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Abstract

The present thesis intended to contribute for the development of a new generation
of high durable and sustainable reinforced concrete (RC) beam structures submitted to
flexural loading, by combining the benefits that Glass Fiber Reinforced Polymers
(GFRP).

The main benefit given by the GFRP bars is their corrosion immunity. Furthermore, the
Fiber Reinforced Concrete (FRC) was developed to improve the ductility of structures

and to provide greater shear strength.

One of the advantages of not being attacked by chemicals, is to have the possibility of

using a very reduced concrete cover for greater structural functionality.

Although, conventional shear reinforcements were not used, they were totally replaced
by FRC material and a new 3D positioning geometry of the GFRP bars allowed to help

this resistance, even if it is not considered in the design calculations.

Due to the quite high post-cracking tensile strength and energy absorption capacity that
this composite material attained, the system showed adequate bending resisting, and

enhancement in the structural performance at serviceability.

The work started with the assessment to behaviour of GFRP and FRC through
experimental tests and analytical investigation. The structural performance of this GFRP
reinforced FRC was investigated by performing four-point bending tests on beams.
Moreover, an extensive analytical formulation was developed in order to theoretically

address to the main structural aspect of the tested beams.

The obtained experimental results were captured well using the respective results from
the analytical study. Finally, finite element simulations were carried out, using well-

known modelling approach available in the literature for elements in form of models.
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Chapter 1

1. Introduction

1.1. General Consideration

Steel reinforcing bars in aggressive environmental conditions are generally
affected by corrosion, which is often responsible for deterioration and damage processes
developing in reinforced concrete (RC) members. This corrosion phenomenon can occur
after carbonation of concrete cortical layers in members exposed to severe environmental
conditions. Then, the possible oxidation of steel reinforcements causes the reduction of
their cross-sectional area, concrete spalling and possibility to lose their bonding to the
surrounding damaged concrete, which can compromise the functionality of RC structures,
or even their structural stability. Since the rehabilitation of corroded RC structures is
generally an expensive solution, demolition of such structures is a relatively frequent
option, though resulting in several unfavourable impacts in terms of economic, social and

environmental aspects.

Durability issues related to the possible oxidation of steel reinforcement in concrete
structures have brought up the attention of civil engineers towards alternative materials

for reinforcing systems.

Fiber Reinforced Polymers (FRPs), which were initially developed and employed
in the aerospace, aeronautics, naval and automotive industries generally exhibit high
mechanical and durability performance. Thus, the research of this thesis supports the
publication of design guidelines on the use of FRP as internal reinforcement of cement-
based composite members. FRP bars using Aramid, Carbon or Glass fibers, namely by
AFRP, CFRP and GFRP, respectively, are the most widely reinforcing elements that are

being used in construction industry.



A possible disadvantage of FRP bars comparing to steel bars is their cost in almost
all cases. It is hard to compare the cost of FRP bars with those steel bars due to the many
factors that may depend on. For instance, the delivery of FRP bars strongly depends on
where they are ordered and from where they are supplied, and how much. Based on a
rough analysis, it is expected to pay more FRP bars then steel. To this end, almost all FRP
Reinforced Concrete (FRP-RC) applications are uneconomic, but the answer to this issue
is considering a whole life cost of structures and not a first cost basis. The benefits of
using FRP bars is to overcome the problem comes from the use of steel reinforcements.
Thus, few amount of the cost spent for FRP-RCs refunds within the typical structure

lifetime and many for much longer.

However, shear steel reinforcements need to be protected against corrosive agents, as they
are more susceptible to corrosion due to the smaller concrete cover. For eliminating steel
stirrups, a High-Performance Fiber Reinforced Concrete (HPFRC) might be a solution,
as long as this material provides similar shear reinforcement effectiveness to the
conventional steel reinforcement [1]. Due to the quite high postcracking tensile strength
and energy absorption capacity that HPFRC can attain, this composite material can be
used not only to assure the required shear capacity of RC elements, but also to enhance

the structural performance at Serviceability and Ultimate Limit States (SLS and ULS).

1.2. Objectives

The objective of this thesis is the development of a nonlinear analytical model of
three-dimensional structures. In order to experimental and numerical research. With the
experimental tests it was intended to obtain a set of results that, on the one hand, would
help to characterize the behaviour of spatial structures subject to multiaxial efforts and,
on the other hand, it could be used for the calibration of the developed analytical model,

finding the behaviour of these structures in the most correct way possible.

Furthermore, the present work is to develop high effective new reinforcing systems for

the pre-fabrication industry of concrete beams. The beams are designed to support severe



environmental agents (e.g. in the coastline), in order to constitute a competitive alternative
to the existing conventional structural solutions. The objective is achieved by developing
a new generation material composed of Fiber Reinforced Concrete (FRC) with GFRP

reinforcing bars.

1.3. Research steps

The main object of study in this work is the composite material realized by Fiber

Reinforced Concrete (FRC) with Glass Fiber Reinforced Polymer (GFRP) bars.

In order to achieve the purpose of the study, the following steps were followed in the

present research:

- Firstly, the study focused on evaluating the behaviour of the FRC and GFRP bars.

- Second, the study of flexural capacity of a slab composed of FRC with a three-
dimensional textile reinforcement in GFRP (3D-SRT).

- Third step is to create a finite element model that simulate the non-liner behaviour
of the slab subjected to bending moment.

- The last step is to compare the structural behaviour of FRC with 3D-SRT with the

behaviour of FRC with traditional steel reinforcement.



Chapter 2

2. State of the art on composite materials for new

construction systems

2.1. Introduction

Concrete is a cement-based material that can exhibit a high compressive strength.
Its main disadvantage consists in its brittleness, i.e. relatively low tensile strength and low
tensile deformability. The use of tensile reinforcements in concrete structural elements
improves their tensile and flexural response, limits the crack opening to acceptable values,
and increases the stiffness of the structural elements after crack initiation. These
reinforcements can be incorporated in a discrete manner, e.g. conventional steel or fiber
reinforced polymer (FRP) in the form of bars or grids, or by dispersing fibers into the

concrete matrix.

Although steel-reinforced concrete has high strength and stiffness, the major limitation
of this material is its susceptibility to corrosion and subsequent deterioration. Textile
materials can be used instead of steel to reinforce concrete. The outstanding durability of
composites greatly extends the service life of the structure and reduces the inspection and
maintenance costs, making them cost-effective. Some of the advantages of composites
over traditional construction materials are high strength-to-weight ratio, ability to be
manufactured in complex shapes, ability to tailor their mechanical properties according
to specific needs, their noncorrosive nature, low thermal conductivity, and outstanding
fatigue performance. One example is the use of GFRP and CFRP reinforcement in the

Wotton Bridge's deck [11].



2.2.1. Fiber Reiforced Concrete (FRC)

The use of fiber reinforced concrete in the construction of structural systems has
being progressively increasing in the last decades for new construction and repair
operations of building’s structural elements, shell type structures, pre-fabrication

elements, tunnel linings, decks of bridges, marine structures, etc.

In the last decades, an extensive research has been conducted on FRC structures, mainly
concerning the description of fiber reinforcement potentialities and experimental

characterization from the material to the structural level.

In the market exist fibers of several types of materials geometric configurations.
Although the employment of fiber reinforcements in concrete is dated to the beginning of
the 1900’s, it was majorly since its modern age development that fiber reinforced concrete

(FRC) has being showing enormous potentialities for use in structural elements [2].

Fiber reinforcement is being also explored with appreciable success on the partial
or integral replacement of transverse reinforcement, such in the shear reinforcement of
beams or in the punching reinforcement of slabs; decreasing the construction time; and
reducing maintenance costs. When used in structural elements, fiber reinforcement can:
improve the tensile and flexural response; increase the shear and punching resistance of
concrete; restrain the crack opening; decrease the tensile stress in conventional
reinforcement; improve the bond performance of conventional reinforcement to

surrounding concrete.

The use of short and randomly distributed fibers increases concrete post-cracking
tensile capacity, its ductility, energy absorption capacity and impact resistance when
compared to plain concrete. Additionally, the restrain to crack propagation, provided by
the different fiber reinforcement mechanisms enhances the durability and integrity of
cement based materials. The fundamental reinforcement mechanism of fibers consists in
the capacity of ensuring relatively high stress transfer between the faces of cracks, by
restraining the degeneration of micro-cracks in meso- and macrocracks, which increases
the stiffness and load carrying capacity of concrete structures in their cracking stage, as

well as their durability [3] — [5]. Fiber contribution after cracking depends mainly on the



content of fibers, their orientation and distribution towards the potential cracks, the
material and geometric characteristics of the fibers, and the mechanical properties of the
concrete, which are designated as the variables that mainly affect the fiber reinforcement
mechanisms. Likewise, the compressive strength of FRC’s is similar to plain concrete,
while the post-peak load and deformation capacity increase with the variables that have

a favourable influence on the fiber reinforcement mechanisms [6].

Generally, fibers with high modulus of elasticity and tensile strength can improve
significantly the postcracking strength of cement based materials, like steel, carbon and
PVA fibers, while low-modulus fibers are mostly used to control cracking shrinkage at

early ages [2].

Although some design rules and codes have been developed, as is the case of the fib
Model Code 2010 [8], in the designer’s community there is still a lack of knowledge in
the analysis of FRC structures, which avoids a faster use of this material, with economic

and technical detrimental impact in the construction sector.

2.2.2. Three-Dimensional System Reinforcement Textile (3D-SRT)

Textile reinforcement is a composite material encompassing discrete textile
reinforcement in the form of a grid or open mesh structure made of non-corrosive
technical fibres embedded in a fine-grained cementitious matrix. A main aspect
differentiating TRC from other types of cement-based composites, e.g. FRC, is that fibres
are bundled and arranged in a discrete open structure which can be positioned according
to the imposed tensile stresses similar to conventional RC thus increasing the load
capacity and effectiveness of the fibers. A coverage material is typically applied to the
filaments to provide surface protection and improve the interaction between them in an

assembled group (Figure 1).



Braided cover Care fibers
(Polyester) (AR Glass Fibers)

Braid angle

Figure 1 — Structure of a GFRP bar

The textile reinforcements are typically classified as being two-dimensional
planar or conventional (2D), three-dimensional (3D) or hybrid structures. In the bi-axial
case, the grid comprises two groups of yarns interconnected orthogonally. In tri and multi-
axial cases, there are intermediate yarns diagonally placed in reference to the warp and

weft directions.

The composite in two dimensional (2D) textiles is reinforced in directions parallel, but
not orthogonal, to the fabric plane. If using 2D textiles to reinforce a composite, laminated
composites should be prepared using several textile layers because are characterized by

poor shear.

3D-SRT (3 Dimensional System Reinforcement Textile) are produced connecting
two separate, independent 2D-SRT mesh together with a third set of glass fiber rods along

the thickness of the fabric (Figure 2). The connecting glass fiber rods, referred to as spacer

rods, provide both stabilization and shear reinforcement.

Figure 2 - Structure of a manufactured 3D-SRT reinforcement



2.2. Constitutive laws of FRC in tension

The FRC compressive behaviour is similar to the one observed in usual Concrete.
Accordingly, the stress-strain relationships defined in Eurocode 2 [7] or MC2010 [8] for

the concrete can also be used for characterizing the compressive behaviour of FRC.

On the other hand, the tensile behaviour of FRC has two types of responses can be
obtained: strain-softening or strain-hardening. A FRC has a tensile strain-softening
behaviour when a reduction of load carrying capacity with the increase of crack width
opening occurs after the formation of the first crack (Figure 3a). Conversely, in a strain-

hardening material the load carrying capacity increases with the material deformation

(Figure 3b).

In strain-softening FRC a major failure crack is formed, while in strain-hardening
a diffuse crack pattern is observed. Commonly, for usual volume contents of fibers,
FRC’s exhibit a tensile strain-softening behaviour, while for high performance matrix and

high fiber contents (>1.5% in volume of FRC) is possible to attain a strain-hardening

behaviour [9].
B
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Figure 3 - Typical load (P) — deformation (0) of FRC: a) Tensile strain-softening; b) Tensile strain-
hardening [8].

For the characterization of FRC, 3-point notched beam bending tests (3PNBBT)
are executed according to EN 14651 [10]. From the execution of 3PNBBT, it is possible
to evaluate the post-cracking tensile strength of a FRC. The test setup and typical load vs.

crack mouth opening displacement (CMOD) relationship are presented in Figure 4. Based



on the force values, F;(j = 1,2,3,4) corresponding to specific values of CMOD, the
residual flexural tensile strength, fg; , is determined from the following expression:

3-F -1

ij:Z'b'hEp

Eq. (2.1)

where [ is the span length of the test beam; b is the width of the specimen’s cross section;
and hyy, is the distance between the notch tip and the beam top face. By specifying the
values of the residual flexural strength, it is possible to compare the post-cracking

behaviour of different FRC’s compositions.
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Figure 4 - Typical load-CMOD curve of FRC [8] (dimensions in mm).

In fact, the MC2010 resorts to the residual flexural strength concept to classify the post-
cracking performance of a FRC, by adopting a toughness class. The toughness class is
determined from the characteristic values of the residual flexural tensile strength of FRC
for serviceability, frqx, and ultimate limit state condition, fzz,. The value of fryk

corresponds to CMOD; = 0.5mm and fr3; to CMOD; = 2.5mm.

For structural applications, MC2010 specifies that a minimum ratio between the residual
tensile strength at CMOD = 2.5mm and CMOD = 0.5mm (Eq. (2.2)) should be verified
in order to consider the tensile contribution of FRC in the ultimate limit state (ULS)

resistance of a structural element [8].

Trsk - o5 Eq. (2.2)

R1k

An additional condition is also specified in MC2010, related with the ratio

between the characteristic value of the limit of proportionality, f;, and the residual



strength, fr1x (Eq. (2.3)) [8]. The value of f;; is given by Eq. (2.1), considering the
maximum load value, F; , registered on the 3PNBBT up to CMOD = 0.05mm [10].

Trak S 0.4 Eq. (2.3)

fui
Contrarily to simple concrete where the tensile strength is usually neglected in the design
process of structural elements, FRC can exhibit a significant post-cracking tensile
capacity. In the pre-peak stage, it is possible to assume that FRC and concrete have similar
response, and the existing stress-strain relationship used for concrete is also applicable to

FRC until this stage [8], see Figure 5:

rG=Ec-8; 0S££0.9-&
EC
3 _
0.15x 1073 —¢
0=feer{1-01" | O.9-%<s§(sp=0.15%o)
L 0.15x 1073 —O.9-ELt ¢
C
Eq.(2.4)
A

o
Jet
0.9f,

- >
09f £,=0.15%0 €

(3
Figure 5 - Tensile stress-strain relationship for plain concrete and FRC up to material tensile strength.
As the formation of cracks in concrete is a discrete phenomenon, a stress-crack opening
relationship is the most suitable formulation to describe FRC post-cracking behaviour,
mainly in FRC of tensile-softening nature, which is the most current in structural
applications. In MC2010 different approaches are used to characterize the post-cracking

tensile behaviour of FRC, depending on the type of limit state verification.
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For the ULS analysis two models can be used: the (i) rigid-plastic model; and the
(i1) linear model. Both models are schematically presented in Figure 6, where: w,, is the
ultimate crack opening corresponding to the ULS criterionfg,; is the ultimate residual
tensile strength; and fr.¢ is the serviceability residual tensile strength. For FRC with a
softening post-cracking behaviour (solid lines in Figure 6) the value fg;, is lower than
fres, while for a hardening post-cracking response (dashed lines in Figure 6) the value

frey 18 higher than fz.

A A :
o — softening o — softening
; — — hardening N — = hardening
1
me _________ _‘ me
|
: fFrs
5 5
me i me
|
|
|
|
|
|
|
L
0 w W 0 kx-‘

[

(a) (b)

Figure 6 - Stress-crack opening constitutive laws for ULS analysis: a) rigid-plastic model; b) linear model

[8].

For the rigid-plastic model, the ultimate residual tensile strength is determined from [8]:

frew = % Eq. (2.5)

For the linear model, the serviceability and ultimate residual tensile strength are obtained
from [8]:
fres = 045 frq Eq. (2.6)
w
freu = fres — TSD?' (fres = 0.5 frza + 0.2 fr1) =0 Eq. (2.7)

For the rigid-plastic model the value of the ultimate crack opening is equal to

w,, = CMODs, while for the linear model it depends on the ductility required, namely:

wy, = min(2.5 mm; l.; €py) Eq. (2.8)
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where, &p, is the ultimate tensile strain of FRC; and [, is the structural characteristic

length.

According to the MC2010, the ultimate tensile strain, &g, depends on the strain
distribution along the cross-section. For a constant tensile strain (section under pure
normal tensile force), €, = 1%. For variable strain distribution in the cross-section

(section under pure bending or combined axial bending load), &, = 2% [8].

In structural elements with steel bars reinforcement, the structural characteristic length is

determined from [8]:

les = min(y; Spm) Eq. (2.9)
where, y is the distance between the neutral axis position and the tensile side of the cross-
section (Figure 7); and s, 1s the mean crack spacing. In the evaluation of the neutral axis
position, x, a loading situation corresponding to the cracking serviceability criteria is
assumed, generally the quasi-permanent load combination; and the tensile contribution of
FRC can be disregarded [8]. An example of stress-strain distribution in a cross-section
for the calculation of the neutral axis is presented in Figure 7. For sections without
traditional reinforcements, the value of the structural characteristic length, [, is

considered equal to the cross-section height, h [8].

7 \Ccul |
/Ge3 |
ittt -

- e /

-
"‘( ;
<
\M'a’, qperm ~
< -+ J
4 =~
4, o
4 1 >
b
Cross section Strain Stress

Figure 7 - Example of determination of neutral axis position, x, and y for the evaluation of [,.

The mean crack spacing, S,,,, can be estimated from the bond transfer length,

ls max- It is the length needed for concrete to reach its tensile strength, o = f,,, due to
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bond action. Therefore, new cracks cannot occur within the distance g4, from the
cracks, as stress on concrete does not reach its tensile strength within this transition zone.
The bond transfer length and the mean crack spacing can be determined through the

following equation [6]:

fctm @
l = = Eq. (2.10
smax = s, Tyms P q. ( )
Spm = 1.5 Ig max Eq. (2.11)

where Tp,,s 1S the mean bond strength between the bar and concrete; @ is the diameter

of the bar; and p = A_/A; is the ratio of longitudinal reinforcement.

To transform the stress-crack opening relationship in a stress-strain diagram, the MC2010
[8] proposes to convert the concept of crack opening, w, in tensile strain, &, by using the
structural length parameter:

w

€= Eq. (2.12)

Les

In Figure 8a is presented the complete stress-strain diagram for a strain softening

FRC, assuming that fr;s < f.; and the FRC’s post-cracking linear model (Figure 6b).
However, for the usual cases where &y > €,, and for an analytical estimation of the
cross-section flexural capacity, the pre-cracking contribution of FRC can be disregarded
and the simplified stress-strain diagram presented in Figure 8b can be adopted without a

significant loss of precision.

During the analysis of a cross-section, if &€ > &y ¢ a stress cut-off is assumed. The
complete tensile stress-strain diagram presented in Figure 8a is mathematical described

by Eq. (2.13), while in Eq. (2.14) is presented the simplified model.

( c=E.-¢
0'9.fCt
~09-f f FOSESE—
c6=09"f,+ foo 09 fer -(5—0.9-£> ‘
e, — 091t E 0.9 for
] P E. TE, <ES& Eq.(2.13)
thu_ths
szFtS+<m '(S—Sp) ;gp<gSgULS
;€>SULS
\ c=0
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;OSSSSULS

o= fts + <thu - ths) e

€uLs — &p Eq. (2.14)
S0 ;€ > EyLs
o4 ok
oy — softening — softening
0.9 {C, — — hardening . — — hardening
fj:: ____________ Joup=======2====n

frs

5 .
ﬁ*" w4 —-d- == 5

Fru

059 T
ke \&=0.15%0  p T

(a) (b)

Figure 8 - Stress-strain relationship of a strain softening FRC, for ULS analysis: (a) complete diagram; (b)
simplified diagram.

For the verification of the serviceability limit states (SLS), one of the three stress-

strain models presented in MC2010 (Figure 9) is applicable. The residual tensile strength
fres and fgg,, are determined from Eq. (2.6) and Eq. (2.7), respectively.

o Y
o » gy p; D___---1 E
T Fis|~—— 7~ == |
f rZ | 0 Q.f‘;:fs — _-’1_-/'7—‘ ~a |
ct ~a ] i RN
-
0.9f, 1 L e ‘1| E
) I Jeb—4+4 i
jrcrele 1 4
e jrerete. ! 0.9/, 4 ! I
Jris ! ! ! !
1 | \ |
f Ftu : } \1 Plain|Concrete I
I ! v i
1 \ |
0.2f, ! Al i
1 .3 I
— 1 h'- 0 Al 1 =
Esr5 Eurs € €4y Ess EuLs €

(c)
Figure 9 - Stress-strain relationship for SLS analysis: (a) Case I; (b) Case II; (c¢) Case III [8].

The constitutive models presented in Figure 9 have common defining points,
namely points A, B, D and E. Points A and B correspond to the stress and strain values

defined for un-macro-cracked plain concrete (Figure 5). Point D and E correspond,
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respectively, to the serviceability and ultimate deformation criteria of the material, which
are determined by [8]:

CMOD,
EsLs = T Eq. (2.15)

EyLs = Wy /lcs

where CMOD; = 0.5 mm and [ is determined as previously described.

The first model, Case I (Figure 9a), is applicable for softening materials with frys < fo¢.
The stress of point Q is equal tooy = 0.2 - f, and its corresponding strain is determined

from the following equation [8]:

GF 0'8'fCt
&g = +(s — > Eq. (2.16
¢ fct'lcs P E. a ( )

where G represents the fracture energy of a plain concrete of the same strength class of

the FRC, which can be estimated from the following expression [8]:

73« fur "8 [ N ]
F 1000 mm

where f_,, is the mean compressive strength of concrete, in MPa, that can be determined

from the following expression [8]:

fem = fer + 8 Mpa Eq. (2.18)

Point C coordinates are determined from the intersection of lines BQ and DE, which
represents the intersection of the concrete matrix post-cracking strength with the post-
cracking residual strength of FRC. Due to the dependence of &; on the values of f,; and
l.¢, the application of Eq. (2.16) can result a value of strain lower than that for the tensile
strength, £, < €p, which has no physical meaning. In this situation, the concrete matrix
post-cracking contribution is discarded, and it is assumed that £, = &p = 0.15%o, as

presented in Figure 10.
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Figure 10 - SLS stress-strain case I model for situation where concrete matrix post-cracking contribution
is disregarded.

Additionally, the present formulation can also result in a situation where the intersection
of both lines yields €, < &p (Figure 11). In this circumstance, point C is disregarded, and

point D is connected to point B.

A .
o (
\
l‘ \\
. \ \
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. ‘\ \
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| I )
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| I\ \\
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Z L I
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v ey &, &p Es1s  €uLs 2

Figure 11 - Example of SLS stress-strain Case I model where point C is disregarded.

Cases II and III are applicable for materials exhibiting a stable crack propagation up to

Esrs, With frrs > fo¢. Case Il is applicable when:

Op — 0y Op — 0y
<

ths_O-g'fct fct_o-g'fct
=] <

SSLS - SA SP - gA gSLS - 09 - % Ep - 09 - %

Eq. (2.19)

Cc Cc
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otherwise Case III is adopted. The equation Eq. (2.19) compares the slope of lines AD
and AB. If the slope of line AD is lower than the slope of line AB, Case II is applied,

otherwise Case III should be chosen. Case III has an additional point, A’, which stress

value is a4 = 0.9 - fr¢s and corresponding strain is €,/ = 0.9 s g =3
c

In the safety assessment of a member at SLS, the principal tensile strain cannot

exceed &g, Where a stress cut-off is admitted.

Similarly, to the consideration adopted for the ULS stress-strain diagram, in the common
situation where &g, > €p, for analytical calculation of the cross-section flexural
capacity, the pre-cracking contribution of FRC can be disregarded without a significant

loss of precision.

2.3. Shear resistance of FRC

Fiber reinforcement enhances the shear capacity of concrete and allows a partial
or total replacement of steel stirrups in structural elements [6]. According to MC2010,
the design value of the shear resistance of an FRC structural element with longitudinal
bars and without shear reinforcement, Vp;r, can be evaluated by employing the

expression [8]:

W=

0.18

-k-(100-psl-<1+7.5-];ft”">-fck> +0.15- 0, |- by, -d Eq.(220)
ctk

RAF =
c

where:
- ¥y, = 1.5 is the partial safety factor for concrete without fibers;

- k=14 /Zdﬁ < 2 is a factor that considers the size effect;

- d is the effective depth of the cross section [mm];

Agp . g . .
- P = S_ld) is the longitudinal reinforcement ratio;
w
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- A is the cross-sectional area of the longitudinal reinforcement;

- freur 18 the characteristic value of the ultimate residual tensile strength of the FRC
that is computed from Eq. (2.7) considering the characteristic values of the
residual flexural strength of FRC and w,, = 1.5 mm;

- fetx 1s the characteristic tensile strength for the concrete without fibers;

- fek 1s the characteristic compressive strength;

N . . . .
- Ogp =ALd < 0.2-f.4 is the average axial stress acting in the cross-section

c

(considered positive in compression);

- b, is the smallest width of the tensile zone of the cross-section.

The previous equation is based on the one proposed by Eurocode 2 [7] for shear
contribution of plain concrete members without transverse reinforcements, by adding the
contribution of FRC residual flexural strength. The effect of the dispersed fibers to shear
resistance provided by the increased post-cracking toughness and crack-opening

restriction is empirically considered by multiplying the longitudinal reinforcement ratio

by the factor (1 +75- ffFﬂ) Therefore, the contribution of fiber reinforcement is
ctk

regarded as an extra flexural reinforcement, whose favourable mechanism for the shear

capacity derives from the dowel effect.

It should be noticed that in Eurocode 2 is considered an upper limit of to the value of the
longitudinal reinforcement ratio pg; < 0.02 to be used in the calculation of the shear

resistance of plain concrete members.

The applicability of Eq. (2.20) is limited to elements where shear diagonal failure is

expected and arch action is insignificant, namely for elements with ratio % > 2.5, being

a the shear span [6].
The shear resistance, Vpgp, is assumed to be not smaller than the minimum value,
VRa,F,min» Obtained from:

Vearmin = (Vmin + 0.15-0¢,) * by, - d Eq. (2:21)

3 1
Vimin = 0.035 - k2 - fj{ Eq. (2.22)
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In MC2010, for structural members with transverse reinforcements is considered the

following relation:
Vra = Vra,s + Vrar = Vramax Eq. (2.23)

where, Vi s 1s the shear resistance provided by the transversal reinforcement and Vi pqx

is the maximum shear capacity without concrete crushing.

The shear reinforcement resistance, Vzq s, 1s determined according to the following
expression [8]:

Sw

Vras = < Z * fywa - (cotf + cota) - sina Eq. (2.24)

w
where Ay, is the shear reinforcement area; s,, is the longitudinal spacing between shear
reinforcement bars; and f,,q is design value of the yield strength of the shear

reinforcement.

The FRC shear resistance, Vgg r, 1s the result of the added shear resistance of the
concrete matrix, Vgq o, and fiber reinforcements bridging the shear cracks, Vgq f, and is

determined from [8]:

1
Vear = Vrae + Vray = y_ (Vrae + Vray) - Z " by Eq. (2.25)
F

where, z is the internal lever arm, that can be estimated as z = 0.9 - d [8]. The concrete
matrix shear strength is provided by the aggregate interlock, which is dependent on the
concrete compressive strength, size of aggregate particles and on the shear crack width,

namely [8]:

VRd,c = k, - fck Eq. (2.26)

where k, is the parameter that determines the contribution of the aggregate interlock
mechanism for the shear strength of the cross section (Eq. (2.27)). The parameter k,, is

function of the parameter that considers the aggregate size influence (Eq. (2.28)), kqg,

and of the longitudinal strain at the mid depth of the effective shear area, ¢,.
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(o4 1300 < 008 W
_ |T+1500-&, 1000 +z - kg, for puw <0. ck/Jyk

oy = 0.4 PR
S — > 0. .

> 0.7 <70M
kag ={16-d, 075 for fa. =70 Mpa Eq. (2.28)

2.0 for fo > 70 Mpa

>0 Eq. (2.27)

In Eq. (2.27), the term p,, represents the transverse reinforcement ratio of the cross-
section, that is given by [8]:

A
Pw=7 =l Eq. (2.29)

w* Sw - Sina

where, Ag,, is the shear reinforcement area; s, is the longitudinal spacing between shear
reinforcement bars; and a is the inclination of the transverse reinforcements with the
element longitudinal axis. In Eq. (2.28) the term d; is the maximum aggregate dimension

in the concrete matrix.

The strain, ¢,,, at mid-depth of the effective shear depth can be defined as:

e =0<—— . MEd+Vd+Nd-(1+E> < 0.03 Eq. (2.30)
x T2-Eg-Ag \ z ¢ ¢““\27z/)~

MC2010 presents the following conditions for application of Eq. (2.30):

- Ag comprises the main longitudinal reinforcement in the tensile chord, while any
other distributed longitudinal reinforcement must be disregarded;

- Iflongitudinal reinforcement bars do not respect the required development length,
l,,(§6.1.8.6 MC2010) from the section under consideration, the value of Ay must
be reduced proportionally to the lack of development length;

- If'the strain &, is negative (compression), it must be taken as zero;

- When analysing sections within a distance z/2 of a significant rebar curtailment,
the value &, must be multiplied by 1.5;

- If the axial tension is large enough to crack the flexural compression face of the

section, the value of €, must be multiplied by 2.
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The shear strength provided by the fiber reinforcements bridging the shear diagonal

cracks is obtained from [8]:

Vras = kag " frie(wy) - cot Eq. (2.31)

where, kqf is a fiber dispersion reduction factor, assuming the value of k4r = 0.8 [8];
fri(wy,) is the characteristic value of the post-cracking tensile capacity of FRC, evaluated
at the ultimate crack width, w,,, that can be determined from direct tensile tests. As the
execution of direct tensile tests is quite cumbersome, alternatively, fr,(w,) can be

estimated according to Eq. (2.32), considering w = w,, [6]:

frie(w) = kg - min (0.4 - frox + 1.2 - (frax — frox) - $(W) Eq. (2.32)

Ew)=a-w—-0.25 Eq. (2.33)

The value of kg is presented in Table 1, considering the different prism bending test
standards. The value of factor a also depends on the prism bending test configuration and

is presented in the same table.

Table 1 - Value of k; and a depending on prism bending test standard [6].

Prism bending test normative kG o
ASTM 1609 [62] 0.70 1/3
EN 14651 [34] 0.60 5/12
RILEM TC 162-TDF [35] 0.60 5/12
UNI 11039 [63] 0.60 43/84

The residual flexural strength fr,; and fr4x, can be estimated from analysis of the results

of 3PNBBT.

According to MC2010, the value of 6 can be freely chose in the interval of 0,,;,, < 0 <
45°, while the value of 6,,,;,, is related with the longitudinal strain level in the mid-depth

of the cross-section, &,, which can be obtained from [8]:

Omin = (29° + 7000 - &) Eq. (2.34)
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The design shear resistance cannot exceed the crushing capacity of concrete in the web,

determined as [8]:

fex cotf - cota
VRdmax = ke - y_c by "z m Eq. (2.35)
where, k. is a strength reduction factor, defined by:
ke = ke nge Eq. (2.36)

where k. is a factor that takes into account the strain in the web of the structural element,
and is determined according to the level approximation defined in MC2010 (level of
approximation I: k., = 0.55; level of approximation Il and III : Eq. (2.37)); 0y is a factor
to consider the effect of more brittle failure for high strength concrete compositions, and
is determined from Eq. (2.39); and 6 is the inclination of the principal compressive stress

in the web, relative to the longitudinal axis of the member.

ke =————<0.65 Eq. (2.37
€T 12455 ¢ q-(237)
& = & " (& + 0.002) - cot 20 Eq. (2.38)
1 X (x q
30\/3 _
Npe = (f—k) <10 (fo in Mpa) Eq. (239)
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Chapter 3

3. Experimental Program

3.1. Introduction

The tasks associated with the design of fiber reinforced concrete beams (FRC) are
described in previous chapter. The experimental program carried out with these beams is
presented in this chapter. These beams were subjected to compression, bending and shear
tests. With these tests, intended to make a contribution to the knowledge of non-linear
behaviour of reinforced concrete bar elements subjected to multiaxial stress states. The
results obtained were used in the calibration of the developed numerical model, described

in chapter 4.

Reinforced concrete structures, when subjected to multiaxial loads, have a
nonlinear behaviour, especially after cracking starts. The characterization, either
experimental or numerical, of the post-cracking behaviour of the elements that constitute

such structures is still scarce.

In the first part of this chapter, the test system used is presented, describing the
equipment, as well as the procedures adopted. The second part of this chapter is dedicated

to the presentation and analysis of the results obtained.

3.2. Tests carried out

Different types of tests have been conducted.

- Compression tests, for the characterization of the compressive strength and
Young’s module of concrete.

- Tensile tests, for the characterization of the tensile strength of GFRP bars.
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- Three-point notched beam bending tests (3PNBBT), for the characterization of
the shear capacity and post cracking behaviour of fiber reinforced concrete (FRC).
- Four-point bending tests (4PBT) of a slab, for the characterization of the load —

displacement diagram and consequently, bending resistance.

To control the displacement of the barycentric axis of the specimens during the tests,
it’s used two types of electric displacement transducers (LVDT’s — Linear Voltage

Displacement Transducer), which differ in the reading field: amplitude linear = 12.5 mm

and + 2.5 mm, as shown in Figure 12.

Figure 12 - Electric displacement transducers: a) £ 12.5 mm; b) + 2.5 mm.

3.2.1. Compression tests.

The compressive strength of the concrete is evaluated by the crushing with the
press of standard specimens (cubic or cylindrical) obtained from the same material used

for the other specimens during the casting (Figure 13).

In any case, before the test, the sample must be prepared by mechanical rectification. It
consists in making the two surfaces of the cylinder perfectly flat, so that the applied

compression is homogeneous on the whole surface of the specimen.
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Figure 13 — Specimen for compression test and mechanic press.
The specimen adopted for the test are cylindric and the dimension are 150x300,
where the first number indicate the diameter of the specimen and the second one is the

height (Figure 14). The total number of specimens tested are 5.

k 150 t

300

Figure 14 — Dimension of the cylindric specimen and position of LVDTs.
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The test is in displacement control and the results provided by them are the trend
of the load during the test and the displacement associated with it. For these tests are not

necessary to use the LVDTs, but is enough the displacement rated by the press.

The compressive strength value, f., is obtained after breaking the specimen using the Eq.

(3.1).

f — max
Y Eq. 3.1)

where f, is expressed in Mpa; Fyq, is the breaking load and A, = 17662 mm?is the

cross-section area of the specimen.

The LVDTs presented in these tests (Figure 14) are necessary for find the value
of the Young’s module. In this test a cyclic load is applied up to about the 30% of the

maximum capacity of the specimen for 5 cycles (Figure 15).

250

% T T I Y I

150

Load [kN]

100

L U |

Figure 15 — Loading in the time during the compression tests for the evaluation of Young’s module.

The Young’s module, E, is calculated as the ratio between the increases in tension,

Ao, and deformation, Ag, both in loading and unloading phase recorded at the third cycle.

_ Ao
E=7 Eq. (3.2)
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3.2.2. Tensile test

The tensile test on GFRP bars consists in subjecting the specimen to a tensile load
applied with a certain amount speed of increase until it breaks, in order to determine the

strength, elasticity and deformability (Figure 16).

In this test all the components of the 3D-SRT were examined, in particular bars of @5 and
3. The main properties that can be obtained from the test are the Young's module and

the tensile strength of the bars.

Figure 16 — Tensile test for a GFRP bar.

The test is in displacement control and the results provided by them are the trend
of the load during the test and the displacement associated with it. Adopting Eq. (3.3) can
be obtained the tensile stress, o, during the test.

F
o=

AGFRP

Eq. (3.3)
where Agprp 1s the section area of the bar and F is the load applied.
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Instead, the Eq. (3.4) is used to obtain the strain, €.

AL

T 1, Eq. (3.4)

where AL is the displacement of the bar during the test and L is the initial length of the

specimen.

3.2.3. Three-point notched beam bending test (3PNBBT)

The specimens adopted for this test have dimensions 600x150x150 mm, in
according to RILEM 162 TDF [12]. It has the configuration shown in Figure 17. The
beam specimens were subjected to a three-point bending test configuration by using a
servo-hydraulic actuator of 150 kN loading capacity under monotonic loading condition.
The notch at the bottom of the specimen have dimension 5x25x150 and is situated in the

middle of the spam.

} 250 250 1'
[
. [ 150303 . | 3
I
[Te]
o 1
% %3—150319 %
/7 /2
50— 500 }—50—

Figure 17 — Schematic representation of position of LVDTs in the 3PNBBT (measures in mm).

The tests are displacement-controlled by imposing a speed of 0.01 mm/sec to the
piston of the actuator. Three linear variable differential transducers (LVDTs) were

installed on the specimen, according to the schematic representation in Table 2.

28



Figure 18 - Position of LVDT in a mid-span in the 3PNBBT.

Figure 20 — Position of LVDT on the actuator in the 3PNBBT.
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Table 2 - Description of position of LVDTs on three-point bending test.

Serial number Position Main purpose Figure
. . Vertical displacement of
152393 Mid span, vertical ' . 18
mid span point
Mid span, bottom,
150319 Crack opening 19
between the crack
Vertical displacement of
176600 On the actuator 20

the press

3.2.4. Four-point bending test (4PBT)

For this test the specimen adopted is a slab of dimensions 700x350x100 mm

(Figure 21). The beam specimens were subjected to a four-point bending test

configuration using a servo-hydraulic actuator of 250 kN loading capacity under

monotonic loading condition.

Top view

fﬂ‘ ‘%

P W - S N U M. WA W SR - o__o__a
I

35|

700

Section A-A

700

Section B-B

——100——

50

Figure 21 - Sizes of the specimen for 4PBT.
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The tests are displacement-controlled by imposing a speed of 0.01 mm/sec to the
piston of the actuator. Four linear variable differential transducers (LVDTs) were
installed along the span length of the slab and one LVDT was installed on the actuator,

according to the schematic representation in Table 3.

In Figure 22 is shown the disposition of the LVDT’s installed on the materials for
measuring the strain during loading. The distance between the two loading points is 150

mm.

i 200 1 150 f 200 1

Figure 24 — Position of LVDT on the actuator.
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Table 3 — Description of position of LVDTs.

Serial number

Position Main purpose

Figure

197869

176621

198379

152466

147586

) ) Vertical displacement
Mid span, vertical . _
of mid span point

Between the left support ~ Vertical displacement

and force, vertical of left point

Between the right support  Vertical displacement

and force, vertical of right point

Mid span, horizontal, 25 Horizontal

mm from bottom displacement of point

Vertical displacement

On the actuator
of the press

22

22

22

23

24

The three-dimensional reinforcement is composed in 3 main parts: the top grid,

the bottom grid and the central bars. The top and the bottom greed are composed by GFRP

bars with diameter of 5 mm and 35 mm distance between them, in both the directions

(Figure 25). The central bars aim to confine all the reinforcement system, joining top and

bottom grid.

o
<
th

1703

=
=
=
=
oy

55mm
3

650 mm

650 mm

Figure 25 - Dimensions of textile reinforcement in GFRP: a) Top view; b) Frontal view.
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3.3. Results

3.3.1. Compressive strength

For the characterization of the constitutive law of FRC, compression tests are

executed as described in chapter 3.2.1. The number of tested specimens is 5, they have

all the same size and come from the same casting used also to create the specimens for

the other tests. The results of these tests are shown in Figure 26.

900
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o4
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Load [kN]
N
(=)
o

300

200

100 -/

Test #1
Test #2

Test #3

Test #4
Test #5

Deflection [mm]

Figure 26 — Results of compression test of the FRC specimens.

From the results obtained in this way it is possible to obtain the maximum compressive

strength using Eq. (3.1) The values thus obtained are shown in table 4.

Table 4 — Values of maximum compressive strength of the specimens.

Test Number  F,.x [kKN] f.[Mpa]

1 796.6 45.078
2 843.4 47.727
3 757.6 42.871
4 855.4 48.406
5 783 44.309
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The medium compressive strength of the FRC was obtained from the values in table 4, as

described in Eq. (3.5).

n
fom = %fc = 45.68 Mpa Eq. (3.5)

where 7 is the number of the specimens tested.

For the determination of the modulus of young, the tested specimens are 4 because
the first one was used to get an idea of the maximum compressive strength, in order to be

able to reach 30% of it to carry out the tests correctly.

Through suitable software, it is possible to extrapolate the value of Young's module.

Table 5 shows the average values of the modulus of elasticity obtained in the tests.

Table 5 - Values of Young’s module of the specimens.

Test Number E.[Mpa]

1 34563
2 35160
3 34046
4 34385

The medium Young’s module of the FRC was obtained from the values in table 5, as

described in Eq. (3.6).
" L,E
Ep = % = 34700 Mpa Eq. (3.6)

where n is the number of the specimens tested.

3.3.2. Tensile strength

For the characterization of the constitutive law of GFRP bars, tensile tests are

executed as described in chapter 3.2.2.
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The samples tested are 4 with a diameter of 5 (05) mm and 4 with a diameter of 3 mm

(03). The results of these tests are shown in Figure 27.
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Figure 27 — Load-Deflection diagram: a) bars of J5; b) bars of @3.

From the results obtained, using Eq. (3.3) and Eq. (3.4) is possible to find stress and strain
respectively. Therefore, it is possible to create the stress-strain diagram of the specimens

for the bars @5 and @3, as shown in Figure 28 and Figure 29, respectively.

1000

900

800

700

600

500

400

Stress [Mpa]

300

200

100 f

0 0,005 0,01 0,015 0,02 0,025
Strain [-]

Figure 28 — Stress-Strain diagram for @3 bars in GFRP.

Table 6 shows the values of the tensile strength and the elastic modulus of each specimen

regarding @5 bars.
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Table 6 - Values of tensile strength and Young’s module of @5 bars in GFRP

Test Number 04, [Mpa] E [Mpa]
1 908.76 45660

2 732.49 44620

3 917.57 44200

4 741.31 35610
Average 825.03 42520

900

800

700

600

W
S
S

Stress [Mpa]
o
S
S

300

0 0,002 0,004 0,006 0,008 0,01 0,012
Strain [-]

Figure 29 - Stress-Strain diagram for @5 bars in GFRP.

Table 7 shows the values of the tensile strength and the elastic modulus of each specimen

regarding @3 bars.

Table 7 - Values of tensile strength and Young’s module of @3 bars in GFRP

Test Number 04, [Mpa] E [Mpa]
1 849.29 77590

2 708.05 91030

3 708.50 75050

4 850.23 81990
Average 825.03 42520
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3.3.3. Crack patterns and failure modes

For the characterization of FRC, 3-point notched beam bending tests (3PNBBT)
are executed according to EN 14651 [10]. From the execution of 3PNBBT, it is possible
to evaluate the post-cracking tensile strength of FRC. The test setup and typical load vs.
crack mouth opening displacement (CMOD) relationship are presented in Figure 4. Based
on the force values, F (j = 1,2,3,4) corresponding to specific values of CMOD, the
residual flexural tensile strength, f; , is determined from Eq. (3.7).

3-F -1
fRf_—z.b.hsgp Eq. (3.7)

where [ is the span length of the test beam; b is the width of the specimen’s cross section;
and hg, is the distance between the notch tip and the beam top face. In the Table 8 are

showed the geometric values adopted.

Table 8 — Geometric values of specimens in the 3PNBBT.

l 500 mm
b 150 mm
hg, 125 mm

In the execution of 3PNBBT the midspan deflection (&) of the beams is, usually,
also recorded, and the following average relationship between § and CMOD can be used
in the post-peak region of the load-CMOD curve [10].

d[mm] = 0.85-CMOD + 0.04 Eq. (3.8)
In the Table 9 is presented the conversion of the CMOD; = (j = 1,2,3,4) to 4.

Table 9 — Relationship between CMOD and 6§ [10]

j CMOD o
[mm] [mm]
1 0.50 0.47
2 1.50 1.32
3 2.50 2.17
4 3.50 3.02
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The LVDT number 150319 in the 3PNBBT have the purpose to measure the crack
opening during the tests (Figure 19).

In the Figure 30 is shown the diagram load — crack opening of the specimen during the
3PNBBT.
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Figure 30 — Diagram Load—crack opening.

Is possible to compare the displacement at the mid span (LVDT 152393) with the crack
opening due to LVDT 150319 and the CMOD obtained inverting the Eq. (3.8).
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Figure 31 — Deflection — CMOD diagram.
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Using Eq. (3.7), it’s possible to find the residual flexural tensile strength, fg;. The results

are shown in Table 10.

Table 10 — values of post-cracking tensile strength.

fr1 6.56 Mpa
fr2 6.35 Mpa
fr3 5.50 Mpa
N 4.78 Mpa

3.3.4. Flexural capacity

For evaluate the flexural capacity it was tested 4 specimens with the four-point

bending test (4PBT). By this test is possible to obtain the Load-deflection diagram shown
in Figure 32.
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Figure 32 — Load-deflection diagram of FPBT.

With this graphic is possible to obtain the following values:

- Maximum force applied, F,qx;
- Peak displacement, df, associated at the maximum force applied;

- Maximum bending resistance, M,,,,, calculated through Eq. (3.9);
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Fmax
b
2

where b is the distance from the force and the support, equal to 200 mm.

Mpax =

Eq. (3.9)

- Maximum shear applied, V,,,,, calculated through Eq. (3.10);

Vinax = Eq. (3.10)
In Table 11 are shown all the main values previously listed.

Table 11 — Values of maximum capacity of the specimen in 4PBT.

Test number Frax [KN] dp[mm] Max [KNM] Vinax [kN]
1 149.05 10.25 14.90 74.52
2 138.40 10.57 13.84 69.20
3 118.80 8.68 11.88 59.4
4 137.10 11.36 13.71 68.55
Average 135.84 10.21 13.58 67.92

To have an idea if the test was performed correctly, i.e. with loads and geometry
as symmetrical as possible in order to cancel the presence of cutting in the central part of
the specimen, it is possible to compare the left and right LVDTs, number 176621 and
19379 respectively (Figure 22). Figures 33 and 34 show the responses of the two LVDTs
during the tests.
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Figure 33 - Load-deflection diagram during FPBT supplied by external LVDTs: a) Test n°1; b) Test N°2.
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Figure 34 - Load-deflection diagram during FPBT supplied by external LVDTs: a) Test n°3; b) Test N°4.

In the four-point bending test (4PBT) is not possible to evaluate the crack opening
by a LVDT because it’s not known where will appear the cracks during the test, but it’s

possible to sign the moment and where they will appear (Figure 35).

Figure 35 - Specimens collapsed after 4PBT.
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Chapter 4

4. Analytic Model

4.1. Model of 3D Timoshenko’s beam

The structures, when subjected to certain series of stresses, show a non-linear
behaviour after a certain level of strain. This non-linear behaviour derives from the
consideration of second order deformations and/or the fact that the materials have not
linear constitutive laws, designating nonlinear geometric behaviour as the first case and

material nonlinear behaviour the second.

Timoshenko’s prismatic model based on the finite element method (FEM). This model
considers the behaviour of the various materials that constitute the section as it is
discretized into that each mesh is given a law that characterizes material behaviour of this

element.

Considering a curved part defined in a global axis system g;(g1, g2, g3), by its
guideline e and the geometry of the different planar cross sections of area A and

orthogonal to e (Figure 36). First, it is necessary to define the various systems coordinates:

- Global coordinates system g;(g1,92,93): cartesian coordinate system used to
define structure geometry in the space, node displacements, stiffness matrix and
nodal force vector of the structure.

- Normalized coordinates system - s;: coordinate system that underpins the
definition of element shape functions. The normalized coordinate s; ranges from
—1 to +1 along the axis of the element, which coincides with the line containing
the centres of gravity of the part sections.

- Local coordinates system [; (I, [,, [3): cartesian coordinate system defined locally

in any section of the element. The definition of this referential at numerical
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integration points (sampling points) serves as a reference for defining stress and

strain states.

Figure 36 — Timoshenko beam in the space.

4.1.1. Linear static analysis model

The displacement field of a generic point in the section is defined by the following

expressions:

i (o1, x5, 03) = g (x1) + x5 - 03 (x1) — x5 - 65(x1)
ub (o, xb, xh) = ubg (o) — x4 - 61 (x}) Eq. (4.1)

where the centre of shear coincides with the barycentre [13]. ul; is the i-th local
displacement of the barycentre of the section; xll are the i-th coordinates of the generic

point P of the section and Hil are the rotations around the i-th axis (Figure 37).
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Figure 37 — Local coordinates.

In fact, the local and global displacement vectors are, respectively, the following

components.
U4} = [uic Up U 01 63 eé]T Eq. (4.2)
(U9} = [ufy ug; ug; 67 67 gg]T Eq. (4.3)

Consequently, the local and global vector of velocity are defined in Eq. (4.3) and Eq.
(4.4), respectively.

T
du! du dul. d6! de. de! L
l} l 6 26 EG dtl dtz dt3_ =[uiauéauéa 61 0; Hé] Eq. (4.3)
. du?. du. du. de de? ded1" R
9 — 1¢ GUyg QUz; A0y 2 3| _[n9 19 19 959 39 Eq. (4.4
{U } dt dt dt dt dt dt | [um Uyg Uzg 07 0, 03] q. (4.4)

The local and global vector of acceleration are defined in Eq. (4.5) and Eq. (4.6),

respectively.

_ . R T
) dit, dib, dik; dét de) de. .
w0} = | dt dt dt dt dt dt = [ig ag i3 01 63 6]

Eq. 4.5)

(i) = dud, dul. dul. d6f dod dod] :
Tdt “dt dt dt dt dt
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The Eq. (4.1) can be written in the matrix formulation.

0 0 0 «xi
1 0 —xt 0
01 xt 0

_uiG_

l
—x ch
0 93{; = [RI{UY} Eq. (4.7)
O 1

03

| 6} |

The matrix [R] does not depend on the time. Therefore, the field of velocity and the field

of acceleration are defined in Eq. (4.8) and Eq. (4.9), respectively.

{u'} =

{u'} =

1] (xf, x5, x5)]
ub (xk, x5, x})

_ué (x{,xé,xé)_

111 (x1, x5, x5) |

ué (x{,xé,xé)_

= [R){0") Eq. (4.8)

= [RI{0") Eq. (4.9)

Is possible switch from the local to the global reference of the displacements,

through the transformation matrix, [T'9] (Eq. 4.10).

{U9} = [T9{U"}

Eq. (4.10)

The vector of the deformations in the local system is defined by Eq. (4.11) [13].
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= [R]{e"} Eq. (4.11)

The relationship between the stress and strain is established by means of the

constitutive matrix, D defined in Eq. (4.12), in the local system (Figure 38).

o E 0o o01]e
{o'}=|tl,| = [Dl{e'} = |0 G12 0] iz Eq. (4.12)
Tis 0 0 Gis ¥is

where F is the longitudinal elastic modulus of the material; G, and G5 are the modules

of transversal elasticity of the material in the [;[, and [l planes, respectively.

N

Figure 38 - Tensions

The components of stresses in a section of the element, in the local system, are the

following (Figure 39).
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('} = [N v} vi Ml m 3T

Eq. (4.13)

where N! is the axial force; Vi and V! are the cutting force according to the [, axis and

I3 axis; M} is the torsional moment; M} and M} are the bending moment according to the

[, and [5 axis; defined by Eq. (4.14).
N' = fall dA
A
V= f i, dA
A
@:fqﬂm
A
Mi= [ (elpxd +ed-ab da
A
Ag=fapgdA
A

Mi=— ot xtda
A

£

Figure 39 - Stresses in the section of a Timoshenko element.

The Eq. (4.14) can be write in the following form.

Eq. (4.14a)

Eq. (4.14b)

Eq. (4.14c)

Eq. (4.14d)

Eq. (4.14¢)

Eq. (4.14f)

47



! 0 07
o 1 o0f,,
0o 0 1||%
@)= [0 xt xtf|rle|da=[tRIo Fq. (4.19)
Al xt 0o o]l A
—x} 0 0l

Replacing Eq. (4.11) and Eq. (4.12) into Eq. (4.15) it results the following expression.

@) = [ (RI"ID)e") da = [[RITDIRI(E da Eq. (4.16)

A A

where the matrix product is:

D] = f [RI"[D][R] dA = Eq. (4.17a)
A
E 0 0 0 X_%E —xéE }
0 G12 0 —x4Gy, 0 0
0 0 G13 x3G13 0 0
B —[ 0  —x3Gip x3Gi3 XézGlz + xézGB 0 0 dA  Eq.(4.17b)
‘ xéE 0 0 0 xéZE —xéxéE
_—xéE 0 0 0 —XéXéE XézE |

Starting from the hypothesis that the material of element is isotropic (E = Cost.), solving

the integral separately, it obtained the results in Eq. (4.18).

fA E dA = EA Eq. (4.18a)

JA Gy dA = a1,GA = GA; Eq. (4.18b)
fA G5 dA = a;3GA = GA} Eq. (4.18¢)
L xtE dA = ES} Eq. (4.18d)

fA xiE dA = ES} Eq. (4.18¢)

JA xtG1, dA = GS; Eq. (4.18f)

fA x5Gi3dA =GS; Eq. (4.18g)
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| (%60 + xt615 ) aa = 6 Eq. (4.18h)
A

f x\°E dA = El Eq. (4.18i)
A
f xL°E dA = ELL Eq. (4.181)
A
f xixtE dA = EIL, Eq. (4.18m)
A

where A5 and A3 are the reduced areas of shear; S5 and S are the statics moment around
the I, and I3 axes; I}, I} and I} are the moment of inertia around the I;, I, and I3
respectively; I}; is the centrifugal moment of inertia of the section. If the section is

doubly symmetrical S, = S3 = 0 and I3 = 0. Then the matrix D is defined by Eq. (4.19).

EA 0 0 0 0 07
0 GA, 0 0 0 0
o . o 0o G4 0o o0 o0
[D'1= [[RI'DDIRIdA=| o o o G o o Eq. (4.19)
A 0 o0 0 0 EL 0
[0 0 0 0 0 EILI

The matrix in the Eq. (4.19) can be subdivided in submatrix according to the structural

behaviour.

D, 0 0 0
_ 0 [Ds] 0 0
11 S
D1={, o 5, 0 Eq. (4.20)
0 0 0 [Df]

where Dy, [Ds], D¢, [Dp], are the submatrix associated to axial, shear, torsion and flexural

stiffness, respectively.

D, =EA Eq. (4.21a)
— GA; 0 ]
D, = . Eq. (4.21b
DsI=1"0" ¢ay q. (4.21b)
D, = GlI} Eq. (4.21¢)
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l
EL 0 l Eq. (4.21d)

[Ef]zlo EI}

In the Timoshenko formulation, the distribution of shear stresses t;, and 7,3 is
considered constant through the cross section. This fact stems from the assumption that
the sections the cross sections remain flat after deformation, which in reality does not
happen distortions occur in the section. So, to take these distortions into account, and
consequently a non-constant distribution of the stresses throughout the section, the section
area is multiplied by coefficients a;, and a3 respectively. These coefficients are called
shape or distortion coefficients. The achievement for each direction, [, and l5, is done by
applying the principle of virtual works, so that the deformation work of the constant
tangential stress coincides with the exact radius theory [14]. The resulting areas are called

small cutting areas, A5 and A3.

The coordinates of a point in the space of the element, in the normalized

coordinates, is obtained by the Eq. (4.22).

(950} = ) Nelsn) - (¥ Eq. (422)
k=1

where n is the number of elements; Ny (s;) is a shape function of the node number k,
valuated in the position of the normalized coordinate s;; {x9}, is the vector of global

coordinates of k-th node. The Eq. (4.22) can be write in the matrix form.

X
(G50} = [x] | = [Nx (51X} Eq. (4.23)

g
X3

where [N,] is the matrix of the shape functions defined in Eq. (4.24).

N;(s1) 0 0 o+ Np(sq1) 0 0
[N,] = 0 N;(sq1) 0 0 N, (s1) 0 Eq. (4.24)
0 0 Ni(sy) - 0 0 Ny (s1)

and {X9} is the vector of global coordinates of all the nodes of the element.
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— [+9 g g g g g 17
{Xg}—[x1a,1 X261 %361 7 *1i6n X26n x36,n] Eq. (4.25)

Known the displacement of the element in the global reference system, {U9}, it’s
possible to obtain the displacement of generic point of the element, in the normalized

coordinates.

U9} = ) Nelsp) - (U9 Eq. (4.26)
k=1

where {U9},, is the vector of displacement of k-th node. The Eq. (4.26) can be write in

the matrix form.

v
uga
g
WI(s)} = :3; = [N, (s)]{T} Eq. (4.27)
1

0;
[ 65 |

where [N, ] is the matrix of the shape functions defined in Eq. (4.28).

ACH I 0 0 0 0 Nu(sy) O 0 0 0 0
0 Ni(sy) O 0 0 0 0  Ng(s) O 0 0 0
| o 0 Ni(s)) O 0 0 0 0 Ny(sp) 0 0 0
Nl=| ¢ 0 o Ni(sy) 0 0 0 0 0 Np(sy) O 0 Eq. (4'28)
0 0 0 0 N(sy) O 0 0 0 0 Ny(s) O
0 0 0 0 0 Ny(sy) 0 0 0 0 0 Ny(sy)
and {UY} is the vector of displacement of all the nodes of the element.
— T
{9} = [ufG,l uzgs,1 u3ga,1 qu,1 9517,1 9§q,1 xiqa,n ngc,n uéqc,n an gﬁq,n 95‘7,71] Eq. (4.29)

The strains at a point of the element, in the normalized coordinates s, can be

obtained from the displacement of the nodes, by the Eq. (4.30).

n

(#160) = ) [BlsnU Eq. (4.30)

k=1
where [B,] is the strain matrix of k-th node, in the normalized coordinates; {U'} is the
vector of displacement of k-th node in the local coordinates. Considering the Eq. (4.10),

the Eq. (4.30) can be write in the following matrix form.
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{g's} = = [B(sHU'} = [B(sIIT¥I{U} = [B(s)]{U9}  Eq.(4.31)

265
dx}
96!

I
0x;

where [B] is the strain matrix. This matrix, with the hypothesis that the barycentre
coincides with the shear centre, is represented in the Eq. (4.33) [13].

ANy (s1)
; 0 0 0 0
dxy
dNy(s1)
. 0 0 =Ny (s1)
dxy
dNy(s1)
0 0 0 Ni(s1) 0
_ dxi
[Bel = AN, (s0) Eq. (4.32)
k(S1
0 0 0 ; 0
dxy
dN(s1)
0 0 0 0 7 0
dxy
ANy (s1)
0 0 0 0 0 7
dxy
dN, (s;) dN,(s1)
e 0 0 0 0 0 T 0 0 0 0
dn, dn,
0 7(1}5;1) 0 0 0 —N(s)) = 0 dgi) 0 0 —Na(s)
AN, (s;) dN,(s1)
0 0 NG 0 0 0 Nu(s) 0
_ dx! dxj
[B] = dNy(s,) dla(s,) Eq. (4.33)
0 0 o 0 o - 0 0 0 dx] 0 0
0 0 0 dl\c,il;lm o= 0 0 0 0 dAf];;ElSl) 0
0 0 0 0 dl\g;f1) 0 0 0 0 0 d[\z];;’&)

and {UY} is the vector of displacement of all nodes of the element defined in Eq. (4.29).
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In order to evaluate the term dl\;k—x(lsl) of the matrix [B] it’s possible to adopt the Eq.
1

(4.29) [13].

ANy (s1) _ dNi(s1) dsy
dx! ds; dx!

Eq. (4.34)

dxt Do . . . . .
where the term d—fl, which is the jacobian respect to the normalized coordinates sy, is
1

calculated according to Eq. (4.35).

n

) n 2\ 1/2
dNi(s1) 4 dNi(s1) 4 _ Ea. (4
+ Z ds, xZG"‘] +LZ:1 ds, x3G,kl } =] q. (4.35)

n 2
dx! dNi(s1)
-~ = —x
ds; ds, T~k
k=1

Then, by replacing Eq. (4.35) into Eq. (4.34), the following equation is obtained.

k=1

ANy (s1) _ dNi(s1)1
dx! ds, J

Eq. (4.36)

4.1.2. Stiffness matrix

Considering a beam element of volume V subjected to generalized forces
distributed along the volume, {q{‘,] }, generalized forces distributed along the surface, {q :gg },
and generalized forces applied to the nodal points of the structure, {Q9}. The element is
subjected to virtual strains and displacements, §{e} and §{U}, therefore, applying the

principle of virtual works, the internal work is equal to work given by external forces.

6Wint = 6Wext Eq. (4.37)

The work given by the external forces is defined by Eq. (4.38).

Mowe = | 509V g} av + | SUSY {aZ}ds + U9 (@9} Eq. 439
\%4 S

While, the work given by the internal forces is defined by Eq. (4.39).

SWipe = j 5{eNT{c'} dV + f {u9Y p{it93} dv = W, s + W, qin Eq. (4.39)
Vv 174

The static part of the internal work is defined by Eq. (4.40).
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W, g = J.6{el}T{al} dV = f(&e{all + 8yb,th, + 6ylstiy) av Eq. (4.40)
vV Vv

Taking into account the Eq. (4.11), Eq. (4.12), Eq. (4.17), is possible to obtain the

following expression of the static internal work.

Whst = f5{£l}T{a’} av = _f5{5l}T[R]T[D]{8l} dv =
14 Eq. (4.41)

- gl T
— fL 6{3 } [R] [D][R dL f [D]
Considering the Eq. (4.33), The Eq. (4.41) could be modified in the Eq. (4.42).

Wy = f S{Z9T[D]{&} dL = f S{U9Y [B]"[D[B1(09} dL Eq. (4.42)

Converting the Eq. (4.42) in normalized coordinates, it results the following expression.

W5 = 8{U9Y (fH[E]T[E] [B]J dsl> {09} Eq. (4.43)

-1

where

K= | BIDIB)) ds, Eq. (4.44)

-1
is the stiffness matrix of the element. Applying the numerical integration of Gauss-

Legendre to calculation of the stiffness matrix [14] is obtained the Eq. (4.45).

Ns1

Z( DI[B])) » Wy Eq. (4.45)

where Ng; is the number of the integration points in the direction sq; W, is the weight
associated with the integration point of coordinates s?. In case of element with two or

three nodes, the value of J is equal to half length of the element (] = L/2).

4.1.3. Mass matrix

Considering a beam element of volume V subjected to generalized forces

distributed along the volume, {qV} generalized forces distributed along the surface, {q S }
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and generalized forces applied to the nodal points of the structure, {Q9}. The element is
subjected to virtual strains and displacements, 6{e} and §{U}, therefore, applying the
principle of virtual works, the internal work is equal to work given by external forces (Eq.
(4.37)).

Starting from the internal work in Eq. (4.39), the dynamic component is defined

by Eq. (4.46).

SWiain = f §{u9} p{iid} dv Eq. (4.46)
14

Taking into account the Eq. (4.7), Eq. (4.9), Eq. (4.10), Eq. (4.27), is possible to obtain

the following expression of the dynamic internal work.

Wi = [ ooy psyav = | swsY IRI IR} v =
A v Eq. (4.47)
_ ! lg 197 ( 7!
_fva{u} 7] (RI"pIRI|T ]{U}dv

The nodal displacement vector {U'} remains constant along the volume of integration,

therefore, the Eq. (4.47) can be written in the Eq. (4.48).

Wiain = S{UI}TJ[N]T[Tlg]T[R]Tp[R][Tlg][N]dV{Ul} =
14

Eq. (4.48)
= s{UYyT f [N]T [ [N]dL {07)
L
where [111] is the mass matrix of the section, defined by Eq. (4.49).
(7] = [ [T RYpIRIT'S ) Hq. (449%)
A
1 0 0 0 x} —x}
0 1 0 —x} 0 0
_ 0 0 1 x 0 0
[] = f R U pdA  Eq.(4.49b)
A 0 —x3 x3 (x3)°+(x2) 0 0
xt 0 0 0 (x))?  —xbxd
—x} 0 0 0 —xixh  (xb)?
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Solving the integral separately, it obtained the results in Eq. (4.50).

fpdA =pA=m k_g]
4 | m
fpxédA = Sy, kg - m]
4 m
fpxédA = S, kg - m]
4 m
12 IN219 4 — (kg - m?]
pl(x3)° + (x2)°]dA = Ly x,
m
A
L
" m
o
fp(xé)sz = Ix3x3 kg -m
1 m
L
j —,D.Xéx%dA = Ixe:), kg m
A m

Eq. (4.50a)

Eq. (4.50b)

Eq. (4.50¢)

Eq. (4.50d)

Eq. (4.50¢)

Eq. (4.50f)

Eq. (4.50g)

Therefore, the mass matrix in the Eq. (4.49b) can be expressed as in Eq. (4.51).

m 0 0 0 Sk,
0 m 0 -=SL, 0
] = [IR7plRIaa = o G S 0
4 0 _sz Sx3 lexl 0

Sya 0 0 0 I

|—SL, 0 0 0 I,

Converting in normalized coordinates, we obtain the Eq. (4.52).

+1

Wian =0 | [ W mIIND g ds, | (07)

-1

Therefore, the mass matrix of the element is defined by Eq. (4.53).

+1

[ i g as,

-1

[M] =

—Sx3]
0
0
0

l
I x2x3

Il

x3x3-

Eq. (4.51)

Eq. (4.52)

Eq. (4.53)
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Applying Gauss-Legendre Numerical Integration to calculation of the mass matrix, the

Eq. (4.53) become the following.

Ng1

Z{ N1 ]} W, Eq. (4.54)

Considering that the element, in its thickness, is discretized in fibers, and applying
Gauss-Legendre numerical integration, the mass sub-matrices are obtained according to

the following expressions.

- The axial component;

Na

51
M1 = ) (NIEN, J}gp Wy Eq. (4.55)

where 712 is axial component of the mass sub-matrix of the section of integration

point, Eq. (4.56).

NGsect
z ob Ach, Eq. (4.56)
- The shear component;
NE
M]b = z ([N J}(e) Eq. (4.57)

where [Mi2] is the shear component of the mass sub-matrix of the section of

integration point, Eq. (4.58).

NGSEC t

Z [pl Acpi l Eq. (4.58)
Pi AGP i
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The torsion component;

NE,
[M]? = Z{N,_T ﬁi?Nt]}i? W, Eq. (4.59)
p=1

where 7P is the torsion component of the mass sub-matrix of the section of

integration point, Eq. (4.60).

NGsect

A= " I + (x5) Mg, Eq. (4.60)

i=1

The bending component;

N,
M1 = (NN W, Eq. (4.61)
p=1 !

where [ﬁl}’ ] is the bending component of the mass sub-matrix of the section of

integration point, Eq. (4.62).

NGsect 2
(2] = 2 [ pf(x3:) Acpi  —PIx3:%3:Acp,i Eq. (4.62)
2 . (4.
= | —pPxlxbAcpi  pP(x5;) Agp

The interaction axial-bending component;

Nglf
M2y = > (NEL N1 Y Sy Wy = (M1 Eq. (4.6
p=1

where [fﬁgf] is the interaction axial-bending component of the mass sub-matrix

of the section of integration point, Eq. (4.64).

NGSEC t

[Mar] = Z [pPx} i Acei  —pPx5Ace] Eq. (4.64)

i=1
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- The interaction shear-torsion component;

ct
NS1

M2 = Z{ ¢ [Mer] Nt]T]}(e) = [[M]¢7T Eq. (4.65)

where [12,] is the interaction shear-torsion component of the mass sub-matrix of

the section of integration point, Eq. (4.66).

NGsect

z [ pl x3 LAGPll Eq. (4.66)

pl x2 lAGP i

4.1.4. Nonlinear static analysis model

The behaviour of reinforced concrete elements is clearly non-linear. Not this one
linearity results, fundamentally, from the fact that the constitutive laws of materials are

nonlinear.

An element is discretized in a 3D Timoshenko beam with two nodes, with six degrees of
freedom per node. Deformations and stresses are evaluated in the Gauss points through
the constitutive laws of the materials of each finite element. Longitudinal reinforcement
it is also taken into consideration, being discretized by finite elements. The behaviour of

the transverse reinforcement is governed by constitutive laws no linear.

The solution of the non-linear equilibrium system of equations was obtained through the

application of the Newton-Raphson method [13].

Taking into account the division of the section into finite elements, the stiffness matrix is

obtained unlike what is described in section 4.1.1.

When the response of the elements of a structure becomes nonlinear, stiffness begins
depending on the state of deformation to which these elements are subject. The state of
deformation in a section of a structural element can be different at each point, which also
leads to different stress states. Since the constitutive laws of materials are non-linear, the
contribution to the stiffness matrix of each section is different. The stiffness matrix

obtained in this way is a tangent stiffness matrix.
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The relationship between the stress state and the deformation state established in Eq.
(4.12) is rewritten in incremental mode to analyse the nonlinear behaviour of material, as

in Eq. (4.67).

[Ac] = [Dr][Ag] Eq. (4.67)
where [Dr] is the tangent stiffness matrix.

The calculation of the stiffness matrix on each element is carried out using the

following procedure (Figure 40):

- Evaluation of generalized displacements {U} in the integration points of each 3D
element.

- Known generalized displacements in the nodes, calculation of deformations {&} at
the level of each Gauss point of the finite elements that discretizes the section;

- Calculation of the tangent stiffness matrix [Dr] at the level of each Gauss point of
the section, taking into account the constitutive laws of the materials;

- Calculation of the stiffness matrix of the 3D element, [Kr].

At the level of 3D element: U KY
U f
At the level of the section: £ = D,

Figure 40 - Scheme for obtaining the stiffness matrix of an element [13].

The evaluation process of the nodal forces equivalent to the stress state of the

structure is identical to the calculation of the stiffness matrix.

To calculate these internal forces in each element, the following procedure is performed

(Figure 41):

- Evaluation of generalized displacements {U} in the integration points of each 3D

element.
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- Known the generalized displacements in the nodes, calculation of deformations
{e} at the level of each Gauss point of the finite elements that discretizes the
section,;

- Calculation of the stresses {o} at the Gauss point of each section, taking into
account the constitutive laws of the intervening materials;

- Integration of tensions throughout the section to obtain efforts generalized
respondent {F};

- Calculation of the internal forces of the 3D element, {fi,;}.

At the level of 3D element: u f ©

U fl

At the level of the section: c=F

IS
U

Figure 41 — Scheme for obtaining the internal forces of an element [13].

4.2. Software for design the element

This chapter is dedicated to the presentation of the software used to simulate the
behaviour of the slab element in fiber reinforced concrete (FRC) with 3D-SRT

reinforcement subjected to the four-point bending tests.

To model the test, explained in chapter 3, the software called Docros (Design Of CROss
Section) and the program with finished elements DefDocros were used. For the design of
this model, the guidelines described in chapter 2 were followed and the data obtained

from the experimental tests described in chapter 3 were used.

The first software, Docros, uses the constitutive laws and the geometry of the section to
derive the trend of internal stresses with the increase of internal deformations. The second
one, DefDocros, takes the data concerning the section from Docros and with them, once
the geometry of the beam and the boundary conditions have been set, it provides the

displacement of each node for each increase of load.
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A main feature of the software is the possibility to perform a comparative analysis
between GFRP reinforcements and steel reinforcements of cross sections, to evaluate the

different behaviour provided by the two materials.

4.2.1. Analysis of cross-sections

An essential requirement of an analysis and design software is the development
of a versatile calculation module to perform analysis of cross-sections. In the present
section is presented the methodology adopted in Docros to conduct analysis of cross-
sections submitted to bending with or without axial force. The main purpose of this

software is to provide the section moment-curvature diagram.
The available cross-section geometry to be adopted is limited to rectangular shapes.
The input data that the software needs are the following:

- Geometry of the cross section.
- Constitutive law of the fiber reinforced concrete.

- Constitutive law of the GFRP bars.

The geometry of the cross-section considered is represented in Figure 42. The
transverse and diagonal elements have been neglected as they do not offer bending
resistance. Also the longitudinal bars in the top of the section are neglected, because the
GFRP offer tensile strength only. In fact, the reinforcement is simulated as 805 at the

bottom of the section.

)
o
(i

Ty
v

100

To . . . . . . . .
o
&N

' 390 '

Figure 42 — Simplified cross section of slab for analytic model (measure in mm).

In Table 12 is possible to see the values of the geometry property used for designing the

cross-section.

62



Table 12 - Values of the geometry property used for designing the cross-section of the slab.

Base of the cross-section B 350 mm
Height of the cross-section H 100 mm
Concrete cover c 22.5mm
Total tensile area of the reinforcement (8@5) A 157 mm?

The constitutive law and the post-cracking behaviour of the fiber reinforced

concrete are shown in Figure 43. The values necessary to model the constitutive law have

been obtained from the experimental results. In particular, the data relating to the

compression behaviour were obtained from the compression test described in chapter

3.2.1; the data relating to the post-cracking behaviour of the FRC were obtained following

the guidelines described in chapter 2.2 and the results described in the section 3.3.3.

fCG

(Notto Scale)

- Compression
K (Envelope response)

post-cracking | pre-cracking
-~ E |
C |
W Ect2 Echr l
- T | -
W | O Ecc Ecer Ec
oafet | I
L
|
| : w=g-les F
olzfet : A N e ,
| | |
U.lfcl : | ! ! hy,
|r | B }[ -
| | A ;u\
I(Envelope response) p———— W ——— fetz = fot ineareelastic block__ 3 __lineasmelasiic hlock,_
[ fot Newi-Linear
hinge

Figure 43 — Model of the constitutive law and post-cracking behaviour of FRC.

In the following tables are shown the values utilized for realize the constitutive law of
FRC. In particular in Table 13 the reference values for the compression behaviour are

shown.
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Table 13 - Values for the compression behaviour of constitutive law of FRC.
Concrete initial Young’s modulus

Concrete strain at compressive strength

Confined concrete compressive strength

Non-dimensional critical strain on the compression envelope

gCCT

34870 Mpa
2.7%o0
45.6 Mpa

2.9%o0

After the value of non-dimensional critical strain on the compression envelope,

Eccr» the law not collapse to 0, but continue linearly following the tangent at that point. In

fact, this low value is to have a very low tangential value, to decay the curve slowly. This

behaviour is justified by the fact that the reinforcement 3D-SRT creates an effect of

confinement to the concrete.

Instead, in Table 14 the reference values for the tensile and post-cracking behaviour are

instead shown.

Table 14 - Values for the tensile and post-cracking behaviour of FRC.

Strain at the end of the 1st linear portion of the multilinear tensile envelope
Stress at the end of the 1st linear portion of the multilinear tensile envelope
Strain at the end of the 2nd linear portion of the multilinear tensile envelope
Stress at the end of the 2nd linear portion of the multilinear tensile envelope
Percentage of the tensile strength, for defining the 1st post-peak point

1st post-peak point of the crack opening

Percentage of the tensile strength, for defining the 2nd post-peak point

2nd post-peak point of the crack opening

Ultimate post-peak point of the crack opening

Non-linear hinge length

Ect1
fet1

Ect2

fctz

ay

4%}
%)

Wy

0.1%o0
3,486 Mpa
0.15%0
3,87 Mpa
0.93
0.01 mm
0.69
0.92 mm
11.59 mm

46.38 mm

The constitutive law of glass fiber reinforced polymer is linear elastic, as shown

in Figure 44. The values necessary to model the constitutive law have been obtained from

the experimental results, in particular, the data relating to the tensile behaviour were

obtained from the tensile test described in chapter 3.2.2.
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Figure 44 — Model of the constitutive law of GFRP.

In the Table 15 are shown the values utilized for realize the constitutive law of GFRP.

Table 15 - Values for the behaviour of GFRP.

Tensile strength ffmax 825.03 Mpa
Elasticity modulus Ef 42520 Mpa
Rupture strain &f max 1.94 %

All output data are presented in the form of a datasheet and graphs. It’s possible
to obtain the tension field in each layer the section; it’s possible to obtain the graphics

results of the trend of curvature, moment, neutral axis and crack width.
The main output data necessary for the analysis of the element are the following:

- The graphic trend of the top layer in compression, to view the maximum
compression to which the concrete is subjected;

- The graphic trend of the GFRP bars in tension, to view their contribution within
the section.

- The moment-curvature diagram. It’s the most important, to see the maximum
bending resistance the cross-section and to use its values as input data to be

inserted in DefDocros.
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4.2.2. Analysis of the slab

In the present section is presented the methodology adopted in DefDocros to
conduct analysis of a beam submitted to differ boundary conditions. The main purpose of
this software is to provide the section load-deflection diagram to compare it with the

results obtained experimentally.
The input data that the software needs are the following:

- The moment-curvature diagram of the cross-section of the element.
- The geometry of the beam and the boundary conditions.

- The increment of load in each step.

As described in the chapter 4.2.1, the curvature moment diagram is taken from the

data obtained with Docros.

The slab is a simply supported beam as shown in Figure 45. For a greater accuracy of
the results, the beams were divided into 57 nodes and 56 elements. Each element is 10
mm long except the two elements in the middle which are 5 mm long so as to have one

node in the middle of the beam.

t 200 t 150 200 1

Figure 45 — Static scheme of the beam subjected to 4PBT.

Once geometry and boundary conditions were set, a load increase of 1 kN was

chosen for each force, therefore AF = 2 kN in total.

The procedure adopted by the finite element program for the evaluation of the

displacement of the beam in each node is the following (Figure 46) [16]:

- Update the total load applied.

- Calculate the value of the moment in each node.
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- Once the moment value is known, the tangential stiffness matrix can be obtained
using the bending moment diagram.
- Obtained the tangential stiffness matrix it is possible to find the increase of

displacement using the Eq. (4.68).

[Au] = [K;] 1 [AF] Eq. (4.68)

- Obtain the total displacement, adding the increase to the value of displacement of

the previous step.

Fi=0

—| Loop of load increments, AFY

Fi= F‘F‘l + AF9 (update the total load applied) L

| T

FTX, s
2 2

——{Loop of each element (g)

M{‘f = F‘ffz X, (calculate the moment in the center of the element)

(E”-J (tangential flexural rigidity evaluated from M
Te the M -y representative of the element)

K (Ef ')‘f (the tangential stifness matrix of the element is
—=Te Te calculated using the tangential flexural rigidity)

g a (the tangential stiffness matrix of the
K]"j{ = K-;;, structure is obtained from assembling the Mq

tangential stiffness matrix of each element) e
L—»  Endofloop

(solve the system of linear equations,
q q _ a  where ﬂg"' is the vector of the incremental
Krp Au” =AE nodal displacements and AF¥ is the vector
of the incremental nodal forces)

=y

|
u'=u’

L——>» Endofloop
N J

+Au?  (update the nodal displacements)

Figure 46 - Numerical approach to simulate the deformational behaviour of structural elements. [16]
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4.3. Numerical Simulation

4.3.1. Comparison between numerical model and experimental results

To calibrate and evaluate the performance of the developed model, the
experimental tests performed and described in this chapter were simulated. Some nodes
(numbers 11, 29 and 47) are positioned in the same place where the LVDTs are, so that
the results obtained through the numerical model could be compared with the results

obtained experimentally (Figure 22).

The results of the numerical simulation have been superimposed on the

experimental results obtained in chapter 3.

To check if the numerical model works perfectly, the top layer in compression and the
tension of the GFRP bars in the cross section were checked. The software is set to stop
when the maximum compression deformation reaches 0.007. In Figure 47 and Figure 48

is possible to see the stress field of top layer and GFRP bars, respectively.

. /
/

=
2.
=)
— -30
2
@

-40 e—

-60

-0,008 -0,007 -0,006 -0,005 -0,004 -0,003 -0,002 -0,001 0
Strain [-]

Figure 47 — Numerical simulation of top layer of cross-section (compression negative).
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Figure 48 - Numerical simulation of GFRP bars.

Figure 49 shows the moment of curvature diagram provided from the software.

10

Moment [KNm]
PN
\

0 0,00005 0,0001 0,00015 0,0002 0,00025 0,0003
Curvature [1/mm]

Figure 49 — Moment-Curvature diagram of the cross-section in the numerical model.

As described in the previous section, it is possible to obtain the load-deflection diagram.
In the following figures the results of the numerical model are shown and compared with
the results of the experimental test. Figure 50 refers to the half of the beam. While, Figure
51 and Figure 52 refer to LVDT 176621 and 19379 respectively.
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Figure 50 - Comparison of the numerical model with experimental results of the center beam.
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Figure 51 - Comparison of the numerical model with experimental results of the LVDT 176621.
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Figure 52 - Comparison of the numerical model with experimental results of the LVDT 198379.

With these simulations, it was also intended to show the dependence of the various
parameters that regulate the constitutive laws of materials, which means that their

knowledge (and correct determination) is essential to simulate behaviour.

From this numerical simulation of the experimental tests, it can be verified that the model

simulates the experimental response of the specimens quite rigorously.

In conclusion, it can be said that the model developed is a useful tool in analysis
of materials with non-linear behaviour of beam elements. Even if only tests on fiber-
reinforced concrete materials with GFRP reinforcement bars have been carried out and
constitutive laws have been introduced to simulate this type of test, the proposed model
is a versatile and generalist model. New constitutive laws can be easily introduced and
therefore simulate, for example the behaviour of concrete elements or elements with

metallic reinforcement.
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4.3.2. Comparison between GFRP and steel reinforcement

Given the reliability of the numerical model, it was possible, by changing the
constitutive law of the reinforcement, to create elements of fiber-reinforced concrete with

steel bars.

Two different quantities of steel reinforcements were compared. The first element has
approximately the same amount of tensile area, Ag, as the GFRP element described in
chapter 4.3.1; the second one has the amount of area Ay necessary to obtain the same

bending resistance as the GFRP bars.

In figure 53 the constitutive law adopted for the simulation of steel bars is shown.
As can be seen, it is an elastic-plastic law with a first linear elastic response and then with

a polyline that characterizes the plastic region.

A 7777777777
Os IrEnvelope response T‘
" :
fsu

fsh
fsy

(Cyclic model)

‘ b B ot
|

Figure 53 - Model of the constitutive law of steel.

The values used to represent the constitutive law of steel bars respect the parameters
imposed by Eurocode 2 [7]. In the Table 16 are shown the values utilized for realize the

constitutive law of steel bars.
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Table 16 - Values for the constitutive law of steel.

Elasticity modulus E; 210000 Mpa
Tangent modulus at strain hardening Esn 2500 Mpa
Yielding strain Esy 2.38 %o
Yielding stress foy 500 Mpa
Hardening strain Eh 10 %o
Hardening stress fsn 519 Mpa
Strain at tensile strength Esu 5%
Tensile strength fsu 550 Mpa

The first case concerns the use of 506, in the second one 508 are used. Table 17
compares the tensile area of the model shown in Figure 42 and the area of the steel bars

used for these models.

Table 17 — Values of tensile area used for the numerical models.

Reinforcement type Quantity Area

GFRP bars 8@5 157 mm?
First specimen with steel bars ‘ 5@6 141 mm?
Second specimen with steel bars ‘ 508 251 mm?

Analysing the steel bar models with the software, we obtain the stress-stress diagrams

shown in the figure 54.
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E_ 400 s 400
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~ 300 = 300
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& 200 & 200

100 100

0 0
0 0,005 0,01 0,015 0,02 0,025 0,03 0 0,01 0,02 0,03 0,04
Strain [-] Strain [-]

Figure 54 - Numerical simulation of steel bars: a) 506; b) 508.
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In figures 55 the moment of curvature diagram of its specimens with steel reinforcement

is shown.

14

- -—— - - -

12 s
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Curvature [1/mm]

Figure 55 - Moment-Curvature diagram of the cross-section in the numerical model with steel bars.
Therefore, it is possible to obtain the load-deflection diagram. In the following figures

the results of the numerical model are shown and compared with the results of the

experimental test and the model that represent the specimen with 3D-SRT.
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Figure 56 - Comparison of the numerical models, GFRP bars and 506 steel reinforcement, with
experimental results in the mid span of the beam.
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Figure 57 - Comparison of the numerical models, GFRP bars and 508 steel reinforcement, with
experimental results in the mid span of the beam.

From the results obtained, it can be seen that with the same quantity of tensile
reinforcement, the GFRP bars offer greater resistance.

The behaviour of the bars in GFRP show better performance during the service

limit states (SLS), guaranteeing the elastic behaviour under higher loads and

displacements compared to elements with steel reinforcement.

A problem with GFRP bars is that they have a fragile collapse, which even if they

compensate in part for the steel fibers in the concrete matrix, they require high safety

coefficients at the ultimate limit states (ULS).
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Chapter S

5. Conclusion

5.1. General Conclusion

The main goal of this study is to introduce a new generation material. A durable
product for future buildings e constructions, made with FRC material reinforced with
GFRP, in form of reinforcing bars or textile mesh for the construction of prefabricated

elements.

During the experimental process, tests were carried out on the beam elements of
fiber-reinforced concrete subject to bending. To characterize the materials were carried
out uniaxial compression tests on cylindrical samples, bending tests under three load

points with notched beams and tensile tests on GFRP bars.

The work developed was made up of an experimental component e by a numerical
modelling component in which a code was developed computational for the simulation

the behaviour of new generation material.

To simulate the non-linear behaviour of the material, a model based on the finite element
method was developed. The model allows through constitutive laws appropriate of the

intervening materials, to represent their nonlinear behaviour of the structures.

Comparing the numerical results with the results obtained experimentally, it is possible
conclude that the developed model can evaluate the answer with good approximation of

the tested beams.
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5.2. Suggestions for future research

The work conducted in this thesis can be further developed, in fact, the following

list of research topics is proposed:

- Evaluation of the bond behaviour between GFRP and FRC bars.

- Implement the analysis of shear behaviour of structures in FRC with 3D-SRT.

- Deeping in study and creation of numerical models that can evaluate the durability
and resistance to chemical attacks of GFRP bars.

- Evaluation of the structural behaviour of prefabricated column elements in FRC
with 3D-SRT

- Expansion of a 3D model, so that dynamic analysis can be performed.

- Assessment of the performance of frame type structures in FRC reinforced with
3D-SRT and steel bars with a static and dynamic analysis.

- Pushover analysis of frame type structures in FRC reinforced with 3D-SRT and

steel bars.
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