandwich panels (character-
ized by different reinforcement and slenderness), Shams et al. (2014a) found that
model A accurately assesses the load-deflection behaviour taking into account the
cracking of the concrete faces.

The analytical results are strongly affected by the shear stiffness of the core;

the model used for deriving this stiffness is described in Hegger et al. (2011).
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Textile Reinforced Concrete (TRC) is a composite cement-based material rein-
forced with Alkali Resistant (AR) glass, carbon or aramid fabrics. The combina-
tion of fabrics and fine-grained concrete, which in fact resembles more a mortar
than a concrete, allows architects and engineers to design thin and lightweight
structures characterized by a high load-bearing capacity in tension.

In the present work, AR-glass reinforcement is used because of its good per-
formance to cost ratio. A picture of a TRC specimen reinforced with four layer
of AR-glass fabric is shown in Figure 3.1. Each fabric is obtained by weaving
filament yarns. One yarn consists of several hundreds up to thousands single
filaments (see Figure 3.1 "AR-glass yarn").

AR-glass is able to resist the corrosive alkaline solution in the concrete thanks
to its content of zircon (more than 15%). However, this reinforcement is not
completely immune to degradation, hence the application of a proper coating is
useful in order to guarantee the desired durability [Gries et al. (2006)].

The filament diameter ranges between 9 and 27 um. The fineness of a yarn

depends on the number of filaments, the average filament diameter and the fibre
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embedding the fabric into

AR-glass yarns AR-glass fabric the fine grained concrete

Figure 3.1: Textile Reinforced Concrete sample [Curbach and Sheerer (2011)].

density; this fineness is expressed in terms of Tex (gram per 1 km). Depending
on the fineness, the mechanical properties of AR-glass yarn vary up to a tensile
strength of 1400 M Pa and up to an elongation equal to 2%. The modulus of
elasticity is equal to 70-80 G Pa. [Gries et al. (2006)]

Three main textile fabrics are applied in concrete as reinforcement [Gries et al.

(2006)]:

o scrims, that are textile fabrics produced by superimposing thread systems,

with or without fixing the crossing points;

o warp knits; the only difference with scrims is that the weft threads are

inserted according to the mesh pattern (Figure 3.2(a));

o woven fabrics, that are fabrics manufactured by shedding two rectangular
crossing thread systems, warp and weft. Different weaving patterns can be

followed; a common woven fabric is the leno weave (Figure 3.2(b)).
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Warp Immmg

Figure 3.2: Warp knitting fabric [sketch by de Andrade Silva et al. (2011) and picture
by Gries et al. (2006)] (a) and leno weave fabric [sketch by Peled (2013)](b).

The main advantages of Textile Reinforced Concrete are related to its durabil-
ity and strength performance, since no cover against corrosion is required, while
it is also possible to align fibres along the load direction. In particular, thanks
to the bi-dimensionality of the fabrics, a bi-axial load can be supported easily
by such a reinforced structure. Both new structures and existing buildings con-
stitute the fields of application of this composite material [Curbach and Sheerer
(2011), Horstmann et al. (2008), Hegger and Voss (2008)].

During the last ten years, the scientific community’s growing interest in
the technology has been demonstrated by the establishment of several research
projects, the majority in Germany, Israel and the USA. In the last few years a
research project focusing on TRC was also set up at the Politecnico di Milano,

in Italy.

3.1 Tensile behaviour of TRC

As a composite material, the strength and ductility of TRC depend not only on
those of its components, but also on the bond between reinforcement and matrix.
Analysis of this bond is thus one of the main topics in TRC studies, because it

affects both the peak load and the ultimate strain of the composite material due
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to the brittleness of the AR glass reinforcement.

In the case of TRC, bond behaviour is quite different to that observed in steel

reinforcement due to the inhomogeneity of the fibre cross-section.

The bond between steel bar and matrix in R/C is governed by several mech-
anisms, including adhesion, which is lost after the first slippage of the steel,
friction, and the most efficient contribution of mechanical bonding in the form of

bar ribs.

Textile reinforcement, on the other hand, is composed of thousands of fil-
aments, only the most external of which are in contact with the matrix. In
addition, only a part of the filaments is anchored in the cement paste and thus
the inner filaments can slip easily within the roving. The bond may also be
influenced by fabric coating. In Yarn-Matrix-Bond theory [Banholzer (2004)],
developed from an experimental investigation into filament pull-out, the roving
is schematized as a cylindrical structure comprised of concentric rings, each one
composed of several filaments (Figure 3.3(a)). The roving failure mechanism is
initiated by the failure of the outer filament ring, followed by that of each adjacent
layer until reaching the core filaments at the ultimate collapse. The telescopic

behaviour of the yarn during a pull-out test is shown in Figure 3.3(b).

Cementitious
matrix

(b)

Figure 3.3: Idealization of a yarn embedded in a matrix (a) and telescopic failure of the
yarn itself (b) [Cohen and Peled (2010)].
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The bond in TRC can be affected by many factors, such as curing conditions
and pressure applied after laminate casting [Mobasher et al. (2006)], fabrication
technique [Peled et al. (2006)], fibre type and treatment of fibre surface [Peled
et al. (2008)].

In particular, according to Mobasher et al. (2006), an increase of bond at
matrix/fabric interface is observed when the matrix is fully hydrated and when
a pressure is applied on the specimen after casting in order to facilitate matrix
penetration in the fabric openings. Such increase in bonding may enhance the
composite strength, but leads to the fabric failure prior to pull-out, thus reducing
the composite ductility.

The pultrusion process used instead of the hand lay-up technique for the
specimen production can enhance the bond properties, especially in the case of
polyvinylalcohol (PVA) and polypropylene (PP) fabrics (Peled et al. (2006)).

The penetration of the matrix in between the filaments constituting each
yarn is an essential requirement for a good bond. According to Peled et al.
(2008), the more compact and dense is the bundle, the lower is the average bond
strength, while a better penetrability results in an improved bond strength, as
more filaments are in direct contact with the hydration products of the cement
matrix (Figure 3.4(a)). The same results are confirmed by the pull-out load vs.
slip curves shown in Figure 3.4(b).

Peled et al. (2008) also found out that the bond between PP fibres and cement
matrix can be improved by treating the surface of the bundles through a proper
detergent in order to help the fibre-matrix affinity.

Other researchers studied the bond phenomenon performing pull-out tests and
developing several models [e.g. Butler et al. (2011), Soranakom and Mobasher
(2009), Sueki et al. (2007), Zastrau et al. (2003)].

The typical non-linear tensile stress versus strain curve of Textile Reinforced

Concrete is shown in Figure 3.5. As proposed by Hegger et al. (2004), this curve
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Figure 3.4: Average bond strength of four PP specimens whose cross-section is observed
through optical microscope (a) and pull-out load vs. slip response of these PP specimens
(b) [Peled et al. (2008)].

can be divided into three sections:

o

a first linear branch (I, Figure 3.5), in which the material is un-cracked and
the slope reflects the elastic modulus of the concrete. The contribution to

stiffness offered by the reinforcement is negligible according to Ohno (1994);

a non-linear response stage (11, Figure 3.5). Once the tensile strength of
the matrix is reached, the whole force is transferred through the crack to
the fabric (ITa). Thanks to the bond between textile and concrete, the re-
inforcement redistributes the load until the tensile strength of the matrix
is reached in another section of the specimen, thus creating a new crack.
Repetition of this process results in the formation of a multi-crack pattern
along the specimen, the distance and width of which are strictly related to
fabric geometry and to the bond between reinforcement and concrete. In
Figure 3.5, multi-cracking occurs in the branch defined by a fairly constant
load, with an increase in the total equivalent strain taking place due to
multiple crack formation. Increasing the deformation, only the contribu-
tion of the fabric (IIb) is noticeable, with no further cracks appearing and

the fabric strained upwards. Figure 3.5 also presents a comparison of the

34



3.1. TENSILE BEHAVIOUR OF TRC

behaviour of the fabric with that of TRC; the difference between the two

curves is due to the tension stiffening effect;

o a final stage (III, Figure 3.5), defined by the failure of the AR-glass fabric
when the textile reaches ultimate strain. The occurrence of this event
depends on a series of parameters such as nature of fibre, fabric geometry,
reinforcement ratio and bond phenomena. TRC reinforced with AR-glass
fabrics does not experience the final plateau indicated by the dashed line,
since the reinforcement is characterized by brittle failure without any plastic

deformation.

Figure 3.5: Tensile behaviour of Textile Reinforced Concrete, typical tensile stress vs.
strain curve [after Hegger et al. (2004)].
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3.2 Fields of application

TRC capabilities can be expressed both in the retrofitting of existing structures
and in the design of new structural elements. All the examples collected in this
Section refer to TRC reinforced with AR-glass fabrics, as this kind of reinforce-
ment is the most diffuse thanks to its good performance/cost ratio.

Concerning existing buildings, the application of a thin layer of the composite
on existing structures to improve their performances is one of the most promising
use of Textile Reinforced Concrete. Mechtcherine (2013) underlines that repair
layers have not only a strengthening, but also a protective function, as the fine
crack pattern that characterizes TRC is beneficial for the protection of the con-
crete substrate; the protective function can be the main purpose of the repair
measure. Possible applications in the framework of structural retrofitting are:
R/C beams (Figure 3.6 (a)), columns (Figure 3.6 (b)), roof structures (Figure
3.6 (c)) and coupling beams.

The coupling beams represent a key element in braced structures when sub-
jected to seismic actions, therefore their strengthening is crucial for the behaviour
of buildings in seismic areas. To demonstrate the effectiveness of the TRC ap-
plication on a real structure, a R/C coupling beam specimen was realized (1:2
scale size, Figure 3.7(a)) and tested at the Politecnico di Milano laboratories
in the framework of the RELUIS project (REte dei Laboratori Universitari di
Ingegneria Sismica) [Muhaxheri (2014)]. Both un-strengthened and retrofitted
solutions were tested with monotonic and cyclic load. The coupling beam was
450 mm long, 300 mm high and 100 mm wide and was reinforced with ¢8 lon-
gitudinal steel bars and ¢6 stirrups 100 mm spaced. As visible in Figure 3.7(b)
the strengthening with the used TRC implies, in the case of monotonic load, an
increase of about 78% in terms of maximum peak load, enhancing slightly also

the ductility.
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Figure 3.6: TRC used to retrofit a R/C beam (a), a R/C column (b) and a roof structure
(c) [Curbach and Sheerer (2011)] .
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Figure 3.7: R/C coupling beam duting test (a) and load vs. stroke curves for un-
strengthened and retrofitted coupling beam (b) [after Muhaxheri (2014)] .
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The structures on which TRC is applied could be undamaged or damaged (e.g.
because of an earthquake). An example of a pre-cracked R/C element retrofitted
with TRC is shown in Figure 3.8. In order to obtain a good bond between the
concrete and the applied TRC layer, the concrete surface has to be treated, e.g.

through sandblast, or even better through water-pressure cleaning.

Figure 3.8: R/C element retrofitted with TRC.

To analyse the contribution of the retrofitting material in the post-crack be-
haviour, an innovative test technique was developed at Politecnico di Milano.
This method, known as DEWS (Double Edge Wedge Splitting), was applied by
Magri (2012) to investigate the effectiveness of two retrofitting materials, TRC
and UHPFRC (Ultra High Performance Fiber Reinforced Concrete), when ap-
plied to 300x300x100 mm R/C plates (Figure 3.8), characterized by three differ-
ent levels of damage: undamaged structure, element damaged at Serviceability
Limit State and element damaged at Ultimate Limit State (crack opening w
equal to 0, 0.3 and 3 mm respectively). Just 6 mm or 20 mm respectively of
TRC or UHPFRC were applied to the existing structure. The DEWS technique
is illustrated in Figure 3.9 together with the compression vectors developed in

the specimen during the test.
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Figure 3.9: DEWS test on a R/C element [after Magri (2012)].

The main advantage of the DEWS technique is the possibility to create a pure
tensile stress distribution along the ligament of the notched specimen, without any
crosswise compressive stress, by applying a compressive load, thus avoiding the
typical problems of direct tensile tests, e.g. gluing of steel plates on the specimen
edges to distribute the stresses. This advantage characterizes also other indirect
tensile tests, such as bending and Brazilian test, but the DEWS technique allows
to minimize the structural effect and to compare the strengthened specimens with
the un-strengthened one not only in terms of load, but also in terms of ductility.
In particular, the ductility depends both on the retrofitting material deformation
and on its delamination. When stresses are transferred from the support to the
retrofitting layer, the latter could deform over the detachment length.

As can be seen in Figure 3.10, the effectiveness of the TRC retrofitting layer
both in terms of peak load and ductility is visible in all the damage situations
considered. In undamaged situations and at SLS the TRC solution proposed is
even better than the UHPFRC one, even considering that TRC solution is 70%
lighter and about 50% less expensive than UHPFRC. Due to the small thickness,
delamination risk is strongly reduced with respect to UHPFRC and therefore no

special devices are often required to fix the retrofitting layer to the support.
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3.2. FIELDS OF APPLICATION

Concerning new structural elements, TRC can be used in the production of
facade panels (Figure 3.11(a)), roof elements (Figure 3.11(b)), grid structures
(Figure 3.11(c)), precast multi-layered roof and wall panels (Figure 3.12) and
tunnel linings (Figure 3.13).

Figure 3.11: Facade TRC elements applied on the Institute of Structural Concrete at
RWTH Aachen University, Germany (a), TRC barrel shell roof element (b) and TRC
grid structure (c) [Hegger and Voss (2008)].

Figure 3.11(a) shows the first application of TRC in a ventilated building
facade. This application was realized in 2002 on a building of the Institute of
Structural Concrete in RWTH Aachen University. Each panel, 2385 mm long,
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325 mm wide and 25 mm thick, is characterized by a weight of 57.5 kg/m? and is
fixed to the reinforced concrete substructure through four anchorage points. The
design is performed so that the elements remain un-cracked under service loads.

The barrel shell roof element shown in Figure 3.11(b) clearly points out the
easiness of realizing complex geometries (such as curved shapes) by using Textile
Reinforced Concrete. The prototype segment shown in the picture is character-
ized by length of 1.5 m.

The rhomboid grid structure, whose pictures are presented in Figure 3.11(c),
is a prototype realized at RWTH Aachen University. Each rhomboid modulus
has outer dimensions of 1000 x 600 x 160 mm; the thickness of the walls is equal
to 25 mm and the weight is about 23 kg. The design was performed considering
a supported glass roofing. The arch obtained assembling the rhomboid elements

has a span of 10 m, an hight of the vault of 3 m and a width of 1.8 m.

Figure 3.12: Assembly of modular prototype TRC sandwich building [Hegger and
Horstmann (2009)].

An entire modular prototype building was also assembled at RWTH Aachen
University by using sandwich panels both for wall (1 x 2.82 m) and roof (1 x 4.73

m) elements (Figure 3.12). The sandwich cross-section is characterized by two
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external layer in TRC 15 mm thick an by an internal insulation layer 150 mm
thick.

Multi-layer roof sandwich elements made of UHPFRC, polystirene and TRC
(254+-80+6 mm) were studied at Politecnico di Milano [di Prisco and Zani (2012),
Zani (2013)].

An example of a tunnel lining in which a layer of TRC is used is shown in
Figure 3.13 . The multilayer element, investigated in the framework of the Eu-
ropean A.C.C.ILD.E.N.T Project (Advanced Cementitious Composite In DEsign
and coNstruction of safe Tunnel), is made of Steel Fiber Reinforced Concrete
(SFRC) and High Performance Fiber Reinforced Concrete (HPFRC); one AR-
glass fabric is embedded at the interface to enhance the performance during
exceptional loads [di Prisco et al. (2013)].

Another interesting application, presented by Curbach and Sheerer (2011), is
represented by TRC pedestrian bridges. An example is the 17 m long foot and
bicycle bridge realized in Kempten in 2007 by joining 18 TRC u-shaped modular
shell elements 30 mm thick. When all the segments were cast and aligned (Figure
3.14(a)), they were longitudinally pre-stressed; then the bridge was transported
to its location and placed (Figure 3.14(b)).
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SFRC HPFRC

TRC
at the
interface

(b)

Figure 3.13: Multilayer tunnel lining: sketch of the geometry and stratigraphy (a) and
prototype exposed to the MadeExpo exhibition (b) [di Prisco et al. (2013)].

ARy
3 ~*&-“‘uu:

Figure 3.14: U-shaped TRC pre-fabricated elements (a) and assembled bridge placed in
Kempten (b) [Curbach and Sheerer (2011)].

44



3.3. DURABILITY OF TRC

3.3 Durability of TRC

As TRC is a structural material, its durability has to be proved in order to
guarantee the maintenance of the mechanical response during the expected life
time of the construction.

A number of researchers have developed durability models to quantify strength
loss in textile reinforced composites resulting from AR-glass degradation prob-
lems and weathering conditions (humidity and temperature) [Orlowsky and Rau-
pach (2008), Purnell and Beddows (2005)]. The durability model proposed by
Orlowsky and Raupach (2008) allows to predict the strength loss over the life
time of a TRC component stored outside in a certain clime. In the application
proposed by the authors, a loss of about 37% is estimated for a TRC element
stored in Aachen for 50 years. As underlined by the researchers, the higher the
temperature and the water content, the higher the loss of strength. In fact, in
the early summer, when it rains more frequently and the temperature are higher
than in winter, the gradient of strength loss is steepest. Hence, the porosity of
the matrix plays a key role in the durability of TRC.

Other researchers have focused on the effect of matrix composition (hydration
kinetics and alkalinity) on TRC durability [Butler et al. (2010)], observing that an
alkali reduced matrix exhibits strong performance even if exposed to accelerated
ageing. The decrease in toughness with increasing alkalinity depends mainly
on the formation of solid phases in the fabric-matrix interface, rather than on
deterioration of the AR glass fabric.

When the TRC layer is exposed to an external environment, it can be sub-
jected to freezing-thawing attack and its durability can be reduced. Some codes
like ASTM International C666/C 666M - 03 "Standard Test Method for Resis-
tance of Concrete to Rapid Freezing and Thawing" present methods to evaluate

the freezing-thawing durability, but the main aim of these standards is to com-
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pare different concrete mixes and not to quantify the expected service life due to
material performance. In fact, as underlined by Neville (1996), it is difficult to
define a correlation between the number of cycles performed in the lab and the
service life of actual concrete because it is difficult to determine the number of
cycles to which an element is exposed to, especially considering a south-facing
exposure. However, the ability of concrete to withstand a considerable number
of laboratory freezing and thawing cycles (say 150) is a probable indication of its
high degree of durability under service conditions [Neville (1996)].

According to Neville (1996), freezing-thawing damage in concrete occurs when
the dilating pressure due to freezing of water in the capillary pores exceeds the
tensile strength of the material. It was found that gel pore water does not freeze
above -20 °C, hence only macroscopic water sucked up by capillary pores can freeze
in standard service conditions [Setzer (1997)]. The expansion due to freezing
causes an increase in volume of water of about 9% and the consequent expulsion
of excess water; the pressure depends on the resistance to flow, related mainly
on the permeability of the hardened cement paste (the higher the permeability
the lower the pressure). An increasing of the total moisture content due to
the diffusion of water during thawing caused by osmotic pressure magnifies the
phenomenon. The repetition of freezing-thawing cycles leads to the development
of pressure and its consequences.

The resistance of concrete to freezing-thawing phenomenon depends on the
degree of saturation, the pore system of the hardened cement paste (distance to
the nearest unfilled void), the permeability and the water to cement ratio.

If the concrete degree of saturation is below a certain threshold, the mate-
rial is highly resistant to frost (dry concrete is totally unaffected). The critical
saturation of concrete depends on the size of the body, its homogeneity and the
rate of freezing. If excess water can be expelled into cavities closed enough to the

pores in which ice is being formed, the material is characterized by no critical
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saturation value. For conventional concrete, the use of a proper amount of an Air
Entrained Agent (AEA) is essential because the air bubbles created in the paste
can cut the water paths and provide additional space for the escape of excess
water, preventing the development of the dilating pressure [Lomboy and Wang
(2009)].

Low permeability and low water/binder ratio are other two fundamental prop-
erties that characterize a concrete with a high freezing-thawing resistance. High
Strength Concrete (HSC), typically characterized by a water to binder ratio lower
than 0.30 and by a very low permeability, is considerably less vulnerable to the
freezing-thawing attack than conventional concrete [Sun et al. (1999) and Mar-
zouk and Jiang (1994), respectively considering up to 500 and 700 cycles], even
without using AEA [Lomboy and Wang (2009), Figure 3.15 (a)]. This is due to
the fact that, on one side, a limited amount of water can penetrate into the con-
crete and, on the other side, the pores in HSC are very fine and the pore water
is difficult to freeze. The reduced vulnerability of High Strength Concrete with
respect to conventional concrete is also clearly visible in Figure 3.16, in which
specimens cast without using AEA and treated with 300 cycles are shown: sub-
figure (a) refers to conventional concrete specimens (w/b = 0.55), while subfigure
(b) refers to HSC specimens (w/b = 0.25).

It is still not clear if the use of AEA is necessary in the case of HSC to make
it freezing-thawing resistant [Aitcin (2003)]: concerning this topic controversial
results were obtained, as summarized by Wang et al. (2009), who found the
reasons in the deficiency of standard test methods and in the differences in the
mixing and curing methods adopted. However, experience has proven that the
criteria adopted to classify a conventional concrete as freezing-thawing resistant
(e.g. those proposed by Canadian Standard CSA A23.1) are too severe in the case
of HSC [Aitcin (2003)]. In fact, using a proper mixture for HSC, it is possible to

guarantee a very limited strength loss even without using AEA, as demonstrated
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Figure 3.16: Conventional concrete (a) and High Strength Concrete (b) specimens after
the exposure to 300 cycles [Wang et al. (291%9)]
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by specimens IP25 in Figure 3.15 (a).

The combined action of load and freezing and thawing considerably reduces
the number of cycles up to failure both for conventional and high strength con-
crete (Figure 3.17): the lower the grade of concrete, the lower the number of
cycles sustained [Sun et al. (1999)].

Concerning cement based composites, few investigations of freezing-thawing
behaviour can be found for fibre reinforced concrete [Graybeal and Tanesi (2007),
Cavdar (2014), Sun et al. (1999)] (Figure 3.18 ), while no information are available
on the mechanical performances of TRC in such condition. As already discussed,
freezing and thawing can affect the cement paste and therefore the bond between
fabric and mortar, that is the main mechanism governing the tensile behaviour

of TRC.
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Figure 3.17: Loss of dynamic modulus of elasticity of Portland Cement concrete under
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(b). Strength grades: C40, C50, C60 and C80. [Sun et al. (1999)]
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Figure 3.18: Loss of dynamic modulus of elasticity of Steel Fibre Reinforced Concrete
under the double action of load and freeze-thaw cycles - no stress (a) and stress ratio
=0.5 (b). Strength grades: C40, C50, C60 and C80. [Sun et al. (1999)]
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TRC tensile behaviour

4.1 Tensile behaviour in standard conditions

This section presents the main results of an extended experimental campaign
finalized at optimizing the tensile behaviour of Textile Reinforced Concrete and

tries to answer to some very important questions raised by TRC users:

1. How do fabric geometry, position and reinforcement ratio affect the tensile

behaviour of the composite?
2. Does composite curing method affect the final tensile behaviour of TRC?

3. Does strain rate play a key role in the definition of ductility and strength

in uniaxial tensile behaviour?

4. TRC experiences a multicrack pattern and even global hardening response

in some cases: is this size-effect dependent?
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411 Materials

TRC specimens tested during the experimental investigation were created by
reinforcing a high strength concrete with different layers of Alkali-Resistant glass
fabric. Three types of fabric (named F1, F2 and F3) were used as reinforcement.

The material properties are described below.

Matrix

A high strength concrete, characterized by a water to binder ratio of 0.19 and a
maximum grain size of 600 pm, was used to cast the TRC specimens. The matrix

mix design is summarized in Table 4.1.

Table 4.1: Mix design w/(c+ s) = 0.19

Component Content
Cement I 52.5 600 kg/m3
Quarzite sand 0-600 um 957 kg/m3
Water 209 I/m?
Superplasticizer 44*-56** kg/m?>
Slag 500 kg/m?

* Specimens reinforced with fabric F1
** Specimens reinforced with fabric F2-F3-DS

The chemical composition, particle size and other characteristics of the slag
are summarized in Table 4.2. The raw material comes entirely from the recovery
of the iron furnaces silica-glass waste.

The maximum aggregate size and superplasticizer addition were designed to
allow the matrix to flow through the mesh of the fabric; a high flowing capability
should guarantee a good bond between fabric and concrete. Two superplasticizer
contents were considered: 44 kg/m3, used in case of reinforcement F1, and 56

kg/m?, used in the case of reinforcements F2 and F3 in order to improve concrete
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Table 4.2: Chemical composition, grain size and other characteristics of the slag

Chemical analysis

Oxides Content
SiOq 39.00%
Al O3 11.00%
FEQOg 070%
TiO, 0.55%
CaO 37.50%
MgO 8.30%
K5O 0.30%
NayO 0.20%
MnO 0.80%
C 0.20%
S 1.00%
Mineralogy Amorphous (glass)
Grain size 12 ym
Moisture < 0.1%
pH 7

workability, since dry sand (DS) was included in the recipe involving the latter
two fabric types. A low relative humidity was obtained by keeping this sand in
an oven for half an hour before manufacturing the specimens.

Following the European Standard for cement testing (UNI EN 196 - part 1,
2005), bending and compressive tests were carried out on prismatic specimens
in order to quantify the mechanical properties of the matrix; Tables 4.3 and
4.4 display the bending tensile strength (fes), tensile strength (fe) and cubic
compressive strength (f..) for both mix designs.

Tensile strength was deduced from the bending tensile strength via the for-

mula proposed in the fib Model Code 2010:

fctm:Afl'fctf (41)
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Table 4.3: Bending, tensile and compressive strength - specimens reinforced with fabric
F1 (superplasticizer 44 kg/m?)

Specimen  Batch  fof[MPa]  fom|[MPa] fec|M Pd]

N1 1 14.98 6.63 114.81 103.6
N2 1 16.97 7.51 106.38 126.68
N3 1 17.86 7.9 107.03 107.63
N4 2 19.51 8.63 99.74  108.53
N5 2 19.15 8.47 114.33 113.05
N6 2 20.72 9.17 114.71  121.11
Average 18.2 8.05 111.46
STD 2.05 0.91 7.54
STD% 11.25 11.25 6.76

Table 4.4: Bending, tensile and compressive strength - specimens reinforced with fabrics
F2 and F3 (superplasticizer 56 kg/m?, DS)

Specimen  Batch  faf[MPa]  fom|[MPa] fee|[M Pa

N1 4 13.82 6.1 98.69 114.29
N2 4 17.45 7.7 103.23  107.47
N3 5 11.76 5.2 94.9 92.38
N4 5 12.32 5.45 97.92 80.34
N5 5 13.58 6 94.22 94.86
N6 6 13.65 6.03 103.26  95.79
N7 6 12.72 5.63 92.39  93.01
N8 6 13.62 6.02 97.43  100.55
Average 13.62 6.02 97.54

STD 1.72 0.76 7.54

STD % 12.62 12.62 7.73
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with:

ap -y’

App = —— 2~
s 1+Oéfl'hg‘7

(4.2)

where Ry is the beam depth, equal to 40 mm, and «ay; is a coeflicient that
decreases with increasing concrete brittleness. This coefficient was considered
here to be equal to 0.06 as suggested for normal strength concrete (A = 0.44);
however, for high strength concrete such as the one used in the present study, its

value is expected to be lower.

The tensile strength f., of batch 6 as deduced from the bending test (Table
4.4) was compared with the strength value obtained by testing, in direct tension,
400 x 70 x 6 mm plain concrete specimens cast in the same batch; these specimens
had the same sizes as the tested TRC samples. Through indirect measurement,
the average value, obtained as discussed before (a;; = 0.06), was found to be
equal to 6.02 M Pa. In contrast, direct measurement resulted in a value of 4.77
M Pa, albeit with greater scatter (22%). These results justify the necessity of
employing a lower value of ay;, as suggested in the fib Model Code 2010; a
value of ais; equal to 0.04 should provide a reliable prediction of tensile strength

(Ap = 0.35).

According to Model Code 1990 and Miiller et al. (2008) a value of Af; equal
to 0.30 can be computed, taking into account the characteristic length of the

considered concrete.

Table 4.4 reveals that the inclusion of dry sand resulted in a decrease in
material strength of about 25% for tension and 12% for compression. This is
probably related to the lower water to binder ratio, not all the cement is hydrated,

and to the higher air voids content.
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Fabric

Three different fabrics (F1, F2 and F3) were used to reinforce the TRC spec-

imens (Figure 4.1). The geometrical and mechanical properties of each fabric
are summarized in Table 4.5. The choice of these three fabrics was made after
performing several investigations aimed at optimizing performance in terms of
the ductility of the composite material, the bond between matrix and fabric, and
internal filament slip. The variables considered in the preliminary study were fab-

ric geometry (warp and weft spacing and their cross-section), fabric weaving and

fabric coating, with the ultimate aim being to achieve maximum TRC strength
and ductility.

The best results were obtained using tight warp and weft spacing, the leno

weave fabrication technique and a coated (rather than uncoated) fabric.

P 12 — fabric F1 (16 warp wires)
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Figure 4.1: Uniaxial tension test results: load vs.
fabrics F1, F2 and F3.

displacement average curves for

For each kind of reinforcement considered, ten uniaxial tensile tests were per-

formed in order to characterize fabric tensile behaviour. These tensile tests were
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Table 4.5: Geometrical and mechanical characteristics of fabrics

F1 F2 F3
Material AR-glass AR-glass AR-glass
Coating SBR* water resin SBR* water resin SBR* water resin
Fabrication technique Leno weave Leno weave Leno weave
Warp wire spacing [mm] 44 49 4.9
Weft wire spacing [mm)] 5 7.1 10.1
Warp [Tex**] 2 x 320 2 x 640 2 x 1200
Weft [Tex**] 640 1200 1200
Warp filament diameter [pm] 14 14 19
Weft filament diameter [pm] 14 19 19
Max. tensile load on 70 mm [kN]*** 3.67 6.58 11.02

* SBR=Styrene-Butadiene Rubber
** 1 Tex = 1g/km
*** Average value of 10 tensile tests

carried out using an INSTRON 5867 electromechanical press with a maximum
load capacity of 30 kN. Specimens 400 mm x 70 mm in size were clamped to the
machine, with five layers of adhesive paper tape applied to the upper and lower
ends of each sample to prevent slip between clamps and fabric. The pressure ap-
plied to the pneumatic clamps was equal to 5.8 M Pa for fabric F1 and 8.5 M Pa
for fabric F3. The tests were displacement-controlled by imposing a constant
stroke rate of 100 mm/min. Load-displacement curves are shown in Figure 4.1.

Nominal stress was calculated by dividing the maximum tensile load by the
nominal area of warp roving (considering the amount of warp roving in each
fabric). The nominal stresses for each fabric were respectively equal to 896 M Pa
for F1, 918 M Pa for F2 and 820 M Pa for F3. The huge scattering observed
in Figure 4.1, with reference to fabric F3, is mainly dependent on the relatively
reduced clamping pressure when compared to the peak load measured. A possible
sliding could affect the peak strain and therefore can be regarded as the main
respounsible for the quite high dispersion in the softening regime.

According to Curbach and Jesse (1999) the tensile strength of a filament with
diameter 13.5 pum (used in 310 and 620 tex yarn) is about 2300 M Pa, whereas
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the strength of the corresponding yarn is about 1400 M Pa, representing a loss of
about 40%. In contrast, the loss in strength realized when using a filament with
diameter 16.0 pm (used in 1100 tex yarn) is about 70%, from 2100 M Pa to 600
M Pa. Possible reasons for this, according to Curbach and Jesse, are the non-
uniform distribution of the load between the filaments inside the yarn and the
presence of defects. In the present study, a loss in strength of about 55-60% was
computed both for 14 pm diameter filaments of fabrics F1 and F2, and for 19 um
filaments of fabric F3, with respect to the filament strength obtained by linear
interpolation from the results of Curbach and Jesse (14 um: 2260 M Pa and 19
um: 1912 M Pa). For the lower filament diameter, the strength loss was higher
than that observed by Curbach and Jesse. This could be due to a structural
effect in fabric manufacture during which filaments are weaved and twisted, thus

leading to possible damage.

4.1.2 Specimens preparation and test set-up

Specimen preparation

The method of manufacture employed to produce the specimens was the hand lay-
up technique (Figure 4.2(a)), which is characterized by the exertion of a negligible
pressure during production. A proper formwork with a transparent bottom plate
was used in order to check by visible inspection the penetration of the matrix
into the fabric mesh. A number of overlapping steel rails were used as separation
layers in-between the different textile layers (Figure 4.2(b)). A suitable amount of
concrete was spread onto the formwork bottom plate and smoothed with a roller
to remove any air bubbles, with the reinforcement positioned tight and fixed at
the edge. This procedure was then repeated to create a multilayer specimen.
The specimens used in the experimental investigation were reinforced accord-

ing to three different procedures, as shown in Figure 4.3:
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o one single fabric between two concrete layers;
o two fabrics (in direct contact with each other) between concrete;

o two single fabric layers divided by a 2 mm-thick layer of concrete.

In all cases the warp was parallel to the long side of the specimen.

steel rails

mortar
AR-glass fabric
transparent plate

(@) (b)

Figure 4.2: Specimen preparation (a) and section of the specimen in the formwork (b).

Steel (perspex) P 1 fabric

plates

Specimen

Figure 4.3: Specimen geometry and reinforcement layout (measurements in mm; mea-
surements in brackets refer to perspex plate solution).

The obtained specimens were 400 mm long, 70 mm wide and 6 mm thick
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(Figure 4.3), with at least three nominally identical specimens manufactured
for each test. After one day in a climate chamber at 98% RH, specimens were
demoulded and cured in a wet environment (RH > 98%) for 28 days until being
tested. Keeping the specimens in this wet environment ensured the avoidance of

any loss in planarity arising from non-uniform shrinkage.

Test set-up

TRC specimens were tested using the same electromechanical press employed for
the fabric tensile tests (Figure 4.4). A pressure ranging between 3.9 and 5.6 M Pa
was applied to clamp the specimen edges, while 3 mm thick plates were glued to
the surface of the specimen at the grips to better distribute the clamping pressure
and thus minimize damage associated with local crushing; 75 x 70 mm perspex
plates were used with F1, and 55 x 70 mm steel plates were used with F2 and F3
(Figure 4.3). To prevent torsional and bending moments caused by misalignment
of the constraints, spherical joints were placed at the ends. Spherical joints
were always used for F1 specimens because the peak load never surpassed 8 kN.
For higher peak loads the specimens could use only backlashes of the clamping

devices, thus preventing precise detection of first cracking strength.

Spherical
joint

clamping
(3.9-5.6 MPa)

:[5
\ Pneumatic

Spherical
joint

Figure 4.4: Tensile test set-up.
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The tests were displacement-controlled by imposing a constant stroke rate of
0.02 mm/sec.

In terms of clamping, according to Hartig et al. (2012), this type of set-up
involving glued steel plates can be classified as "rigid load application": concrete
cracking is prevented within the supported range, while the main transfer mech-
anism between specimen and clamping device is adhesive tension and shear. On
the contrary, in terms of displacements allowed at the ends, it might be classified

as a rotating end uniaxial tension apparatus.

4.1.3 Main experimental results

In this section the main experimental results achieved in this experimental cam-
paign are collected. A complete discussion concerning this results can be found

in Colombo et al. (2013).

Influence of fabric position, reinforcement ratio and geometry

In order to understand the influence of fabric position and reinforcement ratio on
the TRC tensile behaviour, different fabric types (F1, F2 and F3) are combined
according to the different configurations shown in Figure 4.3. The tested solutions

are:
o F1 -1 fabric; F1 - 2 fabrics; F1 - 2 layers;
o F2 -1 fabric; F2 - 2 fabrics; F2 - 2 layers;
o F3 -1 fabric.

The achieved geometric reinforcement ratios (As/A., where Ay is the equiv-
alent section area of reinforcement and A, is the specimen cross-section) are
collected in Table 4.6. The equivalent section area of reinforcement (Ay) was

computed in terms of the Tex of each single roving, the number (n) of rovings
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across specimen width (16 for F1 and 14 for both F2 and F3) and the AR-glass
density (p):

Ap = (4.3)

Table 4.6: Nominal reinforcement ratio for specimens reinforced with fabrics F1, F2
and F3

Fabric 1 fabric 2 fabrics 2 layers

F1 0.97% 1.94% 1.94%
F2 1.71% 3.42% 3.42%
F3 3.20% - -

The results of tensile tests on these specimens are shown in Figures 4.5,
4.6 and 4.7 by means of nominal stress (o) vs. normalized displacement (§/1)
curves. Nominal stress was obtained by dividing the load by specimen cross-
section, whereas normalized displacement was calculated as the applied stroke
displacement (§) divided by the initial distance between clamping edges. It is
worth noting that each average curve in every graph is interrupted when the
first of the three nominally identical specimens reaches the ultimate normalized
displacement; as a result, the peak of the average curve differs from the average
peak value. For each configuration the average curve of 3 nominally identical
tests is shown together with a shadowed area representing result scatter, while
typical cracking patterns are displayed to the right.

In the case of the F1 - 1 fabric test (Figure 4.5), the second and third branches
typical of TRC multi-cracking behaviour (Figure 3.5) are absent. Analysis of the
cracking pattern reveals that just few cracks appeared in the specimens; this is
likely the result of a release of energy at the onset of cracking that was too large
to allow stress redistribution between concrete and reinforcement, thus causing

the failure of the composite itself. This situation is similar to that occurring in

62



4.1. TENSILE BEHAVIOUR IN STANDARD CONDITIONS

an R/C section characterized by minimum reinforcement endowed by negligible
ductility.

In the F1 - 2 fabrics scenario, bond failure prevented the onset of stage IIb
(Figure 3.5) despite the increase in total reinforcement, resulting in progressive

sliding of the fabric as highlighted by the longer Ila branch.

For F1 - 2 layers, typical TRC behaviour was achieved, with a very dense

cracking pattern exhibited.
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0 0.005 0.01 0.015 0.02 0.025 1 fabric 2 fabrics 2 layers
&/0[-]
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Figure 4.5: TRC reinforced with fabric F1. Nominal stress vs. normalized displacement
curves in uniaxial tension (a) and specimen cracking pattern (b).

The same behaviour is evident in Figure 4.6 for both F2 - 2 fabrics and F2 - 2
layers. The solutions have the same reinforcement ratio and experience a similar
cracking pattern and ultimate strain. However, the use of 2 layers resulted in a
higher tensile strength due to the better bond guaranteed by the concrete layer
between the two fabrics. When two fabrics are in contact, the area of the matrix-
fabric interface decreases and sliding takes place. Bonding thus has a significant

effect on the composite material, determining both its strength and ductility.
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Figure 4.6: TRC reinforced with fabric F2. Nominal stress vs. normalized displacement
curves in uniaxial tension (a) and specimen cracking pattern (b).

As with every composite material, the load-bearing capacity is strictly con-
nected to the bond behaviour of the reinforcing material, with strong and weak
bonds associated with brittle to ductile behaviour, respectively.

According to several research investigations, the easiest way to highlight bond
failure is via computation of the peak load of the AR-glass fabric, with and
without the matrix. This method reflects the extremely fine matrix used which
prevents any significant contribution from aggregate interlocking after cracking,
as well as the lack of any random fibre contribution due to the presence of the
fabric as the only reinforcement. In the present study, an Effectiveness Factor
(E'F) was determined by dividing F1 - 2 fabrics peak load by twice the peak load
experimentally calculated by stretching only fabric F1. If EF is less than 1 (as
in this case), a bond weakness is immediately highlighted, whereas values of EF
larger than unity indicate the occurrence of a positive interaction with the matrix
which exerts a tension stiffening effect. The computed average EF' factors for

each fabric type and configuration are shown in Table 4.7.
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Table 4.7: Average Effectiveness Factor for each fabric type and configuration

Fabric 1 fabric 2 fabrics 2 layers

F1 1.00 0.91 1.07
F2 0.76 0.83 0.81
F3 0.68 - -

The 2 layers configuration generally resulted in a higher TRC strength than
the 2 fabrics configuration. This likely reflects the fact that, despite having the
same reinforcement ratio, the former has a larger contact surface area between
matrix and reinforcement. The change from 2 fabrics to 2 layers led to an in-
crease in TRC tensile strength from 13.52 M Pa to 17.88 M Pa for fabric F1,
and from 22.37 M Pa to 24.42 M Pa for fabric F2. Crack distance decreased
with increasing reinforcement ratio until cracking appeared at each weft roving,
maximizing the mechanical performance of the composite (Figures 4.5(b) and
4.6(b)). The ultimate strains reached in the 2 fabrics and 2 layers configura-
tions were comparable, and both greater than 2%. When typical TRC behaviour
was achieved, all tests exhibited good repeatability, with a peak load scattering

(maximum distance from the average value) always less than 2% .

Fabric F3, characterized by a cross-sectional area equal to 94% of that repre-
sented by two F2 fabrics, was also analyzed. A comparison between the results
achieved using two layers of fabric F2 and those using one central layer of fabric
F3 is presented in Figure 4.7(a). As can be seen from this figure, a multicrack-
ing phase occurred after the first linear branch in both cases. However, the first
cracking strength for fabric F2 was higher than that for fabric F3; this difference
is comparable to inter-batch variation in concrete tensile strength and is accom-
panied by a further decrease in EF to 0.68 (Table 4.7). This EF decrease also
affected the stiffness of the last branch, in which no further cracking occurred.

The peak strength reached was equal to 25 M Pa for F2 and 15 M Pa for F3,

65



CHAPTER 4. TRC TENSILE BEHAVIOUR

s 30
[MPa] -

______ F2 - 2 layers (p;=3.30%)

" F3 - 1 fabric (p,=3.07%)
— T ' T ' T T 7T
0 0.005 0.01 0.015 0.02 0.025 F2 F3
S/E[-] 2 layers 1 fabric

(a) (b)

Figure 4.7: Comparison between TRC reinforced with fabric F2 - 2 layers and fabric F3
- 1 fabric (similar p¢). Nominal stress vs. normalized displacement curves in uniaxial
tension (a) and specimen cracking pattern (b).

while the ultimate strain was greater than 2%. The cracking pattern observed in
F3 samples was characterized by a larger distance between cracks (about every
30 mm, Figure 4.7(b)). The bond area in contact with the cementitious matrix
was significantly larger in the case of 2 layers, resulting in the roving being better

anchored to the matrix.

In order to investigate the influence of fabric weft on the TRC behaviour,
fabrics with the same warp and weft cross-section, warp spacing, but different
weft spacing were investigated, with four weft spacings in fabric F3 considered:
10, 20, 30 and 50 mm. Three nominally identical tests were performed on as
many specimens reinforced with each of these fabric-spacing types. The obtained
results in terms of nominal stress versus normalized displacement are reported in
Figure 4.8(a).

The lowest first cracking strength was observed in specimens containing fabric

with the smallest weft spacing (about 3 M Pa), because of the reduced effective
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Figure 4.8: Influence of fabric geometry (different weft spacing) for specimens reinforced
with F3 - 1 fabric: nominal stress vs. normalized displacement curves in uniaxial tension
(a) and specimen cracking pattern (b).

tension stiffening induced along the warp. In terms of bond effectiveness the
weft can play a double role: on one hand it can act as a direct anchorage to
warp sliding, while on the other hand it may represent a defect in the matrix
cross-section that could favour both warp delamination and/or crack propaga-
tion in the weft direction. In fabrics with small weft spacing, the weft defect
action prevailed over the contribution of weft as direct anchor. In contrast, when
weft spacing was wider the tension stiffening action prevailed, with first cracking
strength reaching values of around 7 M Pa. In the case of 30 mm and 50 mm
weft spacing, the stiffness of the multicracking branch was higher because the
process of longitudinal delamination was prevented by the presence of a longer
bond length. In terms of ductility, specimens with 10 mm weft spacing were
characterized by larger ultimate strain because longitudinal crack propagation,
caused by the dense presence of weft-derived defects, allowed the roving to stretch

and expand. Analysis of Figure 4.8(b), which shows the different cracking pat-
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terns, reveals that cracks also appeared between the weft rovings in the 30 mm
weft spacing specimens. Significantly, the peak load was roughly the same for
all weft spacing configurations: weft spacing variation thus affects only tension

stiffening and not the value of the Effectiveness Factor (EF).

Influence of curing method

A variety of curing methods were investigated in order to analyze the influence
of different shrinkage conditions on the bonding mechanism. Specimens 400 x 70

x 6 mm?3

in size and reinforced with F3 - 1 fabric (reinforcement ratio equal to
3.07%) were cured using one of three methods: water or air for 28 days, and 6
days in air at 60 °C. The latter scenario corresponds to a curing time of 28 days
when the fib Model Code 2010 strength-time curve valid for concrete is assumed.
The obtained results in terms of stress versus nominal displacement curves are
shown in Figure 4.9.

Specimens cured in water exhibited the lowest first cracking strength and a
final branch with the lowest stiffness. One possible reason for this is that the water
penetration between roving and matrix makes telescopic failure easier, damages
the fabric and reduces the bond strength.

The samples cured in free air exhibited the best performance in terms of first
cracking strength, ultimate tensile strength and cracking pattern (Figure 4.9(b));
this phenomenon can be explained by the more significant shrinkage produced
using this method, which improves the bond between matrix and fabric. As a
matter of fact, looking at the matrix interface sleeve in which the glass roving is
embedded, when the concrete is subjected to a contraction due to shrinkage, a
normal stress takes place and consequently friction increases. The first cracking
strength obtained in this case is comparable with the value of tensile strength

fetm deduced by bending tests (around 6 M Pa - Table 4.4).

The average curve for specimens cured at 60 °C for 6 days falls between those
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Figure 4.9: Influence of curing conditions on F3 - 1 fabric specimens: nominal stress vs.
normalized displacement curves in uniaxial tension (a) and specimen cracking pattern

(b).

of the two other methods. This intermediate behaviour reflects the shrinkage
compensation obtained via oven curing and the slow initial hydration of slag

[Neville (1996)].

Strain-rate effect

The mechanical behaviour of cement-based materials is known to be widely de-
pendent on strain rate. Although several experiments have been performed on
concretes and fibre-reinforced cementitious composites (looking at impact prob-
lems at different strain rates), relatively few have considered the creep effect in
TRC [e.g. de Andrade Silva et al. (2011)]. The displacement rate commonly
adopted by TRC researchers - and also used in all the other tests presented in
this chapter - is equal to 2-1072 mm/s.

In order to understand the influence of strain rate on TRC behaviour in static

and quasi-static regimes, different displacement rates, corresponding to different
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strain rates, were considered. In particular, in addition to the usual stroke rate,
two other displacement rates were analyzed (two orders of magnitude higher and

lower, respectively):
o2 mm/s (0.69-1072 s71);
02-1072 mm/s (0.69-10* s!);
02-107% mm/s (0.69-107% s71).

The strain rates (in brackets) were obtained by dividing the displacement rate

by the average gauge length of the specimens (e.g. 290 mm).
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Figure 4.10: Influence of test displacement rate for F3 - 1 fabric specimens. Nominal
stress vs. normalized displacement curves in uniaxial tension (a) and specimen cracking
pattern (b).

For each displacement rate, three specimens reinforced with F3 - 1 fabric
were tested; the obtained results are shown in Figure 4.10 in terms of average
stress versus normalised displacement curves and representative specimen crack

patterns for each displacement rate.
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At the higher displacement rate (2 mm/s), typical TRC behaviour was ob-
served, i.e. characterized by 3 branches. The first of these corresponded to
linear-elastic behaviour, and was followed by the formation of multiple cracking
after the occurrence of first cracking at around 6.4 M Pa; during the final stage,
after a low stress increase, the cracks widened until specimen failure. In all speci-
mens, but especially in numbers 2 and 3, a change in stiffness at about 16 MPa of
nominal stress was observed. Significantly, the final slopes of all the strain rates
investigated were almost identical.

Typical TRC behaviour was also observed at the intermediate displacement
rate (2-1072  mm/s), the speed most commonly employed in TRC tensile tests.
In this case the second phase started at a lower stress value (about 4 M Pa),
while the peak stress reached was lower in comparison to that seen at the higher
displacement rate (about 17 M Pa and 22.4 M Pa, respectively).

For the lowest displacement rate considered (2-10™% mm/s) the 3 branches
could not be clearly identified, with only a multicracking phase up to failure ob-
served after an initial linear-elastic phase. At this displacement rate, a reduction
in bond strength between matrix and fabric was observed after the occurrence of
first cracking (at 3.7 to 5.1 M Pa), followed by sliding. The strength reached in
this last test was close to 13 M Pa.

Looking at the results, a loss in strength and ductility with decreasing dis-
placement rate is apparent. In addition, a coarser specimen cracking pattern was
exhibited with the decrease from 1072 to 1075 s~!, while a strength reduction
of around 23.5% was observed after the displacement rate was decreased from
1072 to 10~* s ! and from 10* to 1076 s~1.

The significant role played by strain rate in the tensile behaviour of TRC
could be due to creep effect related to both the glass material employed and the
interface bond strength. Further research is thus required to better understand

the role of each mechanism.
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Size effect

In order to appreciate the role of the size effect in uniaxial tension hardening de-
rived from the multicracking phenomenon controlled by bond effectiveness, three
different specimen lengths were investigated: 290, 150 and 75 mm. All specimens
were reinforced with F3 - 1 fabric (reinforcement ratio equal to 3.07%), with the
results presented in Figure 4.11. Figure 4.11(a) shows that all the average curves
obtained for the different lengths overlap for displacement values lower than 0.2
mm. This likely reflects the fact that the displacement measured by the me-
chanical press is expressed as the sum of two components: specimen elongation
and specimen sliding in the clamps. In fact, in the first linear-elastic branch the
contribution of sliding predominates, so the curves appear to overlap. However,
closer analysis of the stress vs. normalised displacement curves obtained by di-
viding relative displacement by free length reveals variation in specimen initial
stiffness (Figure 4.11(b)). As a result, although the initial slope of the nominal
stress versus normalized displacement curves should represent the elastic modu-
lus of the concrete, which was the same for all specimens, the results are altered
due to specimen sliding between the clamps. With reference to post-cracking be-
haviour, the curves reveal tension stiffening to be controlled by specimen length:
the longer the specimen, the smaller the ductility. A finer cracking pattern (Fig-
ure 4.11(c)) was observed in shorter specimens, correlating with the previous

results.
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Figure 4.11: Influence of specimen size for F3 - 1 fabric reinforcement: load vs. dis-
placement curves in uniaxial tension (a), nominal stress vs. normalized displacement
curves in uniaxial tension (b), and specimen cracking pattern (c).
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4.2 Tensile behaviour after freezing-thawing cycles

Considering the results presented in the previous section, the "F3 - 1 fabric"
solution cured in air is selected to be used in the sandwich facade panel as the
use of just one fabric makes the casting operation easier and the curing in air

does not affect the thermal and mechanical properties of the insulation material.

In order to study the durability of this solution, its residual tensile behaviour
when subjected to freezing-thawing cycles is investigated through a proper ex-

perimental campaign.

In the following paragraphs the materials involved in the casting phase, the
specimen preparation (including thermal treatment), the adopted test procedure

and the experimental results are presented.

421 Materials

Cementitious matrix

The matrix used to cast the TRC specimens is the same described in Table
4.1, considering an amount of superplasticizer equal to 56 kg/m?>. Hence, the

mechanical characteristics of the mortar are those presented in Table 4.4.

AR-glass fabric

Fabric "F3" (presented in Table 4.5 and Figure 4.1) is used as reinforcement for

the TRC specimens subjected to freeze-thaw attack.
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4.2.2 Specimen preparation and test procedure

Specimens

The specimens used in the experimental investigation were 400 mm long, 70 mm
wide (b) and 6 mm thick (¢) and were reinforced with 1 layer of fabric F3 placed
in the middle of the TRC thickness. The nominal reinforcement ratio (A yqpric/bt)
was equal to 3.2%.

The same hand lay-up technique explained above was employed to produce
the specimens. In all the specimens produced the warp was taken parallel to the
long side. The specimens remained one day in the mould within a wet environ-
ment (>95% RH) and then were cured in air for 28 days before carrying out the
thermal treatments. The air condition was that of an office with temperature
ranging between 18 and 22 °C during winter and between 22 and 27 °C during
summer; the related relative humidity ranges were respectively 40-60% and 50-
80%. Table 4.8 summarizes all the dates related to the specimen history (the
specimen identification is explained in the following).

Even if all the surfaces of the specimens were in contact with air during cur-
ing, the shrinkage of the mortar caused a loss of planarity in some specimens.
This fact may be due to the unequal shrinkage behaviour of the side initially
in contact with the mould with respect to the opposite side [Mechtcherine and
Leboldt (2011)] and to the deformability of the fabric, that causes during casting
a small eccentricity of the fabric inside the specimen, thus precluding the perfect
symmetry of the specimen itself. The consequent lack of planarity of the speci-
mens was computed by measuring the out of plane distance between the two ends
of each specimen and the mid-section.

After the 28 days in air, the specimens were cut and reduced to a length of
375 mm in order to prevent the water absorption by the portion of the fabric

overhanging the specimen. Then, the specimens were thermally treated by dif-
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Table 4.8: Specimen history: dates of casting, pre-cracking, beginning and end of cycles
and performing of the test

Spec. Casting Pre Beginning Endof Tension
cracking of cycles cycles test

U0 30/06/2011 - - - 17/01/2012
U25 18/07/2011 - 23/09/2011 28/09/2011 16/01,/2012
U50 18/07/2011 - 23/09/2011 04/10/2011 16/01/2012
U75  18/07/2011 - 23/09/2011 10/10/2011 16/01,/2012
U100  20/07/2011 - 23/09/2011 15/10/2011 17/01,/2012
U150 17/04/2012 - 23/10/2012 24/11/2012 20/12/2012
U500 17/04/2012 - 28/06/2012 05/12/2012 20/12/2012
Co 20/03/2013 21/05/2012 - - 06/05/2013
C25  12/04/2012 21/05/2012 16/07/2012 21/07/2012 27/07/2012
C50  10/04/2012 21/05/2012 27/09/2012 08/10/2012 26/10,/2012
C75 10/04/2012 21/05/2012 28/06/2012 14/07/2012 16/07/2012
C100 10/04/2012 21/05/2012 28/06/2012 21/07/2012 27/07/2012
C150 12/04/2012 21/05/2012 30/07/2012 30/08/2012 24/09/2012
C500 12/04/2012 21/05/2012 28/06/2012 05/12/2012 20,/12,/2012

ferent numbers of freezing-thawing cycles according to procedure A of ASTM
International C666/C 666M - 03 "Standard Test Method for Resistance of Con-
crete to Rapid Freezing and Thawing". The range of temperature varies between
+4 °C and -18 °C with both cooling and heating rate equal to 11 °C/h and a
30 minutes rest phase both at +4 °C and at -18 °C (Figure 4.12). Each speci-
men was completely immersed in water, icing and de-icing during thermal cycles.
Different scenarios were considered and in particular 25, 50, 75, 100, 150 and
500 cycles were taken into account. Figure 4.13 shows the distribution of the
specimens in the climatic chamber both in section and plan view. In order to
take into account the effect of freezing and thawing when the material, even at
the Serviceability Limit State, is working in cracked condition, some specimens
were pre-cracked before the thermal cycles. In particular, 3 un-cracked and 3

pre-cracked nominally identical specimens were adopted for each cycle number
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considered.

Figure 4.12: Freezing-thawing cycles: temperature-time curve.

In the case of high cycle number, a surface damage was experienced by some
specimen. In the case of un-cracked specimens, after 150 cycles a loss of some
mortar from the lateral surface was observed, while after 500 cycles a light dete-
rioration of the upper surface is visible. Considering pre-cracked specimens, the
phenomenon is more evident: a damage of the upper surface was experienced
starting from 75 cycles and grew with the increasing number of cycles (Figure
4.14). This deterioration caused a loss of specimen mass, that has to be regarded
when the mass variation due to the cycle exposure is analysed. It is worth noting
that the surface damage concerns only the upper surface, that was not in contact
with the formwork, while the lower surface is always in perfect conditions. This
fact has to be considered when the production process of a structural product is
designed.

Once exposed to thermal cycles, each specimen was tested in uniaxial tension
according to the experimental set-up shown in Figure 4.4. The same test set-up

was used to pre-crack the specimens. Three specimens, not thermally damaged,
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Figure 4.13: Freezing-thawing cycles - specimen distribution in the climatic chamber

section and plan.

Figure 4.14: Damage of the mortar surface in pre-cracked 500 cycles specimen.
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were used to compare the mechanical properties.

Each specimen is identified trough the following notation: a letter, that speci-
fies if the specimen was un-cracked (U) or pre-cracked (C) when thermally treated,;
a number, that stands for the number of cycles the specimen was exposed and
another number that denotes the nominally identical specimens (e.g. U500 2

stands for un-cracked specimen treated trough 500 cycles, specimen number 2).

Test set-up and test procedure

The uniaxial tensile test, carried out using the electromechanical press, is shown
in Figure 4.4. A pressure equal to 5.1 M Pa was applied to clamp the specimen
edges according to a rigid clamping scheme for which 55 x 70 x 3 mm? steel plates
were glued on each face of the specimen at the ends in order to better distribute
the clamping pressure and thus minimizing the damage associated with the local
crushing of concrete. As explained above, for these specimens the maximum load
is too high for the spherical joints, hence just backlashes of the clamping devices
prevent torsional and bending moments caused by an eventual misalignment of
the constrains. The tests were displacement-controlled by imposing a constant
stroke (0 in Figure 4.4) rate equal to 0.02 mm/s.

The pre-cracking phase was carried out using the same test set-up explained
above, but using a soft clamping system (Figure 4.15(a)): in this system, the
plates adopted to minimize the local crushing of concrete were not glued, but
only supported by the clamping pressure applied by the press; a thin rubber in-
terlayer is placed between the specimen and each steel plate to prevent local stress
concentration caused by the uneven concrete surface. In this case, as explained
by Hartig et al. (2012), the load is transferred basing on the Coulomb friction and
cracks can occur in the supported parts of the specimen. As slip occurred between
specimen and clamping devices, larger displacement were recorded if compared

with the rigid clamping case, so the stiffness of the initial elastic branch is smaller.
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Figure 4.15: Difference between rigid and soft clamping system (a) and LVDT placement
on the specimen in the case C0 (b) - measures in mm.

Figure 4.16 describes the test procedure adopted for un-cracked (Figure 4.16(a))
and cracked (Figure 4.16(b)) specimens. In particular, in the case of un-cracked
situation, the specimens were exposed to thermal cycles and then tested in di-
rect tension up to failure with rigid clamping. On the contrary, in the case of
cracked situation, the specimens were pre-cracked in uniaxial tension with the
soft clamping scheme up to a load corresponding to 1.2 times the first crack-
ing load of the specimen itself. Once pre-cracked, each specimen was exposed
to thermal cycles and then tested in uniaxial tension up to failure with a rigid
clamping. In the same figure 4.16(b) two displacement references are introduced:
in particular, ¢ refers to the displacement starting from the pristine condition,

while 7 is measured starting from the end of the pre-cracking phase.

Figure 4.17 shows the nominal stress (0 = P/A; P = load, A = original cross-
section area) versus displacement (§) curves obtained during the pre-cracking
operation for all the specimens. Each curve represents the average of 3 nominally

identical tests. It is worth noting that each average curve in the graph and in all
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Figure 4.16: Test procedure for a) un-cracked (U) and b) pre-cracked (C) specimen.
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Figure 4.17: Pre-cracking - Nominal stress vs. displacement average curves in uniaxial
tension.

the further graphs is interrupted when the first of the three nominally identical
specimens reaches the ultimate displacement; as a result, the peak of the average
curve differs from the average peak value. It is worth to remind that all the pre-
cracking operations were performed before the thermal cycles and, therefore, all
the curves presented in Figure 4.17 refers to the not thermally damaged material.
The number of cycles displayed in the legend just refers to the cycles the specimen
was exposed, after this pre-cracking phase. The scattering of the results is due to
the soft clamping system that enhances the slip of the specimen in the clamped

zone.

4.2.3 Experimental results

The results of the experimental campaign are reported in this paragraph in terms
of nominal stress (o) versus normalized displacement (/1) curves. The stress is
obtained by dividing the load by the initial area of the specimen cross section;

the normalized displacement was evaluated as the ratio between the displacement
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(6, Figure 4.4) and the specimen initial free length (1).
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Figure 4.18: Un-cracked 0 cycles specimens - Nominal stress vs. normalized displace-
ment curves in uniaxial tension.

Figure 4.18 shows the results of the uniaxial tensile tests performed on ma-
terial not exposed to any thermal cycle (0 cycles, un-cracked). These results
are considered as a reference in the following in order to evaluate the effect of
freezing and thawing on the material behaviour when un-cracked condition is
considered. In these results the three phases that typically characterize the non
linear response of Textile Reinforced Concrete can be observed. The first crack-
ing was reached when the tensile strength of the matrix was exceeded and then
multi-cracking strain hardening behaviour occurred. A final branch, in which no
further cracks develop, takes place: its extension depends on the reinforcement
ratio, the fabric geometry and its coating and it stops with fabric failure. The
pictures in Figure 4.19 show a typical sequence of crack pattern during a test; the
spalling phenomenon, that is observable just in the very final phase of the test
(points g and h), can be due to the small thickness of the specimen with respect
to the reinforcing fabric adopted. The only exception to the described behaviour

is test UO_3: during this test a transverse crack occurred in the thickness of
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the specimen within the clamped area, thus causing a slip of the fabric inside
the specimen leading to an earlier failure (Figure 4.18). The same results are
summarized in Table 4.9 together with those of all the other tests performed on
un-cracked material after the exposure to thermal cycles. The table shows, for

each specimen, the following parameters:

o a number, that identifies the batch;

o the geometrical sizes (thickness ¢ and width b) used to determine the area

(A) of each specimen cross-section;

o the percentage variation of the mass after the exposure to the thermal cy-
cles (Am/m;; Am = difference between the final and the initial mass, m;

= initial mass);

o the maximum load reached (P,,,.) together with the corresponding elon-

gation recorded by the machine (4,,);

o the maximum nominal stress (o,,4.) together with the corresponding nor-

malized displacement (d,,/1);

o the first cracking stress (o), obtained dividing the load corresponding to
the first cracking by the initial area of the specimen cross section (this first
cracking load was detected as the point in which the curve deviate more

than 2% from the initial stiffness);
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o the effectiveness factor (EF), calculated as the ratio between the maximum
load reached (P,,..) and the average peak load experimentally measured

by stretching only the fabric (Table 4.5 and Figure 4.1, fabric F3).

Table 4.9: Test results - un-cracked (U) specimens

Spec. Ba— t b Am/m; P Ou Omax 0u/l or EF
tch ~ [mm] [mm)] (%] [kN] [mm] [MPa] [%] [MPa] [—]
U0 1 1 6 70.5 - 11.01 6.47 26.04 2.25 7.31 1
U0 2 1 6.1 70.5 - 12.13 791 28.21 2.75 5.85 1.1
U0 3 1 6.4 70.7 - 7.81%  4.48* 17.56* 2.32* 5.14 0.71*
Av. - 6.2 70.6 - 11.57  7.19 27.13 2.5 6.1 1.05
U251 2 6.2 70.4 0.26 12.04 7.36 27.58 2.92 6.88 1.09
U25_2 2 5.9 70.3 0.11 11.68 6.48 28.17 2.44 8.91 1.06
U25 3 2 6 71 0.07 11.96 7.27 28.09 2.78 9.24 1.09
Av. - 70.6 0.15 11.9 7.04 27.94 2.71 8.34 1.08
Us0_1 2 6 70.1 0.37 11.34 7.44 26.81 2.82 6.71 1.03
Us0_2 2 6 71.8 0.43 10.82  7.13 25.1 2.63 8.43 0.98
Us0_3 2 6 70.2 0.34 10.91 6.4 25.9 2.48 4.76 0.99
Av. - 6 70.7 0.38 11.02 7 25.95 2.64 6.63 1
U75_1 2 6.2 71 0.85 11.93 7.31 27.11 2.8 8.44 1.08
U75_2 2 6.2 70.1 0.79 10.98 6.2 25.27 237 7.46 1
U75_3 2 6.3 70.2 0.82 12.13  6.71 27.42 2.57 7.22 1.1

Av. - 6.2 70.4 0.82 11.68 6.74 26.6 2.58 7.71 1.06

U100_1 5 6.1 70.5 1.45 10.69 6.54 24.85 2.48 10.81 0.97
U100_2 5 6.1 70.3 1.35 10.63  6.25 24.78 2.39 9.64 0.96
U100_3 5 6.5 69.9 1.52 10.43  6.08 22.95 2.31 8.55 0.95

Av. - 6.2 70.2 1.44 10.58  6.29 24.2 2.39 9.67 0.96

U150 1 6 6.4 70.2 2.98 10.55 6.61 23.47 241 4.58 0.96
U150 2 6 6.6 70.7 3.67 11.07 7.38 23.72 2.69 3.77 1
U150 _3 6 6.3 70.4 3.13 9.96  6.39 22.46 2.33 3.68 0.9

Av. - 6.4 70.4 3.26 10.53  6.79 23.22 2.48 4.01 0.95

U500_1 6 6 70.2 3.11 8.61  5.56 2043  2.02 3.88 0.78
U500_2 6 6 70.5 3.47 9.27  6.15 2192  2.24 3.14 0.84
U500_3 6 5.8 70.9 3.4 9.68  6.25 23.53  2.27 6.24 0.88
Av. - 5.9 70.5 3.33 9.19  5.99 21.96  2.18 4.42 0.83

* rejected values due to test problem (during multi-cracking phase a crack forms in the clamping
area, where steel plates are glued on the specimen; in the third phase, when load is carried
by the fabric, this crack localizes and there is no load transfer from steel plates to the specimen)
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Figure 4.19: Typical sequence of crack pattern during a test (each point is indicatively
identified in the 0-§/1 curve of Figure 4.16(a), specimen U100 _ 3 is taken as an example).

Three not-treated specimens were also tested following the “pre-cracked” test
procedure with a soft clamping in the starting phase up to a certain level of load
(1.2 times the first cracking load) and with a rigid clamping up to failure (Figure
4.20, 4.21 and 4.22, (0 — §/1) curves). The obtained average curve is considered
as reference for all the pre-cracked specimens tested after the exposure to freezing
and thawing.

Comparing these results with the curves collected in Figure 4.18, it is clear
that the slip of the specimen inside the clamping region affects not only the
first cracking strength (about 30% less than hard clamping), but also the peak
strength, even if less (15%) also due to the fact that the last phase of the two
testing modalities involves the same rigid clamping condition.

To better understand the magnitude of the slipping phenomenon, particularly
in the soft clamping case, the zero cycles specimens were instrumented with
two LVDT displacement transducers, one on the front and one on the rear side,
during the tests (Figure 4.15(b)). The gauge length astride the centre of each
specimen (Irypr) was equal to 200 mm. Just in one pre-cracking phase (CO_3)
the LVDT measures are not available because of a technical problem on the data
acquisition system (Figure 4.22(a)). The comparison between the nominal strain

(e =drvpr/lLvpr, average between the front and the rear value), obtained from
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Figure 4.20: C0_1 (pre-cracked 0 cycles specimen 1) - Nominal stress vs. normalized
displacement curves in uniaxial tension: pre-cracking phase (a) and test on freezing-

thawing pre-cracked specimen (b).

the LVDT measures (6rvpr), and the normalized displacement (4/1) is proposed
in Figures 4.20, 4.21 and 4.22. Subfigures (a) refer to the soft-clamping phase,
while subfigures (b) refer to rigid-clamping phase. It is worth noting that the
difference between the solid and dashed curves is due to the specimen sliding
inside the clamping system. It is quite obvious to observe how soft clamping is
characterized by a larger sliding and a difference between the two measurement
(e and ¢/1) larger than 220% is available at the end of the pre-cracking branch

for soft-clamp, while a difference of about 25-30% can be measured at failure for

rigid-clamp.

The results of the uniaxial tensile tests on the material exposed to several
freezing-thawing cycles are presented in Figures 4.23 - 4.28 respectively for 25,

50, 75, 100, 150 and 500 cycles. Subfigures (a) refer to the un-cracked situation,
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Figure 4.21: C0_2 (pre-cracked 0 cycles specimen 2) - Nominal stress vs. normalized
displacement curves in uniaxial tension: pre-cracking phase (a) and test on freezing-

thawing pre-cracked specimen (b).

while subfigures (b) consider specimens pre-cracked before the thermal treat-
ment. For each case, the 3 curves corresponding to 3 nominally identical tests
are reported together with the average curve. It is worth noting that the material
response is characterized by a good repeatability even increasing the number of
cycles. Nevertheless, a slightly larger scattering is available when testing the ma-
terial exposed to freezing and thawing in cracked condition, even if for the peak
load a maximum distance from the average value always smaller than 10% was
registered. The same results are summarized in tables 4.9 and 4.10 respectively
for un-cracked and cracked condition.
A comparison between the average curves obtained for all the cycle numbers
considered is reported in Figures 4.29 and 4.30 respectively for un-cracked and
cracked situation. In the same figures also a typical crack pattern observed at

the failure is presented for each situation. It is possible to observe that the multi-
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Figure 4.22: C0_3 (pre-cracked 0 cycles specimen 3) - Nominal stress vs. normalized
displacement curves in uniaxial tension: pre-cracking phase (a) and test on freezing-
thawing pre-cracked specimen (b). C0_3 (o-¢) is not available because of a technical
problem on the data acquisition system.

cracking pattern is denser in the case of pre-cracked specimens, if compared with

un-cracked specimens.

A general look at the average curve comparison suggests that freezing and
thawing has a negligible effect on the ultimate strength of the composite both in
un-cracked and cracked condition, while a higher sensitivity to this environmental
condition seems to characterize the first cracking strength of the matrix. In the
case of 150 and 500 cycles of Figure 4.30(a), the behaviour is comparable with the
0 cycles situation. This evidence may be related to a self-healing phenomenon

and a late hydration of pre-cracked specimens.

In Figure 4.31 two pictures of specimens treated with freezing-thawing cycles
and then tested in tension are shown. It is possible to notice that, next to a

crack developed in correspondence with a weft yarn, another crack forms and, on
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Figure 4.23: 25 cycles - Nominal stress vs. normalized displacement curves in uniaxial
tension: un-cracked (a) and pre-cracked (b) specimens.
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Figure 4.24: 50 cycles - Nominal stress vs. normalized displacement curves in uniaxial
tension: un-cracked (a) and pre-cracked (b) specimens.
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Figure 4.25: 75 cycles - Nominal stress vs. normalized displacement curves in uniaxial
tension: un-cracked (a) and pre-cracked (b) specimens.
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Figure 4.26: 100 cycles - Nominal stress vs. normalized displacement curves in uniaxial
tension: un-cracked (a) and pre-cracked (b) specimens.
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Figure 4.27: 150 cycles - Nominal stress vs. normalized displacement curves in uniaxial
tension: un-cracked (a) and pre-cracked (b) specimens.
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Figure 4.28: 500 cycles - Nominal stress vs. normalized displacement curves in uniaxial
tension: un-cracked (a) and pre-cracked (b) specimens.
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Figure 4.29: Average nominal stress vs. normalized displacement curves after different
number of cycles and corresponding crack patterns - un-cracked specimens.
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Figure 4.30: Average nominal stress vs. normalized displacement curves after different
number of cycles and corresponding crack patterns - pre-cracked specimens.
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Table 4.10: Test results - pre-cracked (C) specimens

Spec. Ba— t b Am/m; Ppax Ou Omaz  Oufl o} EF

tch  [mm] [mm)] (%] [kN] [mm] [MPa] [%] [MPa] [—]
Co 1 7 6.4 70.0 - 10.39  6.26 23.19  2.36 4.72 0.94
C0_2 7 6.1 70.7 - 10.62  6.26 24.62  2.32 4.72 0.96
C0_3 7 6 70.3 - 9.13 5.3 21.65 1.98 4.11 0.83
Average - 6.2 70.3 - 10.05 5.94 23.15 2.22 4.52 0.91
C25_1 3 6.2 70.1 5.64 9.38 7.21 21.59  2.58 3.82 0.85
C25_2 3 6.4 71.5 5.48 9.75 7.26 21.3 2.62 4.07 0.88
C25_3 3 5.9 70.2 4.77 9.13  6.17 22.05 224 4.19 0.83

Average - 70.6 5.29 9.42  6.88 21.64 248 4.03 0.85

C50_1 4 6.2 70.2 5.08 10.72  6.52 25.06 227 5.03 097
C50_2 4 6.2 70.9 5.98 946  6.52 21.8 236 479  0.86
C50_3 4 6.6 69.8 5.56 11.08 6.81 24.8 2.5 5.81 1.01

Average - 70.3 5.54 10.41  6.62 23.89 241 5.21 0.95

C75 1 4 6.2 70.9 5.53 9.35 5.7 21.27 2.1 3.61 0.85
C75 2 4 6.4 70.3 491 8.06  6.17 1788 225 473 0.73
C75 3 4 6.5 70.6 4.94 8.9 6.2 19.39 223 387 0.81
Average - 6.4 70.6 5.13 8.77  6.04 19.52 219  4.07 0.8
C100_1 4 5.9 69.9 7.9 8.66  6.51 21 239 353 0.79
C100_2 4 6.1 71.6 4.91 9.63  5.86 22.05 214 487 0.87
C100_3 4 5.9 70.7 4.83 9.4 5.82 22,55 211 4.66  0.85

Average - 6 70.7 5.88 9.23  6.07 21.86 2.21 435 084

C150_1 3 5.9 69.9 1.99 10.36  6.41 25.11 233 429 094
C150_2 3 5.9 70.8 0.27 8.92  6.37 2136 232 435 081
C150_3 3 5.4 70.6 0.16 10.55 6.33 2767 232 431 0.96

Average - 5.7 70.4 0.8 9.94  6.37 24.71  2.32 4.36 0.9

C500_1 3 5.9 70 4.73 9.65 6.51 2338 235 439 088
C500 2 3 6.1 71.4 3.87 8.83  5.72 20.28 2.08  3.55 0.8
C500_3 3 5.5 70.5 3.37 9.82 6.24 2531 229  3.04 0.89
Average - 5.8 70.6 3.99 943  6.16 2299 224 366 0.86

* values obtained in the pre-cracking phase (soft clamp) before thermal cycles

the edge, a H crack propagation can be observed: this behaviour characterizes
many un-cracked specimens. The development of the longitudinal crack at the
middle of the specimen thickness may cause a detachment of the mortar cover

and an exposure of the fabric. It is worth noting that this detachment happens
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at a stress level close to the maximum tensile strength (o,4.) and, therefore, at

Serviceability Limit State (0555 < 0.404.) delamination never occurs.

U252 U751

Figure 4.31: Specimens after tensile test.

To investigate the influence of thermal cycles on the material response, the
variation with cycle number of the main parameters that characterize the material
response is shown in Figure 4.32. In all the graphs, each marker represents the
value assumed by the considered parameter for each specimen, normalized by
the average value registered in the zero cycles case. The solid line connects the
average value computed for the different number of cycles in case of un-cracked
specimens, while the dashed line refers to pre-cracked condition.

Figure 4.32(a) shows the trend of the maximum nominal stress registered for
the different number of cycles considered. The negligible effect of the freezing-
thawing cycles on the ultimate strength is here confirmed. For un-cracked spec-
imens, a slight decrease in the maximum stress with the increasing number of
cycles is visible; however, even if 500 cycles are performed, the 80% of the ini-
tial maximum nominal stress is still reached by the material. For pre-cracked
specimens, the strength variation ranges between 0.8 and 1.2 without a clear
trend. It is worth noting that the peak strength of each test has been normalized
with respect to the peak strength obtained with the same clamping modalities

at zero cycles and, therefore, pre-cracked specimens adopt a normalizing value
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Figure 4.32: Test results: (a) peak strength vs. number of cycles, (b) peak normalized
displacement vs. number of cycles, (c) first cracking strength vs. number of cycles, (d)
mass variation vs. number of cycles, (¢) EF vs. number of cycles and (f) specimen
stiffness vs. number of cycles.
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that is 15% lower than the un-cracked one (0 cycles lines in Tables 4.9 and 4.10
respectively).

In Figure 4.32(b) the relationship between the ultimate normalized displace-
ment (registered when the maximum load is reached for each specimen) and
number of freezing-thawing cycles is plotted. As in the previous graph, for un-
cracked specimens a trend of decreasing ultimate normalized displacement with
increasing number of cycles can be identified, while for pre-cracked specimens
this parameter seems not to be affected by the exposure to freezing and thawing
cycles. However, in both cases all the values are closed to the normalized displace-
ment measured in case of zero cycles (maximum average difference equal to 17%)
also taking into account the scattering of the results that, for this parameter, can
reach 11%.

Figure 4.32(c) shows the results in terms of first cracking strength versus num-
ber of cycles. Obviously these results are available only for un-cracked specimens,
because the first cracking strength of pre-cracked specimens (collected in Table
4.10 - column 10**) was reached before the exposure of specimens to thermal
cycles. For low number of cycles, up to 100, the first cracking strength seems not
to be affected by freezing-thawing phenomenon (an enhancement of the strength
is even registered with respect to the 0 cycles condition), while the exposure to a
higher number of cycles causes a clear decrease of this property, as a damage of
the matrix is developing. It is important to point out that this parameter is char-
acterized by a larger scattering than the ultimate strength. This is due in part
to the larger variability of the mortar mechanical properties but, in particular, to
the small eccentricities that may arise during the first phase of the test due to the
mortar shrinkage, that causes a small curvature of the specimen. This curvature
causes a misalignment of the load applied at the two ends of the specimen, gener-
ating a bending moment on the specimen. The misalignment registered in all the

experimental campaign is smaller than 3 mm and, for this reason, affects only the
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first cracking strength without any significant contribution on the cracked phase,
also because of the formation of cracks that work as hinges at the specimen ends.

Considering the specimen mass variation, literature results state that, for con-
ventional concrete, specimens exhibit a mass reduction due to the surface scaling,
even if air entraining agent is added to the mix: considering a concrete charac-
terized by a mean compressive strength of 40 M Pa and a water to cement ratio
equal to 0.45, Marzouk and Jiang (1994) measured a mass loss, increasing with
the number of cycles, up to 2.2% (700 cycles) for 75x75x350 mm? specimens and
up to 5.5% (700 cycles) for thin specimens with dimension of 20x75x300 mm?;
also Shang and Yi (2013) registered a mass loss increasing with the number of cy-
cles and with the decreasing of the class of concrete. Considering a High Strength
Concrete characterized by a water to binder ratio equal to 0.3 and a mean com-
pressive strength equal to 70 M Pa, Marzouk and Jiang (1994) found a smaller
mass variation with respect to the normal strength concrete (-0.6% for 75x75x350
mm? specimens and -0.5% for 20x75x300 mm?> specimens, considering 700 cy-
cles in both cases). For lower value of water to binder ratio, some cementitious
particles in the hardened state of concrete remain un-hydrated. Hence, the mass
loss due to scaling is balanced by the water absorption, that leads to the hydra-
tion of un-hydrated cementitious particles and to the development of hydration
products, resulting in a mass gain. Graybeal and Tanesi (2007) observed this
phenomenon investigating the freezing-thawing durability of a Ultra High Per-
formance Concrete, characterized by a water to cement ratio equal to 0.15. The
phenomenon is enhanced in case of specimens cured in air (as those considered
in this Section), because they exhibit lower levels of hydration if compared to
UHPC cured in wet environment. The later hydration can affect the mechanical
properties of the material, limiting the strength reduction due to freezing-thawing
exposure.

Figure 4.32(d) shows the percentage mass variation of the specimens with the
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increasing number of cycles. It is worth noting that all the specimens exhibit a
mass increase due to the exposure to freezing-thawing cycles. Considering un-
cracked specimens, the amount of this enhancement increases with the increasing
number of cycles up to a percentage of about 3.5% (registered for 150 and 500
cycles). In case of pre-cracked specimens, the percentage variation of mass is
higher than 5% for low number of cycles (25, 50, 75 and 100), while decreases for
150 and 500 cycles.

Comparing the results here discussed with those presented in the literature
that exhibit a mass loss, it is important to point out that, differently from liter-
ature, the specimens here investigated were not fully saturated when the cycles
started. Even if the selected matrix is characterized by a very low water ab-
sorption (less than 1%), the water absorption measured on a TRC specimen
(not thermally treated) 100 mm long, 70 mm wide and 6 mm thick reached an
asymptote of about 5% after less than one week. This result indicates that fabric
represents a channel that favours water penetration inside the specimen since the
fabric cross section is flush with the specimen short edges.

In the case of un-cracked specimen, the fabric is directly in contact with
water only on the short sides of the specimen, thus leading to a very slow water
penetration and, consequently, a very slow increase of the mass with time for
a cycle number smaller than 100. For higher number of cycles, micro-cracking
due to the freezing-thawing cycles accelerates the water penetration, as can be
observed by the increase of the curve slope between 100 and 150 cycles. The final
plateau can be related to the fully saturation of the specimen; the lower value of
this plateau with respect the 5% asymptote previously discussed can be due to
the scaling phenomenon observed in the case of 150 and 500 cycles, that caused
a mass loss.

On the contrary, in pre-cracked specimens, the initial cracks increase the

fabric surface directly in contact with water, thus leading to a very fast increase
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of the mass (about 5.5%) since the 25 cycles situation, that means a 5 days
permanence into the water. It is worth to note that the crack spacing due to pre-
cracking is comparable with the length of the specimen used for water absorption
measurements, thus confirming the speed of the water penetration process. The
sudden decrease of the mass observed from 150 cycles has to be related to the
previously discussed scaling phenomenon. The final increase of the mass can be
driven, as already discussed by Graybeal and Tanesi (2007), by a later hydration.

Figure 4.32(e) shows the trend of the Effectiveness Factor with the cycle
number growth. This factor is a measure of the effectiveness of the fabric-matrix
bond: a value larger than one indicates a positive interaction between the mortar
and its reinforcement, while values lower than the unit mean a bond weakness:
the lower the value the higher this weakness. Looking at the graph, it is clear
that, even if for a low number of cycles the un-cracked specimens behave better
than pre-cracked ones, for a high number of cycles the EF tends to converge to
the value of 0.8.

In Figure 4.32(f) the evolution, with the number of cycles, of three stiffness
coefficients (k1, ko and k3) is plotted. These coefficients are defined in Figure
4.16(a) and (b) and the values they assume are collected in Table 4.11. ky rep-
resents the initial stiffness of the composite material in the un-cracked condition
(hence specimens are tested from the beginning with the rigid clamping system)
and it is computed as the slope of the nominal stress vs. normalized displace-
ment curve between zero and 0.10,,,,; this parameter is just a measure of the
initial stiffness of the composite computed to compare specimens treated with a
different number of cycles, but does not correspond to the Young Modulus of the
cementitious matrix as the normalized displacement is taken into account instead
of the strain (hence the sliding between the specimen and the clamping devices
is accounted). Considering un-cracked condition, also parameter ks is computed.

This coefficient is obtained as the slope of the final branch of the nominal stress
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vs. normalized displacement curve of TRC in tension, in which only the con-
tribution of the fabric is noticeable and no further cracks appear in the matrix.
In this case 0.7 0,4 and 0.8 0,4, are assumed as limit values. Finally, k3 is
computed as ky, but referring to pre-cracked specimens.

The evolution of the initial stiffness (k1) is mainly related to the damage
induced by the thermal cycles to the mortar matrix and it is possible to observe
that it is similar to that experienced by the first cracking strength. This is due to
the fact that both parameters are governed by the same damage of the matrix,
but also that they have the same sensitivity to the test scheme eccentricity. In
any case, it is clear from the results that very small damage (stiffness reduction
lower than 20%) is available in the mortar matrix.

Regarding the post-cracking stiffness (ko and ks3), the evolution of these pa-
rameters represents the damage achieved both into the fabric itself and into the
mortar-fabric interface. It is worth noting that, in the case of pristine material
(0 cycles), the stiffness in the cracked phase (ko and k3) is scantly affected by the
test modalities, showing a maximum average difference lower than 5%. Also these

parameters confirm the low sensitivity of the TRC to freezing-thawing cycles.
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Table 4.11: Test results - values of k1, k2 and k3

Spec. k1 ko Spec. ks
[MPa] [MPa) [M Pa]
Uo_1 7254.3  1081.08 Co_1 863.42
Uo_2 6009.74  1012.2 Co_2 956.25
U0_3 5598.6  906.75 Co_3 1039.46
Average 6287.55 1000.01 Average  953.04
U25 1 6403.71  889.68 C25 1 649.62
U25_2  7467.13 1020.65 C25_2 747.63
U25_3 5589.34  958.7 C25_3 948.68
Average 6486.73 956.34 Average  781.98
Us0_1 5478.66  775.01 C50_1 869.11
U50_2 6868.3  892.53 C50_2 646.21
U50_3  5555.35 956.78 C50_3 883.51
Average 5967.44  874.77 Average  799.61
U7 1 6481.21  704.08 C75 1 890.84
U75_2  6643.82 925.72 Cr5 2 810.2
U75_3 6054.21 971.94 C75_3 778.8
Average 6393.08 867.25 Average  826.61
U100_1 7011.5 845.81 C100_1 774.05
U100_2 8168.9  794.49 C100_2 1010.1
U100_3 7146.75 835.15 C100_3 988.58
Average 7442.38 825.15 Average  924.24
U150 1 4142.88 938.82 C150_1 1002.4
U150_2 4592.96 909.86 C150_2 1008.96
U150 3 5426.36 831.85 C150_3 1099.21
Average 4720.73  893.51 Average 1036.86
U500_1 5401.61 628.15 C500_1 759.45
U500_2 5174.05 748.38 C500_2 779.74
U500 _3 5902.93 991.99 C500_3 959.13
Average 5492.86 789.51 Average  832.77
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Experimental investigation on sandwich

solution

The experimental campaign presented in this chapter concerns the investigation of
failure mechanisms of a sandwich solution characterized by two external layers 10
mm thick made of Textile Reinforced Concrete (TRC) connected by an insulation

layer of expanded polystyrene foam (EPS 250) 100 mm thick (Figure 5.1).

Ok be———— = TRC

B R
o| (REFREEREEIER  nsulation layer
S| BREFRRRRREARIT (EPS 250)
OO0 0000000020,
Shatenstsfatatanststetrs = TRC

Figure 5.1: Sandwich cross-section (measures in mm).
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5.1 Materials

The expanded polystyrene foam used is commercially known as EPS250 and
is characterized by a compressive strength of 0.25 M Pa at a strain equal to
10% and by a low thermal conductivity (0.034 W/mK according to European
Standard EN 13163 "Thermal insulation products for buildings - Factory made
products of expanded polystyrene (EPS)", 2008). The elastic modulus is equal to
13.7 M Pa: it was measured performing compressive tests on three 100x100x150
mm? nominally identical specimens (Figure 5.2). According to uni-axial tensile
tests performed on a similar EPS [Colombo et al. (2008)], the tensile behaviour
is expected to be elastic-brittle; the value of tensile strength specified in the
European Standard EN 13163 for EPS250 is larger than the compressive strength
and is equal to 0.35 M Pa. The shear modulus can vary between 4.14 and 4.41
M Pa for this class of expanded polystyrene foam according to ASTM C 578-92

"Standard Specification for Rigid, Cellular Polystyrene Thermal Insulation".

G 03
[MPa] 1
0.25
0.2
0.15
0.1
i A—Hcl
0.05 c2
T 5—8—8C3
— Average
0 p—————
0 0.1 0.2 0.3 0.4 0.5

Figure 5.2: EPS behaviour in compression.

The TRC layers are obtained reinforcing a high strength fine grain mortar
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with one layer of fabric "F3" (whose characteristics are shown in Table 4.5 and
Figure 4.1).

The matrix used to cast the sandwich specimens is the same described in Table
4.1 (considering an amount of superplasticizer equal to 56 kg/m?) at which two
changes were made. First of all, the maximum aggregate size is enhanced from
600 um to 1 mm in order to optimize the production process at a larger scale.
Secondly, the amount of water is increased in order to obtain a higher water
to binder ratio (0.225) and, hence, a more workable matrix that guarantees the
possibility to cast the mortar in pressure.

The in pressure casting technique (Figure 5.3) is adopted in order to minimize
the voids (defects) in the mortar and to enhance the bond between TRC layers
and EPS, also because just the insulating material is used to transfer the shear
between the external TRC layers. A proper formwork characterized by trans-
parent walls was built in order to check by visual inspection the injection of the
mortar (Figure 5.3(a)). An EPS layer with an AR-glass fabric fixed on each side
is first placed into the formwork. After mixing, the fresh mortar is allowed to flow
into a tank (Figure 5.3(b)), that, once filled, is closed (Figure 5.3(c)) and then
pressurized. In this way the mortar can be injected in the formwork from the bot-
tom through a spherical valve (Figure 5.3(d)). 48 hours after casting, specimens
are demoulded and then cured in air at least for 28 days before testing.

At 28 days, the mortar is characterized by a bending tensile strength (fe:y)
equal to 13.5 M Pa and by a cubic compressive strength (f..) equal to 73 M Pa;
these mechanical properties are determined according to the European Standard
for cement testing (UNI EN 196 - part 1, 2005) considering two and four nominally
identical specimens respectively for bending and compression. At about 150 days,
the cubic compressive strength measured testing 32 specimens is found to be 95.1
MPa (STD = 5.82%); this enhancement in the mortar mechanical properties

was also found by Brameshuber et al. (2006), that measured an increase in the
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Figure 5.3: Casting of the sandwich beams: formwork with the EPS panel and the
fabrics placed inside (a), tank filling (b), tank closure (c) and in-pressure injection of
the mortar inside the framework (d).

compressive strength passing from 74 M Pa at 28 days to 89 M Pa at 90 days and
92 Mpa at 360 days, considering a matrix characterized by the same maximum

aggregate size and cement type.

5.2 Four point load tests on small and big sandwich speci-

mens

5.2.1 Geometry and test set-up

Four point bending tests are performed on sandwich beams using an electrome-
chanical press INSTRON 5867 with a maximum load capacity of 30 kN. Two
specimen geometries are taken into account: a small beam (550x150x120 mm?;
identified by "S" letter) and a larger one (1200x300x120 mm?; identified by "B"
letter). In all cases the fabric warp is aligned with the beam longitudinal direc-

tion. The specimen geometries and the test set-ups are shown both for small and
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big specimens respectively in Figure 5.4(a) and 5.4(b); the measured cross-section
sizes of each specimen are summarized in Table 5.1, in which specimen width (b)
and height (h) as well as the thickness of the two TRC layers (h“?,, and h}" I{C)
are collected. Metallic plates 50 and 80 mm wide are glued on each specimen
over the supports and under the knives through which the load is applied in order
to reduce stress concentration. The loading and the supporting cylinders have

a diameter equal to 40 mm and are free to rotate on their axis and around the

plane perpendicularly to the longitudinal axis of the specimen.

6 .0
“““““““““““““““““““““““ t— TRC
50 50
o o J’—'L l‘—l o o insulation layer
I S 50 e 50 (EPS 250)
— —A
---------- == S==========—==—=—=—===—===—=—=6y=———==3 TRC
150 (S) § 150 [ 150 [ 150 i
300 (B) 550
(a)
TRC  insulation layer TRC
P/2 P/2 (EPS 250)
- Jse] 1 o | | |
. R R
- 80 80
W 306 L 308 [ 306 w
\’ 920 L
1200

(b)

Figure 5.4: Sandwich beam geometry and test set-up (measures in mm): small "S" (a)
and big "B" (b) specimen.

As shown in Figure 5.5, each specimen is instrumented with the following

displacement transducers:
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Figure 5.5: Geometry of the instrumented sandwich beam (a) and measures read by

the instruments (b).



5.2. FOUR POINT LOAD TESTS ON SMALL AND BIG SANDWICH SPECIMENS

Table 5.1: Sandwich beams: sizes, peak load and corresponding vertical stroke, lengths
of the gauges

Spec. b ho B R Puraw strokemas  Lewp  Lingt Ling
[mm] [mm] [mm] [mm] [kN] [mm)] [mm] [mm] [mm)]
S1 147.5 122 11.8 9.7 7.66 30.31 51 195 195
S2 150.5 1214 10.5 114 9.01 58.33 51 202 200
S3 150.2 122.2 9.7 12 9.19 79.85 53 201.5 201
S4 147.8 121.5 11.5 9.5 8.68 76.82 49 199 201
B1 302.5 121.8 9.9 11.7 16.31 41.91 100 399 395
B2 304.5 121.8 10.8 10.6 10.27 7.99 102 399.5 400.5
B3 300.5 121.2 11.7 8.4 16.38 52.99 103 399 402
B4 302 121.1 8.7 11.6 15.74 42.97 103 403.5 403

o LVDT1 and LVDT?2 are placed in vertical position on the front side of the
specimen and are aimed at measuring the specimen deflection under the
loading knives (§; and d3). The measured values d; and dy are the relative
displacements of points B1 and B2 with reference to point A (Figure 5.5(b)).

dins is obtained as the mean value of J; and ds.

o LVDT3 and LVDT4 are placed in vertical position on the rear side of the
specimen and are aimed at measuring the deflection of the upper TRC
layer under the loading knives (d5 and d4). 03 and 4 represent the relative
displacement of points C1 and C2 with reference to point A. d,,), is obtained

as the mean value of d3 and dy4.

o LVDTS5 is placed on the upper TRC layer with a gauge length defined as
L,y (Table 5.1) in order to measure the superior longitudinal displacement

(0compr) on the compressed side in the constant bending moment region.

o LVDT6 and LVDT?T are placed on each side of the lower TRC layer astride
the constant bending moment region with a gauge length defined respec-

tively as Lin 1 and L;y, so (Table 5.1) for LVDT6 and LVDT7. These trans-
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ducers are instrumental to measure the crack opening displacement (COD)

on both the front (COD1) and the rear (COD2) side.

In order to not affect the deflection measures d;,y and ., by the crushing of
the material at the supports, a proper frame is used. Two C profiles are placed
on the upper surface of the specimen over the supports; on these profiles, two
aluminium bars, carrying the transducers LVDT1, LVDT2, LVDT3 and LVDT4,
are placed. All the transducers used are inductive full bridge type, with a nominal
displacement equal to 10 mm, with the exception of the LVDT5 employed in
the case of small specimens, that is an inductive half bridge with a nominal
displacement of +/ — 1mm. The data acquisition is performed by using the

electronic measurement system SPIDER8 by HBM.

Four nominally identical tests were performed for both small and big spec-
imens. Figure 5.6 shows a small and a big specimen during a test. The tests
are displacement-controlled, considering the machine cross-head displacement
(stroke) as feedback parameter and are performed by imposing an initial stroke

rate of 1E — 3mm/s. After crack formation, in the second phase of the test, the

rate is increased up to 4E — 3 mm/sec.

(b)

Figure 5.6: Specimens during testing: small "S" sandwich beam (a) and big "B" sand-
wich beam (b).
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5.2.2 Experimental results

The results are shown in Figures 5.7 and 5.8 respectively for small and big spec-
imens in terms of load vs. stroke and bending moment vs. nominal curvature
curves. The bending moments are obtained by multiplying the load acting on

one knife for the lever arm, while the nominal curvature is defined as:

0 — Einf + Esup

Nl
! (1)
with:
COD1 COD2
Einf = —+ 5.2
! (Linfl me2) (5.2)
and:
5com’r
Esup - LSUZ (53)

The values of §compr, COD1 and COD 2 measured through the displacement
transducers LVDT5, LVDT6 and LVDT7 are corrected before computing the
curvature by taking into account that each instrument is not placed exactly on
the specimen surface, but it is located at a certain distance. To correct these
measures a rigid rotation assumption is considered.

Figures 5.9, 5.10 and 5.11 show the pictures of the specimens after test both
for small and big specimens.

Looking both the load-stroke curves and the pictures, it is worth noting that
the test on specimen S1 was stopped due to external causes before reaching the
failure, while specimen B2 presented an early shear failure due to the presence
of a small connector used to fix the fabric to the insulation material, that acted

as a local defect in the EPS. Besides, in the case of specimen B1, a knife release
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Figure 5.7: Test results: load vs. stroke (a) and bending moment vs. nominal curvature
(b) curves for small "S" specimens.
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Figure 5.8: Test results: load vs. stroke (a) and bending moment vs. nominal curvature
(b) curves for big "B" specimens.
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occurred, causing the upper TRC punching.

Considering the load-stroke graphs, in both cases the results are characterized
by a good repeatability, especially in the initial phase; the scatter remains very
limited also in the second branch of the curve (st. dev. less than 5%). The max-
imum load (P,,,,) reached by each specimen, together with the corresponding

displacement (stroke,,q.), is summarized in Table 5.1.

SMALL

S2 LATERAL VIEW S2 BOTTOM VIEW

S3 LATERAL VIEW S3 BOTTOM VIEW

(@
S4 LATERAL VIEW S4 BOTTOM VIEW

Figure 5.9: Lateral and bottom view of small "S" specimens after test: S1 (a), S2 (b),
S3(c) and S4 (d).

Considering small specimens (Figure 5.9), it is possible to observe that multi-

cracks occurred in both the upper and the lower TRC layers, hence each specimen
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(@)

()
B2 LATERAL VIEW

©

B3 LATERAL VIEW

(d

B4 LATERAL VIEW

Figure 5.10: Failure mode of big "B" specimens: Bl (a), B2 (b), B3(c) and B4 (d).
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@
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Figure 5.11: Crack pattern of big "B" specimens on the top and bottom sides: Bl (a),
B2 (b), B3(c) and B4 (d).
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behaves as a partially composite panel [Einea et al. (1991)]: the insulation layer
can transfer just a percentage of the longitudinal shear required for a fully com-
posite panel. In the upper TRC face the multi-cracking took place under the
plates used to distribute the load and to reduce stress concentration. Looking
at the lower TRC face, it is possible to note that, even if the multi-cracking
phenomenon occurred in all the specimens, in cases S1 and S2 cracks are quite
close (cracking space equal to about 15 mm), while in cases S3 and S4 only few
larger cracks developed. The difference in the crack pattern may be related to
the fabric position inside the lower TRC layer. As a matter of fact, specimens
that experienced a more dense crack pattern (S1 and S2) are characterized by
the fabric placed in the middle of the layer or closer to the external surface. For
the situations in which the fabric remained close to the EPS (S3 and S4), a larger
crack distance is observed (Figure 5.9(c) and (d)).

However, the ultimate failure mechanism is the same in all the cases and the
global response is characterized by a good repeatability. Taking a careful look to
the crack pattern of specimens S1 and S2, it is possible to observe that cracks
are not symmetric with respect to the longitudinal axis: this lack of symmetry
may be due to a small penetration of mortar on just one of the lateral side of
the specimen, thus creating a very thin (less than 1 mm) lateral layer of mortar
on just a portion of the side itself. This thin layer causes a difference in the
stiffness between rear and front side, thus compromising the symmetry of the
crack pattern. The ultimate failure of the small specimens (specimens S2, S3 and
S4) occurred when the tensile failure of the lower face is achieved, even if the
mechanism that mainly contributes to the non-linear behaviour of the response
is the plastic shear deformation of the core.

Looking at crack patterns in Figure 5.11 , also big specimens behave as par-
tially composite panels since they present the multi-cracking phenomenon on both

the TRC layers; some differences can be identified if the behaviour is compared
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with the small specimen one. First of all, even if the shear band formation in
EPS is noticeable and contribute to the non-linearity of the response, the bend-
ing behaviour is more important if compared with the small specimens. Some
cracks appear also on the upper surface of the specimens (Figure 5.11, top view),
thus indicating that tensile stresses arise on the extrados of the upper TRC layer
close to the supports. These tensile stresses can be justified considering the up-
per TRC layer as a thin beam laying on a continuous deformable support that
experiences a negative (upper surface in tension) bending moment close to the
supporting cylinders. The number of cracks on the upper TRC layer is related to
the mortar thickness. In both the big specimens that reached the ultimate failure
(B3 and B4), this failure is governed by the development of a shear crack in the
EPS layer over one support (Figure 5.10). The main shear crack also propagates
longitudinally along the specimen, leading to the debonding between TRC and
EPS.
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Figure 5.12: Test results: specific load vs. stroke (a) and specific bending moment vs.
nominal curvature (b) average curves.

The load vs. crosshead displacement behaviour of the two different solutions
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is compared in Figure 5.12(a) by normalizing the applied load with the specimen
width. The average curves of nominally identical tests for each solution are
reported in this figure. It is worth noting that both the solutions are characterized
by a comparable behaviour and, in particular, the final plastic branch is very
similar, thus indicating that the shear behaviour of both the solutions plays a
key role in the overall response of the specimens.

Concerning the moment vs. nominal curvature behaviour of the two solu-
tions investigated (Figures 5.7(b) and 5.8(b)), it is important to underline that
each curve is stopped when one of the displacement transducers involved in the
computation of the curvature (LVDT5, LVDT6 or LVDT7) reached its maximum
displacement, that always happened before the ultimate failure of the specimens.

The two solutions are compared in Figure 5.12(b) in terms of specific mo-
ment vs. nominal curvature, where the specific moment is computed dividing
the bending moment by the specimen width. The curves plotted are the av-
erage curves of nominally identical specimens. It is worth to remind that the
nominal curvature is computed in the constant bending moment region between
the loading knives. Large differences between the two solutions can be observed:
the final plastic branch is characterized by a larger specific moment value in the
case of big specimens, thus indicating a more significant contribution of bending.
Even the initial stiffness of the two average curves is quite different. In order to
better discuss this difference, two analytical solutions for the elastic behaviour of
sandwich beam are adopted to predict the elastic stiffness of the two specimen
geometries: the plane section (PS) approach and the Stamm & Witte (S&W)
model [Stamm and Witte (1974)]. Both of them were discussed in Subsection
2.7. In both cases linear elastic materials, perfect bond between the EPS and
the TRC layers, no compressibility of the sandwich beam and small displacement
and strain are considered.

The first model is based on the assumption that the section remains plane and,
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hence, there is a linear strain distribution over the cross section (Vgpps = drrc,
Figure 5.13); the shear deformations (7., considering x as the longitudinal axis
and z the vertical one) of both TRC and EPS layers are assumed to be negligible.
The elastic stress distribution over the cross-section is reported in Figure 5.13.
The second model, proposed by Stamm and Witte (1974), is based on the

following assumptions (Figure 5.13):

EPS
x

o the EPS core is soft if compared with the outer TRC layers, hence o

can be taken equal to zero while 725

. 18 constant;

o the bending stiffness of the outer TRC layers is not negligible if compared to
the one of the whole sandwich beam, hence the membrane state of stress of
these outer layers due to sandwich global behaviour has to be superimposed

on the local bending state of each external layer;

o the shear stiffness of the outer TRC layers is large, hence TRC shear defor-

mations v ¢

2+~ can be neglected; the cross sections of the outer layers thus

remain planar and perpendicular to the axis even after the deformation

(Bernoulli hypothesis);

o due to the shear deformation of the EPS core, the total cross section of the

sandwich beam is not flat, but it deforms to a broken line.

The results obtained for the two different models are plotted in Figures 5.7
and 5.8 respectively for small and big specimen solutions. An elastic behaviour
is considered in both the models: an elastic modulus of 13.7 MPa is adopted
for EPS according to experimental results, while a value of 30 GPa is considered
for the TRC according to literature results on cement matrix characterized by
similar compressive strength and maximum aggregate size [Brameshuber et al.

(2006)]. Just in the case of S&W model, a EPS shear modulus equal to 4.14 MPa
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Figure 5.13: Assumptions of the analytical solutions adopted to predict the elastic
behaviour of the sandwich beams: Plane Section (PS) and Stamm & Witte (S&W)
models.

is assumed (lower value proposed by ASTM C 578-92 - "Standard Specification
for Rigid, Cellular Polystyrene Thermal Insulation" - for this class of EPS).

Looking at the results, it is clear that the plane section assumption, that
neglects the EPS shear deformability, is not able to provide a reliable prediction
of the sandwich stiffness. Only considering the behaviour of a partially composite
beam, as suggested by Stamm and Witte (1974), it is possible to predict the initial
linear global response of the composite both in terms of vertical displacement and
nominal curvature. It is worth to note that the nominal curvature of the models
was computed in the same way used for experimental results (Eq. 5.1) once the
strain of TRC at the extrados and at the intrados of the specimen is known. The

reliability of the S&W approach allows to conclude that the difference observed
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in Figure 5.12(b) is mainly related the EPS shear deformability. Furthermore,
the large difference between PS and S&W approaches is more pronounced in the
case of small specimens, thus confirming the most important shear deformation

contribution in this case.
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(@) (b)

Figure 5.14: Test results: load vs. Crack Opening Displacement curves for small "S"
(a) and big "B" (b) specimens.

The behaviour of the two different geometries tested is represented in Figure
5.14 by means of the load vs. crack opening displacement (COD) curves; the
large COD measured are representative of the multicracking pattern experienced
by the lower TRC layer. It is important to note that the cracking of the lower
TRC layer does not clearly correspond to a significant non-linearity in the global
response of both the specimen geometries considered; as a matter of fact, when a
COD measure of 0.5 mm is read, the TRC is clearly cracked, but the global load
vs. COD curve is still linear. It is also worth to note that typical multi-crack
formation branch available in the classical uniaxial tensile response of a TRC
(Figure 3.5) is not observable in the global response of the specimens, maybe due

to a stabilization effect given by both the EPS and the sandwich behaviour.
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Figure 5.15:

"S" (a) and big "B" (b) specimens.
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5.3. CONCENTRATED LOAD TESTS ON SANDWICH SPECIMENS

Finally, Figure 5.15 presents the measurements of the different vertical dis-
placements under the loading knives for each test. dsu a0 represents the average
between the top layer displacements (J3 and 6,), while 6;,f 4, is the mean value
of the bottom layer displacements (6; and ds2). It is clear that, since the begin-
ning, small specimen experiences a larger transverse compression (g,) of the EPS,
thus indicating that this specimen mainly behaves as a 2D body and that the
1D beam assumption (e, = 0) is not reliable for this geometry. This transverse
compression can be also clearly observed in the deformed shape at failure (Figure
5.9), especially on the lateral part of the specimen.

On the contrary, negligible transverse strain (¢,) can be observed for big
specimens, indicating that two dimensional effect disappears for larger span and

the sandwich solution respects the 1D beam assumption.

5.3 Concentrated load tests on sandwich specimens

5.3.1 Geometry and test set-up

Square sandwich plates 300x300x120 mm? are tested with a proper set-up in
order to verify their resistance when loaded with a concentrated load. The same
electromechanical press adopted in bending tests is used. During the test the
specimen is simply supported on all the four edges of the bottom face (free length
equal to 190 mm in both the directions) and is loaded in the center of the upper
face by means of a steel cylinder punch with a diameter of 19 mm (Figure 5.16).
A LVDT displacement transducer, with the same characteristics of those used for
sandwich beams, is placed in contact with the bottom surface of the specimen
in order to measure the vertical displacement ds shown in Figure 5.16(a). The
tests are displacement-controlled, considering the machine cross-head displace-

ment (stroke) as feedback parameter, and are performed by imposing an initial
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stroke rate of 1E — 3 mm/s.

N Fd
N 7
S —- - - - - 2
A 4
[N |l
1 N 4 |
N ol o
e ! e 8
| v N |
I« S
7 AN
v - _ _ _ _ N
7 b
Fad N
190
R
300 (a) (b)

Figure 5.16: Concentrated load test set-up: geometry (a) and picture (b).

The geometrical characteristics of each specimen are collected in Table 5.2; in
particular the following measures are shown: the thickness of the upper TRC layer
(hrRrC sup), the thickness of the lower TRC layer (hrrc iny), the thickness of
the EPS layer (hgpgs) and the length in both directions (b; and by). The thickness
of each layer is obtained as the mean value of several measures done in different

points.

Looking at the upper surface of specimen P4 before performing the test, it
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Table 5.2: Geometrical characteristics of the specimens and experimental results

P1 P2 P3 P4

hTRCfsup[mm] 11.1 10.4 11.0 10.0
hTRc_mf[mm] 9.7 10.5 10.2 10.7

hips[mm] 100.0 999 995  99.5
by [mm)] 302.0 300.5 3015 300.8
by[mm)] 205.0 2968 296.8 299.0
Pras[kN] 560 445 520  4.60
8. [mm] 269 233 305 3.32
62, [mm)] 035 025 047 0.23

was possible to observe some cracks (crack pattern visible in Figure 5.17). These
cracks could be seen by visual inspection; in fact, the crack width measured was

equal to 125 um.

Figure 5.17: Crack pattern of the upper surface of specimen P4 before testing.

In Figure 5.18 two pictures of a specimen during a test are displayed: sub-
figure (a) shows the specimen in the initial phase of the test, while sub-figure (b)

shows the specimen at failure.
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(a) (b)

Figure 5.18: Specimen during the concentrated load test: in the initial phase (a) and
at failure (b).

5.3.2 Experimental results

The experimental curves obtained for each specimen are collected in Figures 5.19
and 5.20 in terms of load vs. stroke and load vs. 2 vertical displacement curves
respectively. A superposition of the load vs. stroke curves is presented in Figure
5.21. The maximum load measured for each specimen (P,,4:), together with the
corresponding stroke (§) and bottom displacement (62), is collected in Table 5.2.
In Figure 5.22 the crack pattern of each specimen after test is shown.

Looking both at the experimental curves and at the crack patterns, it is
possible to identify two main failure mechanisms governing the behaviour of the

sandwich solution when subjected to a concentrated load:

o the formation of a circular crack (diameter of about 150 mm) in the upper
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Figure 5.19: Concentrated load test results: load vs. stroke curves for specimen P1 (a),
P2 (b), P3 (c) and P4 (d).
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Figure 5.20: Concentrated load test results: load vs. vertical displacement 62 (d;,5) for
specimen P1 (a), P2 (b), P3 (c) and P4 (d).
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Figure 5.21: Concentrated load test results: superposition of the load vs. stroke curves.

TRC layer;

o the development of a diagonal crack following the surface of a truncated

cone (punching shear failure) where the load is applied.

In particular, the former occurs in specimens P1, P3 and P4, while the latter
occurs in all the cases and it is responsible for the sudden and pronounced load
decrease, after which the upper TRC layer is completely failed. A residual load
is still carried by the EPS layer, that is crushing, and by the lower TRC layer.

A common behaviour characterizes specimens P1 and P3:

o initial bending of both the TRC layers up to the peak load (62 lower than
d because of the EPS crushing);

o development of the circular crack with diameter of about 150 mm in the
upper TRC layer: during the load decrease due to cracking, an elastic

recovery of the vertical displacement 62 occurs;

o going on with the test and imposing an increasing stoke to the upper TRC

129



CHAPTER 5. EXPERIMENTAL INVESTIGATION ON SANDWICH SOLUTION

© (d)

Figure 5.22: Crack pattern after test: specimen P1 (a), P2 (b), P3 (c) and P4 (d).
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layer, no further increase of the bottom TRC layer displacement is registered
(the circular crack on the upper TRC layer works as a plastic hinge and

the EPS works as an elastic soil);

o when the peak load is reached again, a circular crack (with a diameter
equal to that of the loading cylinder) forms on the upper TRC layer, it
propagates along the surface of a truncated cone and the failure of this
TRC layer occurs. The bottom TRC layer elastically recovers another part

of the displacement 02 previously registered;

o imposing an increasing stroke, the crushing of the EPS under the failure

cone causes an increase of both the load and the displacement 62.

In specimen P4 the load at which the large circular crack develops (around
3.5 kN) is lower than the peak load measured in the test (4.6 kN), at which the
punching shear failure occurs. Furthermore, no load decrease due to cracking
is observed, but just a change in the slope of the global response is visible. A
possible reason is the presence of pre-existing cracks on the upper TRC layer
before performing the test (as shown in Figure 5.17).

Looking at the behaviour of specimen P2, it is possible to note that just one
mechanism (the development of the diagonal crack along the cone surface) takes
place and, in fact, just one peak is visible both in Figure 5.19(b) and in Figure
5.20(b). After the punching shear failure the upper TRC layer is completely
failed, hence the other mechanism (the formation of the circular crack) can not
take place. This fact can be explained considering that the activation of the two
mechanisms probably occurs at the same stress level reached in the concrete.
This is also reflected by the fact that, for specimen P1 and P3, the two failure
modes occur at the same peak load.

To evaluate this possibility, the state of stress for a certain load value is

estimated in the upper TRC layer following two approaches, in order to un-couple
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the two phenomena. The value assumed for the concentrated load is equal to 5.4
kN; considering the two specimens that showed the common behaviour described
above (P1 and P3), 5.4 kN represents the load at which both the circular crack
formation and the punching shear failure occur.

The solution proposed by Westergaard (1926) concerning a rectangular plate
laying on an elastic foundation is used to estimate the negative bending moment
acting on the upper surface of the TRC layer. The peak of this negative moment
is equal to about 108 Nmm/mm (M/P ~ 0.02, Figure 5.23 ). According to
Westergaard, the negative moment peak takes place at a distance from the load
application point equal to 2, where [ is computed according to the following

formula:

J BB

I= 12(1 — 12)k

in which

o FE represents the Young modulus of the concrete and it is assumed equal to

30000 M Pa;

o h is the TRC layer nominal thickness, equal to 10 mm;

o v is the Poisson’s coefficient, assumed equal to 0.2;

o k represents the modulus of subgrade reaction; it is computed dividing the
EPS elastic modulus (13.7 M Pa) by the EPS thickness (100 mm) and it
results equal to 0.137 N/mm?3.

Hence, according to Westergaard, the circular crack due to negative bending
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Figure 5.23: Tangential and radial bending moment produced by a concentrated load
which acts at a point of the interior at a considerable distance from the edges [Wester-
gaard (1926)].

moment results located at 132 mm from the load application point. The level of

stress corresponding to the specific bending moment is equal to about 6.5 M Pa.

In order to estimate the state of stress available in the concrete when the
punching shear failure occurs, the upper TRC layer is modeled in Abaqus FEA
software considering just the central portion of the concrete slab (100x100x10
mm?). The material is assumed elastic, with an elastic modulus equal to 30000
M Pa and a Poisson’s coefficient equal to 0.2. The modeled part of the plate
is assumed to be simply supported on all the lower surface, with exception of a

central portion with diameter equal to 39 mm (assuming a slope of the truncated
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cone surface of 45 degrees), and it is loaded with a distributed load over the area
corresponding to the loading cylinder. The loading condition with constrains and

the mesh adopted are shown in Figure 5.24.

(@ (b)

Figure 5.24: Portion of the plate modeled in Abaqus: geometry with loads and con-
strains (a) and mesh (b).

The development of the crack along the surface of a truncated cone is clearly
visible in Figure 5.25, in which the minimum principal stresses are plotted. The

value of stress leading to this failure is equal to about 7.5 M Pa.

S, Min, Principal
(Avg: 759%)
+5.652e-01
-4,244e+00 Y

-9.054e+00
-1.386e+01
-1.867e+01
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-3.310e+01
-3.791e+01

-3.791e+01 EERIRNRRARY
-4,753e+01
-5.234e+01
-5.715e+01

Figure 5.25: Minimum principal stresses in the mid-section of the plate, central portion.

Summing up, the level of stress in the upper TRC layer is estimated to be equal
to 6.5 M Pa for the circular crack formation and to 7.5 M Pa for the punching
shear failure. Considering that the bending tensile strength f.;; experimentally

measured for the matrix is equal to 13.5 M Pa, both these values are close to
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the tensile strength of the cementitious matrix, that can be assumed equal to
4.7 MPa (Equations 4.1 and 4.2, considering ay; equal to 0.04 as discussed in
Section 4.1.1). Therefore, it can be assumed that the activation of one mechanism
rather than that of the other mainly depends on the presence of local defects in

the concrete matrix.
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Environmental effect

In this Section the influence of freezing-thawing phenomenon on the behaviour of
sandwich beams is investigated. The specimens considered are small "S" sand-
wich beams, nominally identical to those presented in Section 5.

48 hours after the in-pressure casting, specimens are demoulded and then
cured in air for at least 28 days. The air condition is that of a laboratory with
temperature ranging between 18 and 22 °C during winter and between 22 and
27 °C during summer; the related relative humidity ranges respectively between
40-60% and 50-80%. Table 6.1 summarizes all the dates related to the specimen
history (the specimen identification is explained in the following).

Afterwards, the specimens are treated in a climatic chamber following the
same procedure A of ASTM International C666/C 666M - 03 "Standard Test
Method for Resistance of Concrete to Rapid Freezing and Thawing" used for
TRC specimens (Section 4.2). The range of temperature varies between +4 °C
and -18 °C with both cooling and heating rate equal to 11 °C/h and a 30 minutes
rest phase both at +4 °C and at -18 °C (Figure 4.12). Just one TRC layer of each

specimen is immersed in water, icing and de-icing during thermal cycles (Figure
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Table 6.1: Specimen history: dates of casting, pre-cracking, beginning and end of cycles
and performing of the test

Spec. Casting Pre Beginning Endof 4PL—
cracking of cycles cycles test

S U150 1 18/12/2012 - 09/01/2013 09/02/2013 14/02/2013

S U150 2 18/12/2012 - 09/01/2013 09/02/2013 19/02/2013

S_U500_1 21/03/2013 - 14/02/2014 25/06/2014 30/06/2014

S U500 2 21/03/2013 - 14/02/2014 25/06/2014 08/07/2014

S U500 3 21/03/2013 - 14/02/2014 25/06/2014 02/07/2014

S C500 1 21/03/2013 05/02/2014 14/02/2014 25/06/2014  04/07/2014
S (500 2 21/03/2013 05/02/2014 14/02/2014 25/06/2014 09/07/2014
S (500 3 21/03/2013 05/02/2014 14/02/2014 25/06/2014 01/07/2014

6.1 (a)); this choice is due to the fact that, in a real panel applied on a facade,
just the external TRC layer is exposed to rain. Specimens exposed to 150 and 500

cycles are considered; in particular the following scenarios are taken into account:

o un-cracked specimens subjected to 150 cycles;
o un-cracked specimens subjected to 500 cycles;

o pre-cracked specimens subjected to 500 cycles (pre-cracking phase per-

formed before the exposure to freezing-thawing cycles).

Figure 6.1 (b) shows the distribution of the specimens in the climatic chamber
both in section and plan view.

Each specimen is identified trough the following notation: letter "S", that
indicates that small sandwich beams are involved; a letter, that specifies if the
specimen was un-cracked (U) or pre-cracked (C) when thermally treated; a num-
ber, that stands for the number of cycles the specimen was exposed and another
number that denotes the nominally identical specimens (e.g. S U500 2 stands
for small sandwich beam, un-cracked specimen treated trough 500 cycles, speci-

men number 2).
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Figure 6.1: Sandwich beam immersed in water while performing the cycles (a) and
distribution of the specimens in the climatic chamber (b).

Once performed the thermal cycles, specimens are tested according to a four
point loading scheme considering the test set-up shown in Figure 5.4 (a). During
the test, each specimen is instrumented as shown in Figure 5.5. The sandwich
beams are loaded keeping face down the TRC layer previously immersed in water.
In the case of pre-cracked specimens, this TRC layer is also the one that presented
cracks due to pre-cracking. Hence, this loading condition is the most critical as
the most damaged TRC layer (immersed in water during cycles and also pre-

cracked in "C" specimens) is loaded in tension.

The tests are displacement controlled and are performed, as those presented
in Section 5, by imposing a stroke rate that is initially equal to 1E — 3 mm/s

and then, after cracking, is increased up to 4E — 3 mm/s.
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6.1 Small sandwich beams after 150 cycles

Two nominally identical un-cracked small sandwich beams subjected to 150 cycles
were tested. The geometrical characteristics of the specimens, together with the
maximum load and corresponding displacement registered during test and the

lengths of the gauges, are collected in Table 6.2.

Table 6.2: Sandwich beams subjected to 150 freezing-thawing cycles: sizes, peak load
and corresponding vertical stroke, lengths of the gauges

Spec. b h hke hf}%c Praw  stroke, L  Lingt Lingo
[mm] [mm] [mm] [mm] [kN] [mm]  [mm] [mm] [mm]

S U150 1 145.0 121.5 10.0 9.5 7.75 42.64 50.0 200.0 203.0
S U150 _2 1519 122.0 10.7 10.2 9.84 55.08 52.0 203.0 203.0

Figure 6.2 shows the results in terms of load vs. stroke and bending moment
vs. nominal curvature curves. The bending moments are obtained by multiplying
the load acting on one knife for the lever arm, while the nominal curvature is

defined in Equation 5.1.
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Figure 6.2: Test results: load vs. stroke (a) and bending moment vs. nominal curvature
(b) curves for un-cracked small "S" specimens subjected to 150 cycles.
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6.1. SMALL SANDWICH BEAMS AFTER 150 CYCLES

Figure 6.3 shows the pictures of the specimens after test (lateral and bottom
view). Looking at the crack pattern, it is possible to observe that the cracks are
not symmetric with respect to the longitudinal axis. The same phenomenon was
observed in specimens S1 and S2 (Section 5) and the reason was found in the
presence of a thin layer of mortar on one side of each specimen, that causes a

difference in the stiffness between rear and front side.

SMALL 150 CYCLES UN-CRACKED

(b)
S_U150_2 LATERAL VIEW S_U150_2 BOTTOM VIEW

Figure 6.3: Lateral and bottom view of un-cracked small "S" specimens exposed to 150
cycles after test: S_U150 1 (a) and S_U150_2 (b).

Looking both at the curves shown in Figure 6.2 and at the crack patterns, it
is possible to note that both the global behaviour and the failure mechanisms in-
volved are comparable with those of specimens not subjected to freezing-thawing
cycles (Figures 5.7 and 5.9 - see also the description of these figures in the text).
It is worth noting that a huge scatter is registered between specimen S U150 1
and S U150 2. However, as the average behaviour can be superimposed to the
curves of un-treated specimens (Figure 5.7), it is deduced that the variability of
the S_ U150 specimen response falls within a typical dispersion of the results.

Figures 6.4 and 6.5 respectively show the load vs. crack opening displacement

(COD) and the vertical displacement vs. stroke curves for un-cracked specimens
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treated with 150 cycles.
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Figure 6.4: Test results: load vs. Crack Opening Displacement curves for un-cracked
small "S" specimens exposed to 150 cycles.
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Figure 6.5: Test results: superior and inferior displacement vs. stroke curves for un-
cracked small "S" specimens exposed to 150 cycles.

As happened for un-treated small sandwich beams, also for "S__U150" samples

a large COD is measured, evidence of the multi-cracking experienced by the lower
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6.2. SMALL SANDWICH BEAMS AFTER 500 CYCLES

TRC layer. It is worth noting that specimen S U150 1 leaves early the linear
branch of the P-COD curve if compared with other small specimens, both un-
treated and treated with freezing-thawing cycles.

Concerning Figure 6.5, a transverse compression of the EPS layer comparable

with that shown in Figure 5.15 (a) for un-treated specimens is registered.

6.2 Small sandwich beams after 500 cycles

In the case of 500 cycles, both un-cracked (U) and pre-cracked (C) specimens
are taken into account to understand the effect of a large number of cycles on
the behaviour of the sandwich beams. In both cases three nominally identical
specimens were tested. The geometrical characteristics of the specimens, together
with the maximum load and corresponding displacement registered during test

and the lengths of the gauges, are collected in Table 6.3.

Table 6.3: Sandwich beams subjected to 500 freezing-thawing cycles: sizes, peak load
and corresponding vertical stroke, lengths of the gauges

Spec. b ho B, R Prae  strokey,  Lswy  Lingt Lingo
[mm] [mm] [mm] [mm] [EN] [mm) [mm] [mm] [mm]

S_U500_1 150.5 121.2 7.0 14.1 8.36 45.91 54.3 199.0 201.0
S_U500_2 151.0 121.0 8.3 12.7 7.89 33.03 55.5 203.0 206.0
S_U500_3 146.7 120.6 7.1 12.9 8.26 62.11 52.3 201.0 208.0

S_C500_1 147.0 121.1 11.0 9.9 8.33 41.44 52.3 197.0 201.0
S_C500_2 1488 1219 86 126 8.57 36.76 52.2  201.0 199.5
S_C500_3 1481 1214 95 11.8  9.44 40.57 47.0 199.0 199.0

"C" specimens are cured in air and then pre-cracked before the exposure to
thermal cycles. The pre-cracking phase is performed using the same test set-up
adopted for the four point loading tests (Figure 5.4 (a)) and loading the beams
up to a load equal to 3.5 kN.

This load was selected considering that, at the Serviceability Limit State, a
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maximum wind pressure equal to 1.50 kN/m? could act on the panel (according
to the Italian Standard "Norme Tecniche delle Costruzioni”, 2008, assuming a
building 30 m tall, placed in an area characterized by unfavourable wind condition
- zone 7). Assuming a panel 1.5 m wide and 3 m high and considering the elastic
solution proposed by Bares [Gambarova et al. (2007)] for a plate supported on

four points at the corners, the maximum acting specific moment is equal to:

Mmaz sLs = 0.1300 - psrs - b* = 1.76 ENm/m (6.1)

at the corner, with b corresponding to the height of the panel. Considering
the specimen width (0.15 m) and the lever arm (0.15 m), the pre-cracking load
equal to 3.5 kN is computed.

The pre-cracking curves are plotted in Figure 6.6 in terms of load versus
stroke. Looking at the graph, it is possible to observe the formation of one crack
in each specimen; a sharp sound was also heard when each crack developed,
however the cracks were not visible by visual inspection, thus indicating that

their width is lower than 50 pum.

P 4
[kN]

1 SMALL
PRE-CRACKING
e—e—0S C500 1
1 e—e—e5S C500 2
. | (5585 C5003
0 | 2 3
stroke [mm]

Figure 6.6: Pre-cracking - Load vs. stroke curves.
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6.2. SMALL SANDWICH BEAMS AFTER 500 CYCLES

The experimental results are shown in Figures 6.7 and 6.8 in terms of load vs.
stroke and bending moment vs. nominal curvature respectively for un-cracked

and pre-cracked specimens.
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Figure 6.7: Test results: load vs. stroke (a) and bending moment vs. nominal curvature
(b) curves for un-cracked small "S" specimens subjected to 500 cycles.
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Figure 6.8: Test results: load vs. stroke (a) and bending moment vs. nominal curvature
(b) curves for pre-cracked small "S" specimens subjected to 500 cycles.
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A good repeatability is obtained as the curves are characterized by a low scat-
ter. Comparing the load-stroke response of specimens subjected to 500 cycles
(Figures 6.7 (a) and 6.8 (a)) with the behaviour of un-treated specimens (Figure
5.7 (a)), it is clear that the exposure to freezing and thawing phenomenon affects
mainly the ductility of the beams rather than the performances in terms of ini-
tial elastic global response and maximum load reached. This observation is also
confirmed by the bending moment - nominal curvature curves, that are compara-
ble for un-treated specimens (Figure 5.7 (b)), un-cracked specimens treated with
500 cycles (Figures 6.7 (b)) and pre-cracked specimens treated with 500 cycles
(Figure 6.8 (b)). It is recalled that, in subfigures (b), each curve is stopped when
one of the displacement transducers involved in the computation of the curvature
(LVDT5, LVDT6 or LVDT7) reached its maximum displacement, that always
happened before the achievement of the maximum load. The pre-cracking seems
not to affect the sandwich beam behaviour.

Pictures of specimens after tests are available in Figures 6.9 and 6.10. Sub-
figures (a) show a lateral view of each sample, while subfigures (b) show the
multi-cracking patterns. As explained in Section 5, the number of cracks is re-
lated to the position of the fabric in the lower TRC layer thickness: more the
fabric is close to the external surface, the higher is the number of cracks.

After test, specimens S U500 1, S U500 2 and S_C500 2 are character-
ized by a deformed shape as that shown in Figure 6.11: the upper TRC layer is
so thin (especially on one side in the second and the latter cases) that it behaves
as a thin beam laying on an elastic foundation, with a negative bending moment
causing the cracking of the upper surface of the specimen.

Figures 6.12 and 6.13 respectively show the load vs. crack opening displace-
ment (COD) and the vertical displacement vs. stroke curves for un-cracked and
pre-cracked specimens treated with 500 cycles.

As happened for un-treated small sandwich beams and for specimens exposed
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SMALL 500 CYCLES UN-CRACKED

S U500 2 LATERAL VIEW S U500 2 BOTTOM VIEW

S_U500_3 LATERAL VIEW S_U500_3 BOTTOM VIEW

Figure 6.9: Lateral and bottom view of un-cracked small "S" specimens exposed to 500
cycles after test: S_U500_1 (a), S_U500_2 (b)and S_ U500 _3(c).

to 150 cycles, the multi-cracking experienced by the lower TRC layer is evidenced
by the high Crack Opening Displacement measured.

Also in the case of 500 cycles, as seen for 150 cycles, the transverse compression
of the EPS layer is comparable with that shown in Figure 5.15 (a) for un-treated

specimens.

6.3 Comparison of results

In order to compare the behaviour of un-treated and treated small sandwich

beams, Figure 6.14 collects the average load-stroke curves for:
o small sandwich beams (S);
o un-cracked small sandwich beams exposed to 150 freezing-thawing cycles
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SMALL 500 CYCLES PRE-CRACKED

()

©

S_C500_3 LATERAL VIEW S_C500_3 BOTTOM VIEW

Figure 6.10: Lateral and bottom view of pre-cracked small "S" specimens exposed to
500 cycles after test: S_C500_1 (a), S_C500_2 (b)and S_C500_3(c).

(S_U150);

o un-cracked small sandwich beams exposed to 500 freezing-thawing cycles

(S_U500):;

o pre-cracked small sandwich beams exposed to 500 freezing-thawing cycles

(S_C500).

Looking at this graph, it is clear that, up to a stroke of 45 mm, the behaviour
is not affected by the freezing-thawing phenomenon. As a matter of fact, up
to this stroke value, the curve "S (C500 av" is even higher than the others.
These results are extremely important as they demonstrate that the panel is not
expected to show a loss of performance due to freeze-thaw attack at Serviceability

Limit State.
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S U500 1

Figure 6.11: View of specimen S_U500_1 exposed to 500 cycles after test.

1 SMALL -500 CYCLES 19 SMALL -500 CYCLES
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G—=—o S _U500_1 s c—e—oS C500 1
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0 E—5—8S_U500_3 0 E—=——+8S C500 3
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0 2 4 6 0 2 4 6
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Figure 6.12: Test results: load vs. Crack Opening Displacement curves for small "S"
specimens exposed to 500 cycles.
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Figure 6.13: Test results: superior and inferior displacement vs. stroke curves for small

"S" specimens exposed to 500 cycles.
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Figure 6.14: Test results: comparison between load vs. stroke curves for small "S"
specimens -un-treated and treated beams.

To investigate the influence of thermal cycles on the sandwich beam response,
the variation with cycle number of the main parameters that characterize the be-
haviour is shown in Figure 6.15. In all the graphs, each un-filled marker represents
the value assumed by the considered parameter for each specimen, normalized by
the average value registered in the zero cycles case; the average of these points
is represented by filled markers. Circular markers refer to un-cracked specimens,
while rhomboid markers refer to pre-cracked specimen. The parameter considered

are:

o the maximum load achieved (Praz);
o the corresponding displacement (d,);

o the secant bending stiffness (ET) defined as the slope of the bending moment

vs. nominal curvature curves at a moment level equal to 0.3 kNm;

o the percentage variation of the mass after the exposure to the thermal

cycles (Am/m;; Am = difference between the final and the initial mass,
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CHAPTER 6. ENVIRONMENTAL EFFECT

m; = initial mass).

The latter data is available only in the case of 500 cycles. It is worth noting
that the mass variation is measured by weighing the specimens after cycles, but
the water absorption occurred just from the lower TRC layer, that was immersed

in water during the thermal treatment.
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Figure 6.15: Test results: (a) normalized peak load vs. number of cycles, (b) normalized
ultimate displacement vs. number of cycles, (c¢) bending stiffness vs. number of cycles
and (d) mass variation vs. number of cycles.

Looking at subfigure (b) it is confirmed that the exposure to freezing-thawing

cycles affects mainly the ductility of the specimens: in fact, a reduction of the
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normalized ultimate displacement down to 0.5 is registered when the thermal
treatments are performed.

On the other hand, other parameters such as the maximum load achieved
(subfigure (a)) and the bending stiffness measured (subfigure (c)) are scantily
affected by freezing-thawing phenomenon: minimum normalized value registered
equal to 0.86 and 0.76 respectively.

It is interesting to observe a stiffness recovery passing from 150 to 500 cycles,
thus indicating a possible activation of the self-healing and late hydration phe-
nomena due to a longer permanence in water. This bond strength recovery was
also observed in TRC specimens treated with freezing-thawing cycles and tested
in tension (Figure 4.32 - see the explanation of the figure in the text).

It is also interesting to note that, in the case of 500 cycles, the bending stiffness
of pre-cracked (C) specimens is even slightly higher than the bending stiffness
of un-cracked (U) specimens, thus confirming the activation of the self-healing
and late hydration phenomena, made easier by the presence of cracks during
the thermal cycles, that facilitated the penetration of water. The larger water
absorption of pre-cracked specimens, that is directly related to the self-healing,

is also clearly visible in the mass growth shown in Figure 6.15 (d).
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Full-scale panel

In this Section the experimental results concerning tests performed on a real
scale panel are shown. The panel has a dimension of 3300 x 1500 mm?; its
cross-section is shown in Figure 7.1. As it can be noted, the section was slightly
modified passing from the lab scale (Figure 5.1) to the real scale production. In
particular, the nominal thickness of the TRC layers was enhanced to 12 mm in
order to guarantee a minimum thickness of these layers of 7 mm, considering the

fact that the EPS layer has a planarity tolerance of £5mm/m.

insulation layer
(EPS 250)

TRC

Figure 7.1: Full scale panel cross-section (measures in mm).

Besides, each TRC layer is reinforced with two "F3" fabrics (Table 4.5 and
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CHAPTER 7. FULL-SCALE PANEL

Figure 4.1) rather than one: one fabric has the warp aligned with the longitudinal
axis of the panel, while the other has the warp oriented perpendicularly to this
axis. This choice guarantees a bi-directional behaviour of the sandwich panel.
The matrix used is the same presented is Section 5.1, but, as the panel was
cast in a precast production plant where high power mixer and not completely
dry sand are used, some changes were introduced. In particular, the maximum
aggregate size used is equal to 2 mm and the amount of water was adjusted in
order to obtain a proper workability of fresh concrete. The updated mix design
can be found in Table 7.1. The grain size distribution curve of the sand is shown
in Figure 7.2. The compressive strength f.., measured testing cubic specimens
cast together with the panel, is equal to 71.9 M Pa at 7 days and to 93.4 M Pa
at 28 days (both values are the average of two specimens). Considering a larger
number of samples (including other 12 specimens at 7 days and 8 at 28 days cast in
different dates using the same mix), these values of strength become respectively

78.9 MPa (STD = 12.2%) and 87.7 M Pa (STD = 15.6%).

Percent 100 P
passing
0,
[%] ¢ /
60
40
0
0.01 0.1 1 10

particle diameter [mm]

Figure 7.2: Grain size distribution curve of sand.

The expanded polystyrene foam used (EPS250) is also the same presented in
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Table 7.1: Mix design w/(c +s) = 0.19

Component Content

Cement I 52.5 600 kg/m3
Quartz sand 0-2 mm 847 kg/m3
Water 207 I/m?
Superplasticizer 33 kg/m?
Slag 500 kg/m?

Section 5.1.

The detail of the edges of the real scale panel is shown in Figure 7.3.
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Figure 7.3: Detail of the full scale panel edges (measures in mm).

The panel was cast on August 29, 2014 by means of an in-pressure casting
technique using a proper steel formwork (Figure 7.4(a)); the injection of the
mortar from the bottom is carried out through two valves, one for each TRC
layer, connected to a screw pump. The following day, the panel was demoulded
(Figure 7.4(b)) and stored in the open air, in a storage area, keeping it upright
(Figure 7.4(c)). After 10 days it was tested. Initially, a Serviceability Limit State
test is performed on the panel; then, after un-loading, the panel is loaded again
up to failure in order to verify its behaviour at Ultimate Limit State. The two

tests and the corresponding results are described in the following.
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(b)

Figure 7.4: Formwork for the in-pressure casting (a), panel handling (b) and storage of
the panel in the open air (c).

7.1 SLS test

In this section the test performed on the panel at Serviceability Limit State is
described. The test set-up together with the loading scheme adopted is shown in
Figures 7.5 and 7.6.

The panel is simply supported on four points (150 x 150 mm? elastomeric
bearings) placed on the short sides. In these points the panel will be anchored
to the facade through a proper anchoring system, that has been studied in the
European EASEE project [EASEE (2016)]. As the wind is the main load the
panel has to bring, a distributed load is applied on the upper surface by filling a
pool with water. A picture of the test set-up is shown in Figure 7.7. The load is

measured by the flow-meter shown in Figure 7.8.

As it can be seen in Figures 7.5 and 7.6, during SLS test the panel is instru-

mented with the following displacement transducers:

- four LVDTs are placed in vertical position on the bottom surface of the
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Figure 7.5: Full scale panel test set-up (measures in mm).
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Figure 7.6: Full scale panel: loading scheme at SLS test (measures in mm).

160

1500




7.1. SLS TEST

SUPPORTS i _ SUPPORTS

Figure 7.7: SLS full scale panel test.

|

Figure 7.8: Full scale panel instrumentation: flow-meter used to measure the distributed
load applied on the panel.
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panel and are aimed at measuring the specimen vertical displacement next to the

supports (ds1, ds2, 0s3 and dgq - Figures 7.5 and 7.9);

Figure 7.9: Full scale panel instrumentation: LVDTs used to measure the vertical dis-
placement next to the supports.

- three potentiometer transducers are placed in vertical position on the bottom
surface of the panel and are aimed at measuring the specimen vertical displace-
ment at mid-span (d1, d2 and s - Figures 7.5 and 7.10);

- a displacement transducer is placed on the bottom surface of the panel
astride the mid-span with a gauge length equal to 500 mm and is instrumental
to measure the Crack Opening Displacement (COD - Figures 7.5 and 7.10);

- two LVDTs are placed on each side of the upper TRC layer astride the
mid-span with a gauge length equal to 500 mm in order to measure the superior
longitudinal displacements on the compressed side (0.1 and d.2 - Figures 7.6 and
7.11).

Displacements 651,52,53,54, COD and 61,2 are measured through inductive
full bridge type transducers, with a nominal displacement equal to 10 mm, while

01,2,3 are measured using potentiometer transducers, with a nominal displacement
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Figure 7.10: Full scale panel instrumentation: LVDTs used to measure the vertical
displacement at mid-span.

Figure 7.11: Full scale panel instrumentation: LVDT used to measure the superior
longitudinal displacement of the upper TRC layer.
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equal to 150 mm. The data acquisition is performed by using the electronic
measurement system SPIDERS by HBM.
A picture of the panel during the test is shown in Figure 7.12, while the panel

after test is shown in Figure 7.13.

Figure 7.12: Full scale panel subjected to a distributed load equal to 2.66 kN/m?.

In Figure 7.14 the distributed load vs. mid-span vertical displacement curves
are plotted. The mid-span displacements measured (d1, 02 and d3) are adjusted by
deducting the average value of the displacements measured next to the supports
(051, 052, 053 and dg4).

The test results are also shown in Figure 7.15 in terms of distributed load vs.
relative displacements measured at the extrados (Figure 7.15(a)) and distributed
load vs. Crack Opening Displacement (Figure 7.15(b)).

Taking into account that the load is applied in steps, in both Figures 7.14 and
7.15 it is possible to observe the effect of the permanence of a certain load for
some minutes (increment of the measured displacements for a constant applied
load). This is related to the applied test rate and to the consequent time of crack

propagation. It is important to remind that the main load acting on the fagade
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Figure 7.13: Full scale panel after the SLS test.

panel is the wind, whose gusts last seconds and not minutes.

This permanence of load leads to a final Crack Opening Displacement equal to
about 1 mm; the corresponding crack pattern, clearly visible by visual inspection,
is show in Figure 7.16. At Serviceability Limit State, a maximum wind pressure
equal to 1.50 kN/m? could act on the panel (according to the Italian Standard
"Norme Tecniche delle Costruzioni", 2008, assuming a building 30 m tall, placed
in an area characterized by unfavourable wind condition - zone 7); for this level
of pressure, the measured COD (over the mid-span with a gauge length of 500
mm) is equal to 68 um. Considering that multi-cracking occurs in this region, it
can be assumed that cracks are not visible to the naked-eye (crack width lower

than 50 pm), thus satisfying an important requirement for a fagade panel.
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30
stroke [mm]

Figure 7.14: SLS full scale panel test results: distributed load vs. mid-span vertical
displacement curves.
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Figure 7.15: SLS full scale panel test results: load vs. relative displacement in com-
pression d.; (¢ = 1,2) (a) and load vs. Crack Opening Displacement (b) curves.

166



7.2. ULS TEST

EXISTING CRACKS

Figure 7.16: SLS full scale panel test: multi-cracking of the lower TRC face after test.

7.2 ULS test

In this section the test performed on the panel up to failure (Ultimate Limit
State) is described. The test was carried out by loading the panel with concrete
blocks with a nominal size equal to 500 x 500 x 1600 mm3. Overall, four blocks
were applied to bring the panel to failure. In Table 7.2 the weight of each block is
collected. The blocks were put on some EPS lumps in order to allow the operator
to remove the belts, hooked into the overhead travelling crane, once placed each
block.

Table 7.2: ULS full scale panel test: weight of the concrete blocks

Concrete block  Weight [kg]

1 1000
2 1060
3 1020
4 1000

The first concrete block was placed on one side of the panel, at the inner edge
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of the supporting beam (Figure 7.17(a)).

Figure 7.17: ULS full scale panel test: application of the first (a), second (b), third (c)
and fourth (d) concrete block.

The second block was placed at the opposite side of the specimen, always
in correspondence with the inner edge of the supporting beam (Figure 7.17(b)).
The vertical displacement measured at mid-span was equal to 8 mm on both the
panel sides.

The third concrete block was placed at 35 mm from the first block (Figure
7.17(c)), leading to a vertical displacement at mid-span of 32 mm on one side
and 33 mm on the other side.

The fourth block was placed at 35 mm from the second block (Figure 7.17(d))
and led to failure (Figure 7.18).

The cracking of the bottom surface, indicating the incipient panel failure, is
visible in Figure 7.19, while two pictures representing failure details are shown in

Figures 7.20 and 7.21.
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BLOCK 2 BLOCK 4 BLOCK 3 BLOCK 1
1060 kg 1000 kg 1020 kg 1000 kg

Figure 7.18: ULS full scale panel test: panel failure.

Figure 7.19: ULS full scale panel test: incipient panel failure.

Although the procedure followed for the load application is critical for the

panel shear resistance, no shear failure was observed. The failure is due to the

achievement of the tensile strength of the lower TRC layer (failure of the fabric

reinforcement), that led to the propagation of a tensile crack in the polystyrene

layer and to the failure of the EPS at the EPS/lower TRC layer interface.
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UPPER TRC LAYER

LOWER TRC LAYER

Figure 7.20: ULS full scale panel test: panel failure detail.

UPPER TRC LAYER

LOWER TRC LAYER

Figure 7.21: ULS full scale panel test: panel failure detail.
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Numerical prediction

The results of the experimental tests performed on small and big sandwich beams
(Subsection 5.2) have been predicted by means of both a finite element model and
an analytical model based on the Stamm and Witte Theory (Subsection 2.7.2).
The finite element model was also applied to simulate the tests performed on
the full-scale panel both at Serviceability and Ultimate Limit State, explained in
Section 7.

The results obtained with the analytical and the finite element models are

collected in this Chapter.

8.1 Stamm & Witte model modified with stiffness reduction

An analytical model has been implemented following the same approach proposed
by Shams et al. (2014a) in order to account the non-linear material behaviour
in the Stamm and Witte model (Section 2.7.3). The beam is divided into a
finite number of elements with equal length and axial and bending stiffness are

assigned to each element accounting non-linearity according to a secant stiffness
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approach. The differential equations of the Stamm and Witte model (Stamm
and Witte (1974), Section 2.7.2) are solved by using constant equivalent stiffness
properly defined for the whole beam.

At the beginning, the initial stiffness FAgy,p, FAing, Elsyp and El;y, ¢ and the
core initial shear modulus G are imposed. The load, initially null, is incremented
by AP and the values of the vertical displacement w, the rotation ~y, the bending
moments Mg, M, and M, are computed according to the Stamm and Witte
classical model (Section 2.7.2) as a function of the coordinate = along the beam
length.

Once the material behaviour becomes non-linear, the stiffness of each element
are computed by means of a secant approach referring to generalized constitutive
models (M — 6 and N — ¢) for the TRC layers and to a shear 7 — v constitutive
relationship for the EPS. A proper description of these constitutive relationships
is provided in Section 8.1.1. Referring to a generic i-th step, for TRC layers, the
stiffness at position x is defined starting from M and N evaluated at the previous
(i — 1) step for that position. Generalized constitutive laws allow to define the
corresponding 0 and € respectively and, therefore, axial (EA = N/¢) and bending
(ET = M/0) stiffness (Figure 8.1(a) and (b)). A similar approach is adopted for
EPS: v is computed from the model at step (i — 1), the 7 — 7 constitutive law
allows to define the corresponding value of 7 and, therefore, secant shear modulus
at i-th step is defined as G = 7/7 (Figure 8.1(c)). It is worth noting that, in the
model, axial and bending actions acting on the external faces are uncoupled.

In order to define equivalent stiffness to be used in the Stamm and Witte
differential equations, the local stiffness evaluated for each element are weighted
according to different response parameters. In particular, equivalent values of
EA and EI of TRC are evaluated by using the displacement w as weighting
function, while equivalent shear modulus G of EPS considers shear deformation

~ as weighting function.
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Figure 8.1: Analytical model: N —¢ (a), M — 6 (b) and 7 — ~y (c) relationships.

For convenience, the stress distribution and the deformed configuration as-
sumed by Stamm and Witte (1974) for the sandwich beam with no negligible
face bending stiffness, previously shown in Section 2.7.2, are displayed again in
Figure 8.2.

A flow chart representing the steps of the analytical model is proposed in
Figure 8.3. In the figure the axial stiffness of the upper and the lower layer, pre-
viously called D, and D, according to Stamm and Witte (1974), are respectively

named FAg,, and EA;,s, while the bending stiffness, previously called B, and
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(b)

Figure 8.2: Stress distribution (a) and deformed configuration (b) for a sandwich beam
characterized by no negligible face bending stiffness [Stamm and Witte (1974)].
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Figure 8.3: Analytical model: flow chart.

It is worth to underline that a strong assumption of the Stamm and Witte
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model is that they consider the same rotation, and hence the same curvature, for
the upper and the lower TRC layers (see Figure 8.2).

Moreover, in the implemented model, the global stiffness of each layer derive
from an average process, along the beam axis, of local stiffness defined according
to constitutive models. This process leads to global stiffness that do not directly

respect the generalized constitutive laws at each point.

811 N —&, M — 0 and 7 — 7 relationships

The constitutive relationships introduced in the analytical model are shown in
Figure 8.4.

In subfigure (a) the tensile stress-strain relationship of Textile Reinforced
Concrete reinforced with one fabric "F3" is plotted. The behaviour was deduced
from the experimental results of tensile tests performed on 400x70x9 mm? TRC
specimens; displacement transducers were applied on each specimen in order
to measure a strain which was not affected by the relative sliding between the
specimen and the clamping devices. The axial force N, computed in order to
obtain the N —¢ graph, is obtained by multiplying the stress o for the TRC layer
cross-section area (b - t, where b is the specimen width, equal to 150 or 300 mm,
and ¢ is the TRC layer thickness, equal to 10 mm).

In subfigure (b) the M — 6 relationships related to the bending behaviour of
external layers are shown for both the small and big sandwich beam (in subfigure
(c) a zoom is provided). For each specimen size, two relationships representing
extreme situations are proposed: a lower limit situation in which the fabric contri-
bution is neglected ("plain concrete"), and a situation in which the contribution
of the fabric is accounted and spread all over the thickness of the layer ("TRC"),
thus providing an upper limit of the bending behaviour of the faces. In both

cases the compressive behaviour shown in Figure 8.5(a) is assumed: a parabolic-
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Figure 8.4: Analytical model: o — ¢ (a), M — 6 (b), zoom on the M — 0 initial phase

(c) and 7 — v (d) relationships.
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rectangular stress-strain relationship is adopted [Toniolo and di Prisco (2001)],
considering a maximum strength f.,, equal to 73 M Pa (average cubic compres-
sive strength experimentally measured); this strength is reached at a strain equal
to 0.002, while the failure takes place at a strain equal to 0.0035. In tension, in
the case of neglecting the fabric contribution, the formulation proposed by Model
Code 2010 is adopted (Figure 8.5(b)), considering an average tensile strength of
4.2 M Pa (C55 class of concrete) and an elastic modulus of 30 GPa (according to
literature results on cement matrix characterized by similar compressive strength
and maximum aggregate size [Brameshuber et al. (2006)]). When accounting the
fabric contribution, the tensile constitutive law shown in Figure 8.4(a) is adopted
to built the M — 6 diagram. The M — 6 relationships are obtained by means of

a plane-section approach.

G, 80 o, 5
[MPa] | [MPa] |
44
60
| 5
40 1
_ 24
20
l_
0 e : 0 —
0 0001 0002 0003  0.004 0 4E-005 8E-005 0.00012 0.00016 0.0002
&[] &[]
(a) (b)

Figure 8.5: Compressive (a) and tensile (b) constitutive behaviour of plain concrete.

Two 7 — 7y relationships, shown in Figure 8.4(c), are taken into account; both
of them are supposed to be elastic-perfectly plastic. The first, named "EN12090",
considers the yielding shear strength 7 equal to 0.17 M Pa; this value is proposed
for EPS250 by the European Standard EN 13163 "Thermal insulation products
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for buildings - Factory made products of expanded polystyrene (EPS)" and has to
be defined according to the European Standard EN 12090 "Thermal insulating
products for building applications - Determination of shear behaviour". The
initial shear modulus G is computed as:

E

= —=06.23 M P 1
G S0 +7) 6.23 a (8.1)

considering an elastic modulus of 13.7 M Pa (Section 5.1) and a Poisson’s
coefficient equal to 0.1. The second relationship, named "Gnip et al. (2007)",
assumes a shear modulus G equal to 4.64 M Pa and a maximum shear stress 7
equal to 0.144 M Pa. These values are deduced from the empirical correlations
found by Gnip et al. (2007) respectively between the shear modulus and the
density of EPS and between the ultimate strength of EPS and its density and

thickness.

8.1.2 Analytical results

The analytical model results are shown in Figure 8.6 in terms of load (P) versus
displacement (d) curves for both the small and big sandwich beams.

For each beam size, four numerical curves are proposed, depending on the
T — v ("EN12090" or "Gnip et al. (2007)") and M — 6 ("Plain Concrete" or
"Textile Reinforced Concrete") relationships used in the model. In the case of
small sandwich beams, the prediction according to EN12090 overestimates the
specimen behaviour, while the prediction which refers to Gnip et al. (2007) is
closer to the experimental results. For big sandwich beams, the experimental
curves lie in between the numerical predictions. Even if the contribution of the
fabric on the bending behaviour of TRC faces is relevant, as it significantly affects
the M — 0 diagram (see Figure 8.4(b)), the difference between the global response

neglecting or considering the fabric is limited, thus indicating the limited effect of
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Figure 8.6: Load vs. displacement curves obtained through the analytical model for
small (a) and big (b) sandwich beam compared with the experimental results.

the bending of each face with respect to the sandwich action. It is worth noting

that the model is not able to catch the specimen failure as no failure criterion is

introduced.
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8.2 Finite Element numerical model

3D numerical models have been developed in the finite element program ABAQUS/Standard
6.12. The validation of these models has been performed by means of the exper-
imental results presented in Chapters 5 and 7. In order to use these models in

design, their prediction capability is evaluated in this Section.

8.2.1 Constitutive laws

The constitutive laws used in the Abaqus finite element models for Textile Rein-

forced Concrete, expanded polystyrene and steel are here summarized.

Textile Reinforced Concrete

The elastic phase is defined through two parameters:

o the Young’s modulus, assumed equal to 30 GPa according to literature
results on cement matrix characterized by similar compressive strength and

maximum aggregate size [Brameshuber et al. (2006)];

o the Poisson’s ratio, assumed equal to 0.2.

Plasticity is introduced through Concrete Damage Plasticity model [Lee and
Fenves (1998)], which is implemented in Abaqus. The model is a continuum,
plasticity-based, damage model for concrete. It assumes that the main two fail-
ure mechanisms are tensile cracking and compressive crushing of the concrete
material. The evolution of the yield (or failure) surface is controlled by two
hardening variables, &' (tensile equivalent plastic strain) and & (compressive
equivalent plastic strain), linked to failure mechanisms under tension and com-

pression loading, respectively [Simulia (2011)].
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Two damage variables (d; and d,.) are defined in the model in order to account
the degradation of the elastic stiffness observable when the concrete specimen is

unloaded. These variables are functions of the plastic strains.
Considering Ey as the initial elastic modulus of the material, the stress-strain

relations are:

or = (1 —dy)Eo(er — &%) (8.2)

oo = (1 —dc)Eo(e. — ') (8.3)

The definition of the damage variables becomes crucial if cyclic tests are
modeled. In the simulation here considered d; and d. are assumed equal to
zero (no damage is accounted) as monotonic tests are taken into account. This

means that the model behaves simply as a plasticity model.

In Figure 8.7 the behaviour of concrete in tension and in compression is shown;

the equivalent plastic strains and the damage variables are shown in the figure.

In the model, the "effective" tensile and compressive cohesion stresses are also

defined:

For d; = d. = 0 they correspond to the stresses defined above.

Considering a multi-axial behaviour, the effective stress is defined as:

=D : (e — ) (8.6)
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Figure 8.7: Response of concrete to uniaxial loading in tension (a) and compression (b).

[Simulia (2011)]

Two stress invariants of the effective stress tensor (&) are used when the

plastic flow potential function and the yield surface are defined:

o the hydrostatic pressure stress
_ 1 _
p= —gtrace(a)

o the Mises equivalent effective stress

<
Il
po | o
W
W
S~—
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with
S=6-7pI (8.9)

The non-associated potential plastic flow used in Concrete Damage Plasticity

is the Drucker-Prager hyperbolic function:

G = /(eoyo + tanih)? + G2 — p-tany (8.10)

in which v is the dilation angle measured in p — ¢ plane at high confining
pressure, o is the uniaxial tensile stress at failure and € is a parameter referred
to the eccentricity.

The yield function used by the model is that proposed by Lubliner et al.
(1989), with the modifications carried by Lee and Fenves (1998) to account for
different evolution of strength under tension and compression. The evolution
of the yield surface is controlled by the hardening variables &2 and &2L. In this
function the following ratio are included: the ratio between the initial equi-biaxial
compressive yield stress and the initial uni-axial compressive yield stress (op0/0¢0)
and the ratio of the second stress invariant on the tensile meridian, to that on
the compressive meridian (K,).

Default plasticity parameters are used in the finite element analysis (Table

8.1).

Table 8.1: Plasticity parameters for Concrete Damage Plastcity model

Dilation angle  Eccentricity ow /oo K. Viscosity parameter

38 0.1 1.16 0.67 0

The compressive behaviour is assumed to be elastic-perfectly plastic, with
a yield stress equal to 73 Mpa. This value corresponds to the average cubic

compressive strength obtained for both the matrices used to cast the sandwich
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beams and the full-scale panel. Concerning the full-scale panel, a value of 71.9
M Pa was measured on cubic specimens tested at 7 days; it is worth noting that
the SLS and ULS tests were performed ten days after the panel casting.

The plastic tensile behaviour is defined introducing a stress-strain relation-
ship, which has been deduced from the experimental results of tensile tests per-
formed on 400x70x9 mm?® TRC specimens. In Figure 8.8 the nominal stress
vs. normalized displacement experimental curves are shown. Subfigures (a) and
(b) refer to TRC specimens respectively reinforced with one fabric "F3", warp
aligned with the longitudinal direction, and two fabrics "F3", one perpendicular
to the other. Displacement transducers were applied on each specimen in order
to measure a strain which differs from the normalized displacement and is not

affected by the relative sliding between the specimen and the clamping devices.

o 20 - oo 20
N 9mm_1 fabric F3 N 9mm_2
[MPa] [MPa] 1 perpendicular
16 16— fabric F3
12 12
8 8
4 o o] 4 e o]
| o—e—o2 | o—e—o2
—uu3 —a—u3
0 : : : | : 0 —T———1——
0 0.01 0.02 0.03 0 0.01 0.02 0.03 0.04
AL/[-] Al/e[-]
(2) (®)

Figure 8.8: Experimental tensile test results: nominal stress vs. normalized displace-
ment curves for 400x70x9 mm?> TRC specimens reinforced with one (a) and two per-
pendicular (b) "F3" fabrics.

The plastic stress-strain relationships introduced respectively in the sandwich
beam and in the full-scale panel model, deduced considering displacement, trans-

ducer measurements, are shown in Figure 8.9.
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Figure 8.9: TRC tensile stress-strain relationships introduced in Concrete Damage Plas-
ticity model respectively for sandwich beams (a) and full-scale panel (b).

Some relevant points typical of the TRC tensile behaviour (see Figure 3.5) are
highlighted in the figure: T'1, which corresponds to the beginning of the multi-
cracking branch; T2, after which the contribution of the fabric only is acting; and

T3, at which the brittle failure of the fabric occurs.

Expanded Polystyrene

The elastic phase of EPS is defined by introducing a Young’s modulus equal to

13.7 M Pa and a Poisson’s ratio equal to 0.1. The elastic modulus was mea-

3 nominally iden-

sured performing compressive tests on three 100x100x150 mm
tical specimens; these results were shown in Figure 5.2.

To consider plasticity, Crushable Foam model with volumetric hardening im-
plemented in Abaqus is used [Simulia (2011)]. The phenomenological isotropic
model was originally developed, for metallic foams, by Deshpande and Flek

(2000). The model assumes that the evolution of the yield surface is controlled

by the volumetric compacting plastic strain experienced by the material.
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Considering the pressure stress (p), the Mises stress (¢) and the deviatoric

stress (S) as defined above, the yield surface (Figure 8.10) is defined as:

F=\g@+a2(p—po)>—B=0 (8.11)
with:

o P, yield stress in hydrostatic compression;

[}

Py, strength of the material in hydrostatic tension;

@]

po = (pe — pt)/2, centre of the yield ellipse on the p-axis;
o A= (p.+pt)/2, size of the (horizontal) p—axis of the yield ellipse;

o B = aA, size of the (vertical) g—axis of the yield ellipse;

o

«, a constant which constitutes the shape factor of the yield ellipse and

defines the relative magnitude of the axes.

uniaxial compression

o

“.._original surface

K N .. Yield surface
j :
: L
pe P P

Figure 8.10: Crushable foam model with volumetric hardening: yield surface and flow
potential in the p — g stress plane.

The shape factor can be computed using the initial yield stress in uniaxial
compression, ¢?, the initial yield stress in hydrostatic compression, p?, and the

yield strength in hydrostatic tension, p;:
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- 3k (8.12)
T BRING -k '

with the compression yield stress ratio k¥ (0 < k < 3) equal to:

0
k= %g (8.13)
C

and the hydrostatic yield stress ratio k; (k; > 0) equal to:

P

ky
Y

(8.14)

The flow potential chosen in the Crushable Foam model (also visible in Figure

8.10) is defined as:
G =1/q*+ =p? (8.15)
and the equivalent plastic strain rate is defined as:

g . Epl

G

Epl = (8.16)

The model assumes that p; remains fixed throughout any plastic deformation
process. By contrast, the compressive strength, p., evolves as a result of com-
paction (increase in density) or dilation (reduction in density) of the material.

To calibrate the parameters, the procedure proposed by Gilchrist and Mills
(2001) was followed, using the experimental compressive test results (Section 5.1).

The model parameters were set in order to impose the initial yielding surface

to satisfy the following conditions:

o the uni-axial compressive yielding stress (o.9) is equal to that obtained from

the experimental tests in uni-axial compression at the end of the initial
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linear branch (0. = 0.192M Pa). This condition means that the initial

yield surface passes through the point (p = 0.0/3; ¢ = 000);

o the uni-axial tensile strength (o) is that defined by UNT EN 13163, "Ther-
mal insulation products for buildings - Factory made products of expanded

polystyrene (EPS)- Specification", for EPS250 (o9 = 0.35M Pa). This

condition means that the initial yield surface passes through the point

(p = —010/3; ¢ = 010)).

The resulting initial yield surface is represented in Figure 8.11 and the related

parameters are summarized in Table 8.2. In the same table also the uni-axial

compression hardening curve is reported. This curve is directly taken from the

experimental results.
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Figure 8.11: Crushable foam model with volumetric hardening: yield surface in the p—q

stress plane for £ = 1.6 and k: = 6.0.

In order to assess the reliability of the adopted parameters, a numerical model
of the uni-axial compressive tests was performed. 8-node linear brick elements
with a dimension of 3.03 x 3.03 x 3 mm? were used; a sketch of the mesh and of the

boundary conditions is represented in Figure 8.12. In Figure 8.13 the numerical
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Table 8.2: Definition of the parameters in Crushable Foam and Crushable Foam Hard-
ening Matrix

HARDENING
k ky Oc Uniaxial
plastic strain
1.6 6.0 0.192 0
0.265 0.285

results in terms of nominal stress (o = P/A; P = load; A = cross— section area)
versus nominal strain (¢ = §/h; 6 = top displacement; h = specimen heigth)
are compared with the average experimental results. A good agreement with the
experimental data was achieved. In the figure, point F1 is highlighted: once this

point is reached, a significant change in the slope of the response is registered.

(@) (b)

Figure 8.12: EPS specimen: geometry with constraints (a) and mesh (b) in Abaqus.

It is worth to note that, even if the yield surface passes through the correct
value of the uni-axial tensile strength, the numerical model assumes a uni-axial
tensile elastic-plastic hardening behaviour, while the material is elastic-brittle.
Hence, it is necessary to verify if the EPS tensile strength is exceeded or not, in

order to check if a tensile failure of the core is occurred.
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Figure 8.13: EPS 250 stress-strain relationship in compression: comparison between
experimental results and numerical curve obtained through Crushable Foam model.

Steel

Steel plates used to reduce stress concentration in sandwich beam tests are as-
sumed to be elastic, with a Young’s modulus equal to 210 GPa and a Poisson’s

ratio equal to 0.3.

8.2.2 Four point load tests on sandwich beams

Both small and big sandwich beams, having the size of 550x150x120 mm? and
1200x300x120 mm? respectively, are modeled.

The TRC layers, the EPS layer and the steel plates are all modeled as solid
homogeneous sections, assuming perfect bond at interfaces. The perfect bond
assumed at the TRC/EPS interface, with no interface elements introduced, con-
stitutes a strong assumption of the model, but, as no detachment was observed
during experimental tests, this assumption is expected to be reliable. TRC lay-
ers, EPS layer and steel plates are discretized with 8-node linear brick elements

(C3D8R). The characteristics of the finite element mesh are reported in Tables
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8.3 and 8.4 respectively for small and big sandwich beam models; in particular,
the number of nodes, the number of elements, the number of elements over the
thickness and the maximum aspect ratio (ratio between the longest and shortest

edge of an element) are specified.

Table 8.3: Small sandwich beam model: mesh characteristics.

Small sandwich beam TRCsy FEPS TRCiyy Entire model
Nodes 10400 28600 10400 44200
Elements 7425 24750 7425 39600
Elements over the thickness 3 10 3 -

Max. aspect ratio 1.9 1.9 2.3 2.3

Table 8.4: Big sandwich beam model: mesh characteristics.

Big sandwich beam TRCsy FEPS TRCiyy Entire model
Nodes 15128 41602 15128 64294
Elements 10890 36300 10890 58080
Elements over the thickness 3 10 3 -

Max. aspect ratio 3.1 1.1 3.1 3.1
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Small sandwich beams

The model geometry together with the constraints and the mesh is shown in

Figure 8.14.

Figure 8.14: Small specimen: geometry with constraints (a) and mesh (b) in Abaqus.

The numerical results obtained for a small sandwich beam are shown in Figure
8.15 in terms of load (P) versus displacement (4) curve. J represents the machine
cross-head displacement.

In subfigure (a) this curve is compared with the experimental results already
presented in Chapter 5: a superposition between the experimental and the nu-
merical curves is achieved. The numerical curve does not show the same ductility
exhibited by the specimens tested; it is worth to note, however, that the numer-
ical analysis stopped due to convergence problem when the materials were still
able to carry the load.

In subfigure (b) just the numerical load versus vertical displacement curve
is plotted. Some relevant points are highlighted; in particular, points T'1(sup)
and T1(inf) indicate that the upper and the lower TRC layers start to crack,
and points T2(sup) and T2(inf) indicate the end of the multi-cracking phase
respectively for the upper and the lower TRC layer. As observed during the
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experimental tests, both the TRC layers are cracked, thus confirming that the
small beam acts as a partially composite sandwich. It is worth noting that, even
if the TRC is cracking, the global response remains linear up to point E1.

The multi-cracking phenomenon, observable in both the TRC layers, is shown
in Figure 8.16 by displaying the maximum principal plastic strains; in the same
figure, the crack pattern of specimen S1 is shown (lateral and bottom view).
Comparing the pictures related to numerical and experimental test, it is possible
to state that the numerical analysis well represents the regions involved in multi-
cracking: in the upper TRC layer the cracks form under the loading knives, while
the lower TRC layer is cracked along the entire length.

The significant change in the slope of the composite global response is re-
lated to the development of a compressive strut in the EPS layer when point
E1 is reached. This compressive strut is well visible in Figure 8.17. As shown
in subfigure (c), the numerical analysis is also able to catch the plastic strain
concentration at the upper edges of EPS, that caused the debonding of the upper
TRC face in the experimental tests.

It is possible to state that the numerical solution well represents the behaviour
of the composite sandwich beam, not only in terms of load versus displacement

curve, but also in terms of failure mode identification.
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Figure 8.15: Small sandwich beams - vertical load vs. displacement curves: compar-
ison between experimental and numerical results (a) and numerical response with the

identification of relevant points (b).
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Figure 8.16: Small sandwich beams - multi-cracking of both the TRC layers: maximum
principal plastic strain at point 72;, ¢ (a) and pictures of specimen S1 at the end of the

test (b).
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Figure 8.17: Small sandwich beams - development of a compressive strut in the EPS
layer: minimum principal plastic strain at point E1 (a), maximum principal plastic
strain at § = 4.82mm (b), maximum principal plastic strain at the end of the analysis
with a picture of specimen S3 (c) and picture of specimen S1 after test (d).
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Big sandwich beams

The model geometry together with the constraints and the mesh is shown in

Figure 8.18.

(b)

Figure 8.18: Big specimen: geometry with constraints (a) and mesh (b) in Abaqus.

The results of the numerical analysis performed for the big sandwich beam
are shown in Figures 8.19, 8.20 and 8.21.

As done for small sandwich beam, the load versus displacement numerical
curve is compared with the experimental results, achieving quite a good agree-
ment in terms of global response (Figure 8.19(a)). The relevant points related to

the material constitutive laws are highlighted on the numerical response in Figure
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8.19(b); in this case the large displacements measured during experimental tests
are reached (no convergence problems) and the failure of the upper TRC layer
takes place, as point 7’3 in the TRC tensile constitutive law is achieved. This fail-
ure observed in the numerical solution is not in agreement with the experimental
evidences: in big specimens tested, the upper TRC layer was cracked, but did
not exhibit the failure of the fabric; conversely, the development of a tensile crack
in the EPS took place, causing a sudden failure of the specimens. As explained
above, the Crushable Foam model is not able to predict a tensile failure of the
EPS, as it assumes an hardening behaviour in uni-axial tension for the material.
However, the strain concentration leading the tensile crack formation in the EPS
is clearly visible in the numerical model, as shown in Figure 8.21.

Conversely to what happened in the case of small sandwich beam, in big
sandwich beam the strain concentration at the upper edges of the EPS does not
take place; in fact, looking at the tested specimens, no debonding was observed
at the upper TRC/EPS interface in these points. The debonding visible in Figure

8.21(c) occurred at failure and was only due to the EPS tensile crack propagation.
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Figure 8.19: Big sandwich beam - vertical load vs.
son between experimental and numerical results (a) and numerical response with the

identification of relevant points (b).
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Figure 8.20: Big sandwich beam - multi-cracking of both the TRC layers: maximum
principal plastic strain at point 72;,5 (a) and a picture of specimen B3 at the end of

the test (b).
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B4 LATERAL VIEW

Figure 8.21: Big sandwich beam - development of a compressive strut in the EPS layer:
maximum principal plastic strain at point F1 (a), maximum principal plastic strain at
the end of the analysis (b) and picture of specimen B4 at failure (c).
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8.2.3 Full-scale panel tests

The tests performed on the full-scale panel, whose results are shown in Chapter
7, have been modeled in Abaqus FEA software. Two configurations have been
developed: one for the test at Serviceability Limit State and one for the test at
Ultimte Limit State. In the following subsections the two configurations and the
corresponding results are described. It is worth to remember that, in the full-
scale panel, each layer of Textile Reinforced Concrete was characterized by two
perpendicular fabric "F3"; hence, the tensile stress-strain relationship introduced

in Concrete Damage Plasticity model is the one shown in Figure 8.9(b).

SLS

Just one quarter of the panel is modeled, exploiting both the x — y and the z —y
symmetries. The 150 x 150 mm? elastomeric bearing plate is modeled through
vertical linear springs characterized by a proper stiffness in y direction. This
stiffness is computed considering the height of the bearing plate (25 mm), the
area of the mesh elements on the support (15x15 mm?) and assuming an elastic
modulus of the elastomer equal to 2.5 M Pa. An increasing distributed load
is applied on the area corresponding about to that occupied by the water pool
shown in Figure 7.6.

As done for the sandwich beams, both the TRC layers and the EPS layer are
modeled as solid homogeneous sections, assuming perfect bond at the TRC/EPS
interfaces (no interface elements introduced). Both TRC and EPS layers are
discretized with 8-node linear brick elements (C3D8R). The characteristics of the
finite element mesh are reported in Table 8.5, in which the number of nodes, the
number of elements, the number of elements over the thickness and the maximum
aspect ratio are specified. The model geometry together with the constraints and

the mesh is shown in Figure 8.22.
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Table 8.5: Full-scale panel model at SLS: mesh characteristics.

Full scale panel — SLS TRCsy FEPS TRCiyy Entire model

Nodes 22644 62271 22644 96237
Elements 16500 55000 16500 88000
Elements over the thickness 3 10 3 -
Max. aspect ratio 4.6 1.6 4.6 4.6

Springs (y direction)

BOTTOM

Xy
symmetry

zy
symmetry

(a) (b)

Figure 8.22: Full-scale panel tested at SLS: geometry of a quarter of the panel with
loads and constraints (a) and mesh (b).

The numerical results and the comparison with the experimental response are
shown in Figure 8.23 in terms of distributed load versus displacement. &1, d2 and
03 represent the specimen vertical displacements at mid-span; in particular §;
is the central one, and d2 and d3 are the lateral (Figure 7.5). For comparison
purposes, the experimental curves previously shown in Chapter 7 are in this
section cleaned from the horizontal branches related to the time needed by the
cracks to propagate. Considering the wind, which is the main out-of-plane load
acting on the panel, the cracks do not have the time to propagate as the load is
cyclic, with a period in the order of seconds.

In Figure 8.23(a) some relevant points in the TRC tensile constitutive law are
highlighted; T'1 inf and T2 inf refer respectively to the beginning and the end of

the multi-cracking phase at mid-span in the lower TRC layer. Conversely to what
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Figure 8.23: Full-scale panel tested at SLS: numerical response in terms of distributed
load vs. displacement curve (a) and comparison between numerical and experimental
results in terms of distributed load vs. central vertical displacement d1 (b).

was observed in the case of sandwich beams, in the full-scale panel at SLS the
upper TRC layer remains un-cracked up to point B (at which the simulation was
stopped), thus indicating that the panel acts more as a fully-composite structure
thanks to its higher slenderness and the loading scheme considered. The global
response is affected by the multi-cracking of the lower TRC layer once point A
is reached, resulting in a significant change in the slope. In Figure 8.24, the
multi-cracking of the lower TRC layer at points A and B is shown by plotting
the maximum principal plastic strains.

As the experimental test was stopped at a load equal to 3.5 kN/m?, a zoom
on the numerical curve up to this value is shown in Figure 8.23(b) in order to
compare the results. As it can be seen, a good agreement is obtained.

As it could be expected, a local stress concentration is registered over the
bearing plate both in EPS and TRC materials, leading to the development of
plastic strains localized in this region.

The experimental and numerical responses are also compared in terms of
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Figure 8.24: Full-scale panel tested at SLS: maximum principal plastic strains in TRC
layers at point A (a) and B (b).
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distributed load vs. crack opening displacement (COD) in Figure 8.25. Also in

this case a good agreement is obtained.

q 12
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| Exprimental
0 o—e—e Numerical
- T - T - T :
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Figure 8.25: Full-scale panel tested at SLS: comparison between numerical and experi-
mental results in terms of distributed load vs. crack opening displacement COD.

ULS

As seen in Section 7, the ULS test was performed by applying concrete blocks over
the multilayer panel. The application of loads was not symmetric with respect to
the y — z plane, hence an half of the panel is modeled, exploiting just the x — y
symmetry.

Again, the 150 x 150 mm? elastomeric bearing plates are modeled through
springs characterized by a proper stiffness in y direction. The load is applied,
according to the experimental test, as a distributed load over the area occupied by
each concrete block. Four distributed loads, corresponding to the four concrete
blocks, are applied one by one over the panel and each load, once applied, persists
up to the end of the numerical analysis (Figure 8.26).

As done for SLS, both the TRC layers and the EPS layer are modeled as solid

homogeneous sections, assuming perfect bond at the TRC/EPS interfaces (no
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Figure 8.26: Full-scale panel tested at ULS: application of loads over time.

interface elements introduced). Both TRC and EPS layers are discretized with
8-node linear brick elements (C3D8R). The characteristics of the finite element
mesh are reported in Table 8.6, in which the number of nodes, the number of
elements, the number of elements over the thickness and the maximum aspect
ratio are specified. The model geometry together with the constraints and the

mesh is shown in Figure 8.27.

Table 8.6: Full-scale panel model at ULS: mesh characteristics.

Full scale panel — ULS TRCswy EPS TRCiyy Entire model

Nodes 44676 122859 44676 189873
Elements 32700 109000 32700 174400
Elements over the thickness 3 10 3 -
Max. aspect ratio 4.6 1.6 4.6 4.6

The numerical results in terms of total load versus lateral vertical displace-
ment at mid-span are plotted in Figure 8.28. In the same figure, the experimental
results are shown through dots: each dot refers to the displacement measured af-

ter the application of a concrete block; the application of the fourth block (Load4)
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Figure 8.27: Full-scale panel tested at ULS: geometry of an half of the panel with loads
and constraints (a) and mesh (b).

led to the panel failure and made the measure of the vertical displacement not
possible, hence there is not a point on the graph referring to Load 4.

Also this numerical analysis well catch the real behaviour of the sandwich
panel if Load 1, Load 2 and Load 3 are taken into account. Point 7’1, in the
figure indicates that the lower TRC layer starts to crack. Once this point is
reached, a change in the slope of the global response is registered. The upper

TRC layer remains elastic during the whole analysis.

In the experimental test Load 4 led to the tensile failure of the lower TRC
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Figure 8.28: Full-scale panel tested at ULS: numerical curve of total load vs. lateral
vertical displacement at mid-span.

layer and the consequent propagation of a crack in the EPS material; conversely,
in the numerical analysis, the lower TRC layer is still multi-cracking after the

application of this load and its tensile failure is not registered.

8.2.4 Consideration on the tensile behaviour of TRC in the finite ele-

ment model

In the Concrete Damage Plasticity model the tensile behaviour of TRC layers is
assumed homogeneous over the layer thickness. The constitutive laws adopted,
shown in Figure 8.9, have been deduced from the results of tensile tests performed
on 400x70x9 mm?> TRC specimens.

Finite element analysis revealed that both the TRC layers are not simply
subjected to axial stresses (due to sandwich action), but are bended (partially-
composite sandwich action, see Figure 2.5). This evidence is in agreement with

experimental results.

Even if the TRC layers are bended, good predictions of experimental results
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are obtained through finite element analysis considering an homogeneous tensile
behaviour for the whole TRC thickness. As demonstrated in the following, the
choice of deducing the TRC tensile constitutive law testing in tension 9 mm thick
specimens allows to well predict also the bending behaviour. In fact 9 mm results
an effective thickness, in which the interaction between the fabric and the matrix
exists.

TRC plates with size of 400x70x12 mm? and reinforced with one fabric "F3",
with the warp oriented in the longitudinal direction, were tested in bending ac-
cording to the test set-up shown in Figure 8.29. The same test is modeled in
Abaqus, assigning TRC Concrete Damage Plasticity material presented in Sub-
section 8.2.1 to the whole plate. Hence, the tensile constitutive law deduced from

9 mm thick TRC specimen has been spread over a thickness of 12 mm.

Figure 8.29: 12 mm thick TRC plate: test set-up.

The Abaqus model is shown in Figure 8.30, and the comparison between
experimental results and numerical response is shown in Figure 8.31.

The overestimation of the numerical response can be considered acceptable
also considering that, in the model of sandwich beams and real scale sandwich
panel, the tensile constitutive law deduced from 9 mm thick TRC specimens has

been spread over a thickness of 10 mm, instead of 12, thus leading to a lower

209



CHAPTER 8. NUMERICAL PREDICTION

w=uy=u~0

(@

Figure 8.30: TRC plate: geometry with constraints (a) and mesh (b) in Abaqus.
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Figure 8.31: TRC plate in bending: comparison between numerical and experimental
results in terms of load vs. displacement.

error in the estimation of the bending response of the faces.
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Concluding remarks

and further developments

A multi-layer precast facade panel is proposed as a durable alternative to the
exterior insulation and finishing system, usually adopted in the energy retrofitting
of existing building. The work presented in this thesis is aimed at demonstrating
the capabilities of this panel with respect to its mechanical behaviour.

An extensive experimental campaign has been developed in order to investi-
gate the mechanical behaviour of the panel, operating at three levels: material,
lab-scale and full-structure level. The experimental results have been presented
in Chapters 4, 5, 6 and 7, and the numerical predictions in Chapter 8. Basing on
what obtained, some significant conclusions can be drawn.

The investigation reveals the need to treat Textile Reinforced Concrete as an
homogeneous material constituted by fabrics embedded in the matrix, and not - as
reinforced concrete - as the union of two materials with distinct constitutive laws;
this is due to the fact that the reinforcement exhibits a brittle failure and it is

constituted by several filaments, characterized by a negligible bending stiffness;
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the telescopic failure of the yarn is strictly related to the interaction with the
matrix. The fabric/matrix bond is the key point in the TRC behaviour.

Considering the use of TRC in a composite structure (e.g. the fagade sandwich
panel subject of this thesis), the main question is how to characterize it for the
structural design of the element.

In uniaxial compression, the contribution of the fabric does not play a key
role, hence its presence can be neglected and the mortar can be characterized by
following standard procedures.

In uniaxial tension, the influence of different factors on the TRC behaviour
was deeply investigated and the results are collected in Chapter 4. In the following

the main aspects are summarized:

o the behaviour of TRC is strongly influenced by the reinforcement amount,
with both the equivalent cross-section and the bond surface of the warp
roving playing an important role. In contrast, the weft roving seems to
mainly control cracking distance and therefore the overall ductility. As
a result, with reference to a single fabric, a limit reinforcement ratio can
be detected via the computation of an Effectiveness Factor (EF), based
on the ratio between the peak loads of the TRC composite and the AR-
glass fabric. When the value of EF is less than 1, a progressive reduction
in effectiveness is experienced. The smallest value of EF measured in the
present experimental investigation was 0.67 for a reinforcement ratio of
about 3.20%. The EF value can be increased by boosting the number of
fabric layers; in this case the layers should be separated, as full overlap can
significantly reduce EF due to the loss of bond surface. An analysis of the
employed leno weave assembling technique resulted in the identification of a
minimum weft spacing able to prevent fabric sliding, with a value detected

for the TRC used in the present study close to 30 mm. Smaller values may
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favour delamination effects;

since curing conditions can affect matrix shrinkage, they are also associated
with the bond phenomenon in the composite material. The greater the
shrinkage, the greater the bond strength that develops; consequently both
the first cracking and peak strength increase. Curing in air at environmental
temperature is found to be the best solution if compared to curing at 60 °C

or in water;

as with other cement-based materials, TRC behaviour depends on strain
rate. In the present study, a loss in strength and ductility with decreas-
ing displacement rate was also associated with a coarser cracking pattern.

Further research regarding this phenomenon is required;

no significant peak strength reduction was observed in terms of the size
effect. Specimen size partially affected the post cracking branch, with a
reduction in ductility observed with increasing specimen size. For specimen
lengths larger than twice specimen width, negligible variation in the first

cracking strength was observed.

The approach here proposed for design is based on the identification of a

tensile behaviour starting from tensile tests. At Serviceability Limit State, test

results allow to define the constitutive law; at Ultimate Limit State, the Effective-

ness Factor (EF) is proposed to be used in order to account for the fabric-matrix

interaction. This ULS mechanical interpretation represents a practical design al-

ternative to the approach suggested by Hegger et al. (2006), which considers two

distinct phases (concrete matrix and fabric reinforcement) interacting by means

of experimentally calibrated coefficients.

Concerning bending, the use of a tensile constitutive law determined from

tensile tests allows to properly predict bending behaviour of TRC specimens
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reinforced in the same way up to a certain thickness (in the case study one fabric
"F3" is used as reinforcement and 9 mm is found to be a well representative
thickness).

The behaviour of sandwich panels characterized by two TRC faces and an
internal polystyrene layer has been investigated at different scales.

In coupling TRC with polystyrene in order to obtain sandwich structures,
no interface surface treatment was adopted with the aim of improving the bond
between subsequent layers. However, no delamination occurred during testing,
since a good bond is guaranteed by the innovative in-pressure technique used in
casting.

Small and big multi-layered sandwich beams were tested considering a four
point bending scheme (Chapter 5). Considering both the geometries investi-
gated, a large ductility was experienced in either case (big: d,/6; = 10; small:
0./0r = 20); this ductility was achieved as effect of both large compressive plastic
strain in the EPS core and multi-cracking pattern in the TRC outer layers. The
multi-cracking pattern seems to be affected, especially in the small geometry, by
the fabric position in the TRC layer thickness; nevertheless the different crack
pattern did not affect the global response of the specimen. This consideration
may lead to conclude that fabric position is more important at Serviciability Limit
State (SLS), when crack opening displacements are regarded, rather than at the
Ultimate Limit State (ULS), when the maximum bearing capacity is considered.

Comparing the initial response of the two different geometries with two elastic
analytical solutions for sandwich, it clearly appears that an important contribu-
tion to the global response is given by the large shear deformability of the EPS,
that also causes the solution to behave as a partially composite sandwich. Even
if the non-linear global response is strongly driven by the EPS plastic compres-
sive strains, the specimen failures are respectively related to the tensile failure of

TRC for small specimens and to the EPS brittle cracking in the case of bigger
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geometry.

Furthermore, increasing the specimen size, the transverse behaviour of the
sandwich becomes less important, thus moving from a geometry (the small one)
in which the two-dimensional contribution is underlined by the not negligible
transverse strain, to the case in which the larger slenderness makes more reliable
the mono-dimensional beam assumption.

A good correlation with the results proposed by Hegger and Horstmann (2009)
(Figure 2.7) has been found considering TRC sandwich panels characterized by
a core in similar polystyrene.

The sandwich solution was also investigated considering a concentrated load
(Chapter 5). Two failure modes were identified: the formation of a crack in the
upper TRC layer due to negative bending moment and the punching shear failure
under the loading area. However, further investigations are needed in order to
account impact phenomena and the effect of the boundary conditions on the
respounse.

A real scale panel with size of 3.3 x 1.5 m? was tested considering both
Serviceability and Ultimate Limit State (Chapter 7). The SLS test allows to
state that, even if the panel multi-cracks under service condition, these cracks
are not visible to the naked-eye (crack width lower than 50 pm), thus satisfying
an important requirement for a fagade panel. Concerning ULS, no shear failure
was observed in the core; the failure took place when 41 kN were applied on the
panel and it was due to the achievement of the tensile strngth of the lower TRC
layer.

An important topic investigated in the thesis is the durability of TRC struc-
tures when exposed to freezing-thawing cycles. This aspect is crucial especially
considering that the panel is cracked during its service life. Both TRC specimens
and sandwich beams characterized by TRC faces are considered (in Chapter 4

and 6 respectively). Two different phenomena seem to govern the behaviour of
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the material: the damage due to thermal cycles and the matrix self-healing and
late hydration due to the permanence in water of the material. Thanks to the
presence of cracks during the thermal cycles, and therefore an easier penetration
of water, self-healing and late hydration effect mainly appears in pre-cracked (C)
situation. The larger water absorption of pre-cracked specimens, that is directly
related to the self-healing, is also clearly visible in the specimen mass growth.
In the case of sandwich beams, the exposure to freezing-thawing cycles mainly
affects the ductility of the specimens, while the maximum load achieved and the

bending stiffness result scantly affected by this environmental condition.

A standard modeling of sandwich structures is proposed in the thesis (Chapter
8): a literature analytical model, which was implemented in order to take into
account material non linearities, and a finite element model in Abaqus FEA
software, making use of default material models. A good agreement between
experimental results and analytical-numerical global responses has been found
in all the simulations. The assumption of perfect bond between TRC and EPS
used in both the models can be considered reliable before failure. The numerical
solution also allows to identify failure modes. However, when failure is reached,
the finite element model is not able to catch the debonding between EPS and
TRC as no interface elements are used. The Crushable Foam model implemented
in the software has been used for the EPS material: even though it is not able
to catch the tensile failure of the foam, EPS never reached its maximum tensile

strength.

9.1 Further development

Three main further developments are crucial for the application of the panel on

real buildings:
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o the investigation on the cyclic mechanical behaviour of the sandwich solu-

tion, as the panel is mainly loaded by wind action;

o the investigation on the panel behaviour when exposed to thermal cycles,

thinking in particular at the sun radiation;

o the identification of proper connection to fix the panel at the existing facade,

taking into account the small thickness of mortar involved.

Currently, all these topics are the main focus of the EASEE European project,

now at the end of its third year.
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