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1. INTRODUCTION

The use of fiber reinforced polymer (FRP) materials for structural repair and strengthening
has continuously increased in recent years due to several advantages of these materials. In
comparison with conventional materials like steel, FRP provides high corrosion resistance
and low dead weight although the strength and stiffness is rather high.

ATENA software in combination with GiD provides possibility to model strengthening of
different structures. ATENA-GID is a finite element based software system specifically
developed for the nonlinear analysis of reinforced concrete structures. This tutorial
contains a step by step explanation on how to model shear strengthening of a reinforced
concrete beam without shear reinforcement using the programs ATENA and GiD. The
presented approach can be however used and applied for other types of strengthening.
ATENA represents a very flexible and universal simulation system so there are several
approaches for the modeling of strengthening. Four methods are presented and discussed in
this manual. There are suitable for modeling strengthening using externally applied fiber-
reinforced polymer fabric or lamellas.

Tutorial is targeted for intermediate ATENA-GiD users who have already finished the
basic ATENA and GiD tutorial. The preparation of the model is not described in detail, as
it can be done according to the basic ATENA-GID tutorial. This document focuses only on
the modeling aspects related to the modeling of the strengthening.
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Figure 1: Application of FRP [7], [17]
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2. BRIEF OVERVIEW

This tutorial contains a step by step explanation on how to model shear strengthening of a
reinforced concrete beam without shear reinforcement using the programs ATENA and
GiD. The presented approach can be however used and applied for other types of
strengthening. ATENA represents a very flexible and universal simulation system so there
are several approaches for the modeling of strengthening. Four methods are presented and
discussed in this manual. There are suitable for modeling strengthening using externally
applied fiber-reinforced polymer fabric or lamellas.

The tutorial contains one method for FRP lamellas (see Chapter 5) and four methods for
strengthening by FRP fabric (see Chapter 6). These methods differ in the type of utilized
material model and modeling complexity. Each material model is defined by different
material parameters. This overview summarizes material parameters necessary for each
method, see Table 1 to Table 6.

Material model for 1D reinforcement is the most suitable for FRP lamellas in ATENA
program. The best method for FRP fabric is utilizing 2D membrane elements with
composite material for reinforced concrete, it capture orthotropy of the material by
smeared reinforcement and the calculation is not so time consuming as other two models
also considering orthotropy (2D shell and 3D shell elements). However, 2D modification
of model for reinforced concrete is possible only in ATENA Science. Users working with
ATENA Engineering must use the method with 3D shell elements that also works very
well, only calculation takes longer time.

Table 1 Properties of materials for strengthening

FRP laminate (fabric/epoxy resin)

Parameter FRP lamella FRP fabric Epoxy resin Laminate
Young's modulus [MPa] 165 000 238 000 4 500 28 000
Poisson’s ratio [-] - 0.2 0.35 0.3
Tensile strength [MPa] 3100 4300 30 350
Compressive strength [MPa] - - -70 -
Fracuture energy [N/m] - - 100 -
Density [kg/m’] 1 600 1 760 1310 1370
Z;‘:H“i?égf%’é‘rﬁm 0.000 045 0.000 045 0.000 045 | 0.000 045
Thickness [mm] - 0.131 1 1
Elongation at rupture [-] >0.017 >0.018 - -

Table 2 Parameters of model for FRP lamellas - material model for 1D reinforcement

Parameter FRP lamella — 1D reiforcement model
Young’s modulus [MPa] 165 000
Area [m’] 0.000 096
Tensile strength [MPa] 3100




Elongation at rupture [-]

>(.017 (0.0188 according to Hooke's law)

Density [kg/m"’]

1 600

Thermal expansion coefficient [C']

0.000 045

Table 3 Parameters of model for FRP laminate (fabric/epoxy resin) - material model for 2D plasticity material

Parameter FRP laminate — 2D plasticity material
Young’s modulus [MPa] 28 000
Poisson’s ratio [-] 0.3
Yield strength [MPa] 350
Hardening modulus [MPa] -10 000
Density [kg/m’] 1370
Thermal expansion coefficient [C™'] 0.000 045
Thickness [mm] 1

Table 4 Parameters of model for FRP laminate (fabric/epoxy resin) - material model for 2D composite material

FRP laminate — 2D composite material

Parameter FRP fabric Epoxy resin
Young's modulus [MPa] 238 000 4500
Poisson’s ratio [-] - 0.35
Tensile (yield) strength [MPa] 4300 30
Compressive strength [MPa] - -70
Fracuture energy [N/m] - 100
Density [kg/m’] 1 760 1310
Thermal expansion coefficient [C™'] 0.000 045 0.000 045
Thickness [mm] - 1
Reinforcing ratio [-] 0.131 -
Elongation at rupture [-] =001 81({%2115,18 ?s\fv(;rding o -

Table 5 Parameters of model for FRP laminate (fabric/epoxy resin) - material model for 2D shell elements

FRP laminate — 2D shell elements

Parameter FRP fabric Epoxy resin
Young's modulus [MPa] 238 000 4500
Poisson’s ratio [-] - 0.35
Tensile (yield) strength [MPa] 4300 30
Compressive strength [MPa] - -70
Fracuture energy [N/m] - 100
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Density [kg/m’] 1760 1310
Thermal expansion coefficient [C'] 0.000 045 0.000 045
Thickness [mm] - 1
Reinforcement area [mm’] 131 -

Elongation at rupture [-]

>(0.018 (0.0181 according to
Hooke's law)

Table 6 Parameters of model for FRP laminate (fabric/epoxy resin) - material model for 3D shell elements

FRP laminate — 3D shell elements

Parameter FRP fabric Epoxy resin
Young's modulus [MPa] 238 000 4 500
Poisson’s ratio [-] - 0.35
Tensile (yield) strength [MPa] 4 300 30
Compressive strength [MPa] - -70
Fracuture energy [N/m] - 100
Density [kg/m"’] 1760 1310
Thermal expansion coefficient [C'] 0.000 045 0.000 045
Thickness [mm] - 1
Reinforcement area [mm’] 131 -

Elongation at rupture [-]

>(0.018 (0.0181 according to
Hooke's law)




3. MODEL DESCRIPTION

Strengthening of reinforced concrete beam without smeared reinforcement is analyzed in
this tutorial. The geometrical and material properties of the beam correspond to the
experimental setup by Leonhard in 1962, see Figure 2. More details about the problem or
experiment can be also obtained from the original report [11] or from the program
developer or distributor. The problem is symmetric around its vertical axis; therefore, only
one symmetric half of the beam is utilized in the model.

Detailed step by step tutorial on how to create model of the beam is described in the
ATENA Science-GiD Tutorial [2]. In this document, only strengthening by FRP fabric
and lamellas is shown. The initial model for this tutorial is the same as is created in [2]
with only difference in finite element mesh which is finer now, see Figure 3. The model
consists of the concrete beam, steel supporting and loading plates and two longitudinal
reinforcement bars. The beam has structured brick mesh, steel plates are meshed with
tetrahedral elements and there is one linear element for each reinforcement bar.

The realistic simulation consists of the loading of initial model without any strengthening
and subsequent additional reinforcing by FRP. In other words, the model also utilize
construction process including these two phases. More information regarding construction
process can be found in the special tutorial [3].
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Figure 2: Geometry of the structure
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Figure 3: Model of symmetric half of the beam

Prepared model can be found in file: %Public%\Documents\ATENA
Examples\Science\GiD\Tutorial.Static3D\_Strengthening\3DBeam-
strengthening.gid. In the prepared model, boundary conditions are already specified, see
Figure 4. The plate at the bottom is supported in y and z direction, the surface at the middle
of the beam is supported in the x direction due to the symmetry and the prescribed
deformation is applied at the loading plate. Plates are connected to the beam by fixed
contact (master-slave). Displacement in the middle of the beam and reaction at the loading
plate are monitored.

Fixed contact
(Master-Slave)

Loading and monitor
for reaction

Support at the
symmetry plane

Support Fixed contact

(Master-Slave) Monitor  for

displacement

Figure 4: Boundary conditions

In the following chapters, the strengthening of the beam by FRP lamellas and fabric will be
described and compared with original model without any strengthening. The model
consists of two phases. In the first phase, the beam is loaded by prescribed deformation in
10 steps and afterwards, in the second phase, it is strengthened by FRP and loaded until
failure.



4, STRENGTHENING

As was presented in the ATENA Science-GiD Tutorial [2], the beam fails in shear. Cracks
are shown in Figure 5. Therefore, some shear reinforcement is needed to strengthen the
beam and increase its load carrying capacity. In this tutorial, fiber reinforced polymer
(FRP) is chosen for strengthening and two types, lamellas and fabric, are utilized.

nnnnnnnnn

B

Figure 5: Shear failure of beam without any strengthening

4.1 Material - Fiber Reinforced Polymer (FRP)

Fiber-reinforced polymer (FRP), also called fiber-reinforced plastic, is a composite
material made of a polymer matrix reinforced with fibers. The fibers are usually glass,
carbon, or aramid. The polymer is usually an epoxy, vinyl ester or polyester thermosetting
plastic. FRPs are commonly used in the aerospace, automotive, marine, and construction
industries.

In this tutorial, carbon FRP is applied. Parameters of this material correspond to material
produced by Sika. This company manufacture both lamellas and fabrics which are
described more in detail in the following sections.

3.1.1. FRP Lamellas

Sika CarboDur S [14] are CFRP lamellas for strengthening of concrete, timber, masonry
and steel structures. Lamellas are glued to the structure as external strengthening by epoxy
resin adhesive Sikadur -330 [15]. Recommended minimal tensile strength of concrete is
1.5 MPa. If it is not satisfied, alternative solution should be applied (lamellas or fabric).
Available types of lamellas are summarized in Table 7. Material parameters as tensile
strength and Young's modulus are in Table 8.

Table 7 Types of Sika CarboDur S [14]

Type Width [mm] | Thickness [mm] Cross-sectional area [mmz]
Sika CarboDur S1.525 15 2.5 37.5

Sika CarboDur S2.025 20 2.5 50

Sika CarboDur S512 50 1.2 60

ATENA Science - Strengthening Tutorial 7



Sika CarboDur S613 60 1.3 78
Sika CarboDur S614 60 1.4 84
Sika CarboDur S812 80 1.2 96
Sika CarboDur S814 80 1.4 112
Sika CarboDur S912 90 1.2 108
Sika CarboDur S914 90 1.4 126
Sika CarboDur S1012 100 1.2 120
Sika CarboDur S1014 100 1.4 140
Sika CarboDur S1212 120 1.3 156
Sika CarboDur S1214 120 1.4 168
Sika CarboDur S1512 150 1.2 180

Table 8 Material parameters of Sika CarboDur S [14]

Material parameter Mean value
Young's modulus [MPa] 165 000
Tensile strength [MPa] 3100
Strain at fracture — min. value [-] 0.017
Density [kg/m’] 1 600

3.1.2. FRP Fabric

The second material used in this tutorial for strengthening of concrete beam is SikaWrap -
230 C/45. 1t 1s fabric made of carbon fibers. Sikadur -330 is applied as an impregnation
resin. At first, resin is applied to the prepared substrate using a trowel, roller or brush.
Afterwards, SikaWrap fabric is placed in the required direction onto the Sikadur -330. The
fabric should be carefully worked into the resin until the resin is squeezed out between and
through the fiber strands and distributed evenly over the whole fabric surface. Material
parameters of the dry fabric and laminate (fabric and resin together) are summarized in
Table 9.

Table 9 Material parameters of SikaWrap -230 (/45 [16]

Material parameter Mean value

Young's modulus of dry fabric [MPa] 238 000
Tensile strength of dry fabric [MPa] 4300
Strain at fracture of dry fabric [-] 0.018
Thickness of dry fabric [mm] 0.131
Fabric density [g/cm’] 1.76
Young's modulus of laminate [MPa] 28 000
Load for layer of laminate [kN/m] 350
Thickness of laminate [mm] 1.0




3.1.3. Epoxy Impregnation Resin

Epoxy impregnation resin Sikadur -330 is used for application of SikaWrap. For the model
in ATENA, it is necessary to know also its parameters, they are summarized in Table 10.

Table 10 Material parameters of Sikadur -330[15]

Material parameter Mean value
Young's modulus [MPa] 3800
Tensile strength [MPa] 30
Strain at fracture [-] 0.009

ATENA Science - Strengthening Tutorial 9



5. STRENGTHENING BY FRP LAMELLAS

This chapter contains a step by step explanation how to define strengthening by FRP
lamellas in the model created in ATENA-GiD software.

Model is prepared in the file: %Public%\Documents\ATENA
Examples\Science\GiD\Tutorial.Static3D\_Strengthening\3DBeam-
strengthening.gid that can be opened by selecting Files | Open in GiD. User must have
installed programs GiD and ATENA to start nonlinear analysis using the ATENA-GiD
system. If you do not have installed the above mentioned programs yet, you can install
them following the instructions from the ATENA-GiD manual [4].

At first, user has to decide location of FRP lamellas and then define their geometry in GiD.
As lamellas are more line strengthening elements than planar, they are modelled as 1D
reinforcement elements. Afterwards, material corresponding to FRP must be created,
assigned to the lamellas and finally the time when lamellas are activated should be
determined. Lamellas activation is defined in the material model.

5.1 Geometry of FRP Lamellas

Due to the shear failure of beam, see Figure 5, strengthening should be applied in the
vertical direction in the area between top loading plate and bottom supporting plate to
supply missing stirrups. As the FRP lamellas are modelled as a reinforcement bars, it is
sufficient to define just lines in the location where we want to use these lamellas. Three
vertical FRP lamellas are used on the each side of the beam, see Figure 6.

d

= [0.505; 0.005; 0.0025]

Y
1:—* X
Figure 6: Dimensions of FRP lamellas

At first, one point defining the reinforcement line must be entered to the model. It is
possible to do it by coordinates of the point. Click on Geometry/Create/Point and put
coordinated of the first point into the command line. We insert point marked at the Figure
6 and its coordinates are [0.505; 0.005; 0.0025]. In spite of fact that FRP lamellas are glued
at the surface of the beam, they must be inside the beam in the model due to the connection
between lamellas (modelled as a reinforcement bar) and concrete volume finite elements.

10
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Figure 7: Definition of the point

Afterwards, the rest of geometry can be defined just by copying the first point according to
the dimensions in Figure 6 and there is no need to insert other points. When the definition
of the first point is completed, it can be translated vertically by 0.315 m together with
extrusion to the line, see Figure 8.
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Figure 8: Creation of the first FRP lamella by extruding point to line

Created line is then copied in the y-direction by 0.18 m without any extrusion, see Figure
9. Finally, two created lines are copied in the x-direction by 0.2 m and multiple copy
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should be set to 2, see Figure 10. Model after definition of the lamellas geometry is shown
in Figure 11.
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Figure 9: Copying of the line in y-direction by 0.18 m
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Figure 11: Model with FRP lamellas

5.2 Material Model for FRP Lamellas

Material model is created according to the parameters of FRP lamellas Sika CarboDur S

summarized in Table 8. User has to choose material for 1D reinforcement B and define

.
LE
Pre

new one that can be called Sika CarboDur S812 because this type is chosen from Table 7.

Young’'s modulus, area, yield strength, failure parameters and density are based on values
from the chapter 3.1.1. Connection between beam and FRP lamellas is modelled by bond
with none fixed end. Default values for bond strength and function for bond slip are used.
Bar perimeter corresponds to CarboDur S812 [14].

Material parameters of FRP lamellas are summarized in the Figure 12 to Figure 16.

After definition of material model, this model should be assigned to six FRP lamellas
created in the previous chapter by selecting Assign/Lines in the material model definition.

ATENA Science - Strengthening Tutorial
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Figure 13: Material model of Sika CarboDur $812- reinforcement function
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Figure 15: Material model of Sika CarboDur $812- element geometry
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1D Reinforcement

Sika CarboDur 5812 v S K e B
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Figure 16: Material model of Sika CarboDur $812- bond parameters

5.3 Lamellas Activation

In the prepared model, there are two intervals, user can find them by clicking on icon 2.,
The first interval is multiplied 10 times and contains 10 steps. The second interval is
multiplied by 200 and contains 50 steps. Calculation is divided into two parts due to the
strengthening. According to the real structures, where strengthening is applied to the
surface after some service time when structure struggles with problems, there is just
concrete beam with two longitudinal reinforcement bars in the first interval which is in the
second interval strengthened by FRP lamellas.

Application of FRP lamellas in the interval no. 2 can be defined in the material model. On
the tab Element geometry, there is parameter called ‘Application from Interval’ where user
can choose from which interval the reinforcement will be applied. In this case, user has to
insert interval no. 2, see Figure 17.
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Figure 17: Definition of activation of FRP lamellas in the interval no. 2

5.4 Calculation

After the definition of the FRP lamellas, user must regenerate finite element mesh to assign
material described in the previous subsection to the mesh. It should be done by
Mesh | Generate mesh. For the FRP lamellas, one finite element per one lamella is
sufficient. It can be set by Mesh | Structured | Lines | Assign number of cells. The number
of cells should be 1 and it must be assigned to FRP lamellas. After generation, the tab with
mesh information appears and it is possible to control number of finite elements in this tab,
see Figure 18. There are 8 linear elements that correspond to reinforcement bars. This
number is right because we have two longitudinal bars and six FRP lamellas in the model.

Mesh generated.

Num. of Linear elements=8

Num., of Tetrahedra elements=435
“ MNum. of Hexahedra elements=600

Num. of nodes=1073

MNum nodes Meshing evolution

Figure 18: Mesh information
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Finally, the model is ready to start calculation by pressing button .

Final model can be found in the file: %Public%\Documents\ATENA
Examples\Science\GiD\Tutorial.Static3D\_Strengthening\3DBeam-strengthening-

A-6 lamellas.gid.
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Figure 19: Running calculation
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5.5 Results

When the calculation is complete, load-displacement diagram can be compared with the
model without any strengthening. Procedure how to obtain load-displacement diagram
from calculation in ATENA Studio is described in the basic tutorial [2]. Comparison of
diagrams is shown in Figure 20. Strengthening by 6 FRP bars increases load-bearing
capacity by 5.8 %. Failure of the beam is not brittle as in previous calculation, ductility of
the beam is higher now.

Failure of the unstrengthened model is due to the shear diagonal crack, see Figure 21 (left).
Failure of the model with FRP bars is also caused by shear but two diagonal cracks are
formed here in the areas between FRP lamellas, see Figure 21 (right). The width of the
cracks in the strengthened model is half compared with the original model.

As increase of the load-bearing capacity is not so high in this case, the beam should be
strengthened by more FRP lamellas or lamellas with higher cross-sectional area. As an
example, results of the beam strengthened by 8 FRP bars (distance between each other is
150 mm) are added to the diagram in Figure 22. Capacity increases now by 13.7 %.

Presented results are in chapter 7 compared with other types of strengthening.
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Figure 20: Load-displacement diagrams
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Figure 21: (left) Failure of unstrengthened beam; (right) failure of beam strengthened by 6 FRP lamellas
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Figure 22: Comparison of results of heam with no FRP lamellas, 6 and 8 FRP lamellas
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6. STRENGTHENING BY FRP FABRIC

This chapter contains a step by step explanation how to define strengthening by FRP fabric
in the model created in ATENA-GID software.

Model is prepared in the file: %Public%\Documents\ATENA
Examples\Science\GiD\Tutorial.Static3D\_Strengthening\3DBeam-
strengthening.gid.

The basic process is the same as for FRP lamellas. At first, user has to decide location of
FRP fabric and then define their geometry in GiD. Afterwards, material corresponding to
FRP must be created, assigned to the fabric and finally the time when fabric is activated
should be determined. The difference is between activation of FRP lamellas and fabric.
Unlike the lamellas, fabric are activated in the interval definition, not in the material
model.

One of the most important things that user should learn during these tutorial is how to
create contact (interface) elements between two parts of the structure with non-compatible
mesh. As we need to connect the FRP fabric with the beam somehow, issue with interface
elements occurs here and it is described in the chapter 6.1.

6.1 Geometry of FRP Fabric

FRP fabric can be cut with special scissors or razor knife to any dimension. For our model,
the fabric is used in U-shape to wrap critical section of the beam. Position of the FRP
fabric is shown in Figure 23. The fabric is modelled as 2D surface. As the first point,
[0.405; 0; 0] can be entered. Afterwards, it is necessary to make a line as for the FRP
lamellas in the previous chapter. Finally, surface is created by command Copy and
choosing line with the extrusion to the surface. One surface is in the vertical direction and
second in the horizontal direction. The third part of the U-cross section is created again by

copying.

[0.405; 0; 0]

k.. 06m 105 m

Figure 23: Position of FRP fabric

At this stage, geometry of the FRP fabric is already finished. Now, it is necessary to model
epoxy resin, connection between fabric and beam. It is done by interface elements.
Surfaces of the beam and FRP fabric do not have the same geometry, so finite element
mesh is not compatible. In this case, user has to create one auxiliary surface that serves to
create the interface and also to connect interface with the beam. In our model, we can copy
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the surface of the FRP fabric with zero distance, see Figure 25, to obtain two same
surfaces. To distinguish these surfaces, it is useful to create special layer and call it e.g.
“Wrap Interface”, see Figure 24. Before duplication of FRP fabric surface, this new layer
is chosen and after the copying, new surfaces are automatically assign to the layer “Wrap
Interface”. Afterwards, it is easy to distinguish between FRP surface and auxiliary surface
for interface.

Layers and groups n
Double click here to integrate the window
Layers | Groups
B EABYT
Name C /0 KU Tr B
o bars v o B
> beam ¢ o B
plates ¢ oo B
’ SikaWrap . e & B
Wrap Interface B ¢ o B
Close
Figure 24: Layers in the model
Copy
Layers and groups n
Double click here to integrate the window Entities type:  Surfaces b
Layers Groups Transformation:  Translation
QEK @F‘)%? First pUi.ﬂt
Name C VO HUC Tr B
~ bars " Num: x (0.0
, beam ? & B y: 0.0
’ plates v o B e« |z |00
’ SikaWrap . d o B
v AT Second point
Num: x (0.0
y: |00
a [z (00
[] Collapse
Do extrude:  No v
[[] Create contacts
[[] Maintain layers
Multiple copies: |1

Select Cancel

Figure 25: Settings for copying of surfaces — layer “Wrap Interface” is activated, dimension for copying is 0 m

Before creation of special element for interface, principle of this method is explained.
Interface element can be created at the area with the compatible mesh. It is the reason why
we duplicate surface of FRP fabric. Afterwards, duplicated surface of FRP is connected by
Master-Slave fixed contact to the beam to obtain surface with compatible mesh on the
beam. Finally, the interface element is created between the surfaces of FRP fabric and
duplicated one. The interface is in fact volume with zero thickness. Described principle is
shown in the Figure 27.
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Fixed contact is created
between concrete beam
and auxiliary surface

Interface volume is created
between FRP fabric and
auxiliary surface

L:y " FRP fabric Auxiliary surface Concrete beam

Figure 26: Principle of interface in the area with incompatible mesh

If the mesh 1s compatible between two surfaces (surfaces has the same geometry), interface
element can be created by selecting Geometry | Create | Contact | Volume. If layer
“Wrap Interface” is active at this time, the interface volume is created in this layer after
choosing two duplicated surfaces (surface of the FRP fabric and auxiliary surface in the
layer “Wrap Interface”). User has to create interface gradually for each pair of surfaces, it
does not work when all six surfaces are chosen together.

Finally, Master-Slave condition must be assigned between auxiliary surface and beam

surface. Is can be done by clicking icon for conditions #* #f and choosing Fixed Contact for
Surface, see Figure 27. Master is the surface with coarser mesh (beam surface) and slave
corresponds to finer mesh (auxiliary surface in the layer “Wrap Interface”), see Figure 28.
Contact at the side of the beam can be called “Contact” but it is necessary to be careful
with the contact at the bottom of the beam because there is already contact between beam
and supporting plate, see Figure 28. Therefore, slave contact at the bottom auxiliary
surface must be called also “Bottom” in accordance with the master contact.
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Fixed Contact for Surface ] ﬂ

The option Master Slave Distance Manual from the Global Options tab of the Problem Data dialog

can override the global Master Slave Distance value (alse defined in Problemn Data, 3.5).

This can be useful when modelling a periodic beundary condition or blocking retation of a leading plate
(or similar) by binding one or more degrees of freedem of two distant points.

Type of Cond Master

You can have multiple

IMaster-5lave connections,

identified by different names. Only ||
Master and Slave cenditions of the
same name are connected

together.

['] Do not connect selected DoFs
[] Use current coordinates

Assign | Entities

[ Master Bottom 111 0.0
[ ] Master Contact 1100
Bl vastertopmoo
B siave Bottom M 00
] siave contactm 0 0

[ ] Slavetopmoao
Figure 28: Fixed (Master-Slave) contacts in the model

6.2 Modeling of FRP Fabric

Material model is created according to the parameters of FRP fabric SikaWrap -230 C/45
summarized in Table 9. To compare different approaches how to model strengthening by
wraps, different types of material models are utilized. In this tutorial, four ways how to
model strengthening by FRP fabric are presented:

e 2D membrane elements with plasticity material,

¢ 2D membrane elements with composite material,
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e 2D shell elements,
e 3D shell elements.

All material models represent laminate, i.e. FRP fabric together with epoxy resin. Those
material models are connected with the beam by interface elements.

The first material model for steel contains just one “layer” where are properties of FRP and
epoxy resin mixed together. It is advantage of this model because user does not have to
search for parameters of epoxy resin that are usually hard to find. Disadvantage of this
model is that it cannot capture orthotropic behavior as it is introduced in other three
models. Behavior of the material model is the same for all directions which is not true in
the case of SikaWrap -230 C/45 that has fibers only in one direction. On the contrary, the
definition of the other three models is little bit more difficult (due to the epoxy resin and
overall larger number of parameters) but the orthotropic behavior is considered there by
smeared reinforcement that can be defined just in one direction (e.g. FRP fibers in this
case). Detailed description of each model can be found in the following chapters.

6.2.1. 2D Membrane Elements with Plasticity Material

In this approach the FRP laminate is modeled using the Von Mises plasticity model. Von
Mises yield criterion says that the yielding of materials begins when the second invariant
of stress deviator tensor J, reaches a critical value [1]. This theory is applicable best to
ductile materials, such as metals. Prior to yield, material response is assumed to be elastic.

In the model, the definition of Von Mises Steel consists of basic parameters such as
Young’s modulus, Poisson’s ratio, yield strength, hardening modulus and miscellaneous
parameters as density and thermal expansion coefficient, see Figure 29 and Figure 30.
Values correspond to the laminate parameters summarized in Table 9. Hardening modulus
is negative because we do expect softening after reaching yield strength. Poisson’s ratio is
0.3 which should be optimal for epoxy resin/FRP fiber laminate according to the [8].

In the tab with element geometry (Figure 31), it is necessary to specify plane stress
idealization because we model fabric as 2D elements. Thickness should correspond to the
thickness of laminate and it is I mm according to material list of SikaWrap -230 C/45.

SOLID Steel = |
SikaWrap -230 C/45 v B0 K| E A2 a
Basic | Miscellaneous | Element Geometry
Material Prototype  CC3DBilinearSteelVonMises A
Young s Modulus-E| 28000 tPa
Poisson s Ratio-MU 0.3
Vield Strength V5| 350 tPa
Hardening Modulus-HM -10000 MPa

[[] Activate Cyclic Params

Assign Draw Unassign Exchange

Close

Figure 29: Von Mises plasticity model of laminate — basic parameters
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SikaWrap -230 C/43
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Fo/K= v e

Basic Miscellaneous | Element Geometry |

kton

Rho-Density 0.00785 2
m
Thermal Expansion-Alpha | 0.000012 C-‘I

Assign Draw Unassign Exchange

Figure 30: Von Mises plasticity model of laminate — miscellaneous parameters

s | 0K =) v |8

Basic ] Miscellaneous ~ Element Geometry l

Geometrical Non-Linearity LINEAR -
Idealisation PLAMESTRESS +
Define Local X Direction Autematic -

Element Thickness m

|:| Mon-Cuadratic Element

Assign Draw Unassign Exchange

Figure 31: Von Mises plasticity model of laminate — element geometry

Together with definition of the real SikaWrap material model, the soft version that is used
in the calculation before gluing of fabric to the beam must be defined. It can be called
SikaWrap Soft and all the parameters except Young’s modulus remain the same. Young's
modulus is divided by 10000 to not contribute to the beam stiffness, see Figure 32.
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SOLID Steel B
SikaWrap Soft

Basic | Miscellaneous | Element Geometry

Material Prototype CC3DBiLinearSteelVonMises -
Young s Modulus-E| 2.8 WFa
Poisson s Ratie-MU|0.3
Yield Strength ¥5| 350 WFa
Hardening Modulus-HM|-10000 WFa

[] Activate Cyclic Params

Assign Draw Unassign Exchange

Cloze

Figure 32: Von Mises plasticity model of soft laminate — basic parameters

Finally, material “SikaWrap Soft” is assigned to the surface belonging to FRP fabric. The
definition of construction process where soft material is replaced by FRP is described in
the chapter 6.4.

6.2.2. 2D Membrane Elements with Composite Material

The second option uses membrane elements with a composite material, which is normally
used to simulate brittle materials such as concrete with internal smeared reinforcement.
This material name is Reinforced Concrete material model and it allows to combine a
brittle material with internal reinforcement. This is exactly the situation in the FRP
laminate, which consists of a brittle epoxy raisin and a carbon fiber reinforcing net.
Reinforcement is considered as smeared, it is not necessary to put its exact position to the
model and only average effect of reinforcement is taken into account. For the purpose of
strengthening, concrete part of the model serves as epoxy resin (matrix) and FRP is
modeled as a smeared reinforcement. By smeared reinforcement specified only in one
direction, orthotropy is included in the model and its behavior should better correspond to
the real FRP then isotropic model for 2D plasticity material.

On the contrary to the previous model for 2D plasticity material, this model requires more
parameters as an input, mainly for epoxy resin:

e Parameters of epoxy resin (concrete matrix):

Young’s modulus, Poisson’s ratio, Tensile strength, Compressive strength, Fracture
energy, Compressive plastic strain, Critical compressive displacement, etc.

e Parameters of FRP (reinforcement):
Young’s modulus, Reinforcing ratio, Direction of reinforcement, Yield strength

Some properties of epoxy resin can be found in the product data sheet of Sikadur -330 [15]
and some other in literature, e.g. compressive strength in [13] and fracture energy in [9].
Other parameters that are hard to find are used in their default values.

New material should be created by using menu item Data | Materials | Solid Concrete
and selecting Reinforced Concrete. New material that is used for FRP fabric is created by

pressing the button O . Name of the material is “SikaWrap -230 C/45” according to the
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name of the real material. In the first tab with material definition, user can choose number
of smeared reinforcement that are activated. In our case, it is just one smeared
reinforcement because utilized FRP fabric has fibers only in one direction, see Figure 34
(left). FRP fabric should supply stirrups and it should be placed in the vertical direction on
the beam sides. Due to the application of stirrups that goes around the beam, see Figure 34
(right), fibers are in different direction in the bottom part of the beam. Therefore, material
model must be divided to the vertical and horizontal because there is difference in the
direction of smeared reinforcement. Other parameters remain the same. The material name
is changed to “SikaWrap -230 C/45 vertical” and after parameters definition, material is
copied and “SikaWrap -230 C/45 horizontal” is created.

SOLID Concrete B
SikaWrap -230 C/45 vertical v B O K| N2 3

Basic ] Concrete ]Tensile ] Compressive ] Miscellaneous ] Smeared Reinf 01 ] Element Geometry ]

Material Prototype  CCCombinedMaterial -
| Activate Concrete

Activate Smeared Reinf 01

[] Activate Smeared Reinf 02

[] Activate Smeared Reinf 03

[] Activate Smeared Reinf 04

[] Activate Smeared Reinf 03

[] Activate Smeared Reinf 06

Assign Draw Unassign Exchange

Close

Figure 33: Reinforced concrete material model - basic parameters

SikaWrap®
Composite Fabric System

Figure 34: (left) SikaWrap fabric [16]; (right) Strengthening by SikaWrap [17]

Parameters are shown in the Figure 33 to Figure 40.

Poisson’s ratio of epoxy resin is 0.35 according to [12]. Compressive strength of epoxy
resin should be higher than 70 MPa based on [13]. Value 70 MPa is used in the model.
Fracture energy is 100 N/m according to [9].

The rest of parameters that are not mentioned in the Table 9 or in the paragraph above have
default values.
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SOLID Concrete

SikaWrap -230 C/45 vertical v & (/\ ﬁ = A?

Basic Concrete | Tensile | Compressive | Miscellaneous | Smeared Reinf 01 | Element Geometry

Base Material Prototype  CC3DMonLinCementitious: ¥  eeapMNonLinCementitious2

Young s Modulus-E| 4500 bFa
Poisson s Ratio-MU|0.35
Tension Strength-FT |30 hPa
Compresion Strength-FC|-70 hPa
Assign Draw Unassign Exchange

Close

Figure 35: Composite material model — parameters of concrete part

SOLID Concrete

SikaWrap -230 C/45 vertical v % O ﬂ Cal A2

| Basic | Concrete Tensile Compressive | Miscellaneous | Smeared Reinf 01 EIementGeometr}t'

[] Activate Crack Spacing
[[] Activate Tension Stiffening
Activate Aggregate Interlock
Agg Size|0.02 m
[] Activate Shear Factor
[[] Activate Unloading factor

3=

Fracture Energy-GF 100

Fixed Crack|1.0

Assign Draw Unassign Exchange

Cloze

Figure 36: Composite material model - tensile parameters




SOLID Concrete n
SikaWrap -230 C/45 vertical v| @ (} ﬁ = x? &
Basic | Concrete | Tensile Compressive | Miscellaneous | Smeared Reinf 01 | Element Geometry

Plastic Strain-EPS CP |-0.0008411 cC3DNonLinCementitious2

Onset of Crushing-FCD -63 MPa
Critical Comp Disp-WD | -0.0005 m
Fc Reduction 0.8
Assign Draw Unassign Exchange

Close

Figure 37: Composite material model — compressive parameters

SOLID Concrete B
SikaWrap -230 C/45 vertical vi® O K= N2 a)

Basic | Concrete | Tensile | Compressive Miscellaneous | Smeared Reinf 01 | Element Geometry

] k_g CC3DNonLinCementitious2
Rho-Density 1310 3

m
Thermal Expansion-Alpha | 0.000045 0-1
Excentricity-EXC|0.52
Dir of pl Flow-BETA 0.0
Assign Draw Unassign Exchange

Close

Figure 38: Composite material model — miscellaneous parameters

Parameters of reinforcement, i.e. FRP fibers, are in Figure 39. For strengthening in the
vertical direction at the side of the beam, fibers orientation should be in global z-axis.
However, fabric is modelled only as 2D element that has x-y coordinate system. The
orientation of system is defined in the tab Element Geometry, see Figure 40, and the x-axis
of 2D material is identical with global x-axis. Therefore, the global z-axis corresponds to
the y-axis of fabric and the unit vector defining direction of the fibers is then (0; 1; 0). The
same vector is used for the definition of fibers at the bottom of the beam because fibers go
in the y-axis direction again.

Reinforcing ratio means cross-sectional area ratio with respect to the base material. In our
case, base material is epoxy resin with thickness 1 mm and FRP fibers are reinforcement

with thickness 0.131 mm. Ratio is calculated by division of these two values and it is
0.131.
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SikaWrap -230 C/45 vertical v| % H 0 HXHH

Basic ] Concrete ]Ter\sile ] Compressi ] Miscell Smeared Reinf 01 l Elernent Geometry ]

Reinf 01 Material Prototype CCSmearedReinf

Reinf 01 Young s Modulus-E 238000 | MPa
Reinf 01 Reinfercing R.ATIO_
P 0131

Reinf 01 Dir X of the smeared reinf | 0
Reinf 01 Dir ¥ of the smeared reirf | 1
Reinf 01 Dir Z of the smeared reinf |0

Reinf 01 Yield Strength 'S 4300

Reinf 01 Number of Multilinear
values

The last eps value defines the
breaking strain for the
reinforcement bar, Program
automatically adds one more
stress/strain point representing the

bar rupture.
Reinf 01 eps2/0.0181 |
RenfO1Rl0 | MPa Direction of

kg smeared
Reinf 01 Rho-Density 1760 | —3
m

reinforcement
Reinf 01 Thermal Expansion-Alpha 0000045 | C

Reinf 01 Active in Compresion

2

Assign Draw

Figure 39: Composite material model — parameters of smeared reinforcement

For 2D element geometry that is specified in tab Element Geometry, see Figure 40, it is
useful to define the local x-axis direction by vector to know exactly the local system. In
our case, local x-axis is the same with the global x-axis, so the vector is (1; 0; 0).

SikaWrap -230 C/45 vertical | @‘ e HX” r? | 2

Basic | Concrete | Tensile | Compressive | Miscell | Smeared Reinf 01 Element Geometry |

Geometrical Mon-Linearity LINEAR -
Idealisation PLANE STRESS ~
Define Local X Direction By Vector -
Vix|1.0
Viy|0.0
Viz|0.0

Element Thicknss il

[] Mon-Quadratic Elernent

Assign Draw

Figure 40: Composite material model - element geometry

In the same way as for the previous material, soft material must be assigned to the surface
before FRP application. To avoid any nonlinearities, elastic material is utilized. Two
elastic models are defined, first one for vertical part of FRP and second for horizontal.
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Both models have the same parameters, they differ only in name. The name cannot be the
same because we need to change one material for the “SikaWrap -230 C/45 vertical” and
second for “SikaWrap -230 C/45 horizontal.” Young’s modulus is 10000 times lower than
laminate modulus, i.e. 2.8 MPa.

SOLID Elastic B

SikaWrap elastic vertical v @ O ﬁ =l we | &

Basic | Miscellaneous | Element Geometry
Material Prototype CC3DElastlsotropic
Young s Modulus-E|2.8 hdFa

Poisson s Ratio-MU | 0.35

Assign Draw Unassign Exchange

Close

Figure 41: Elastic material model for soft material — basic parameters

Finally, material “SikaWrap elastic vertical/horizontal” is assigned to the
vertical/horizontal surface belonging to FRP fabric.

To conclude this chapter, parameters of carbon fibers, epoxy resin and laminate are
compared in the Table 11. For parameters that are found in literature, reference number is
given, parameters without reference are taken from product data sheet. Base material
model for SikaWrap corresponds to epoxy resin and smeared reinforcement to carbon
fibers. Parameters of laminate were utilized in the chapter 1 for model of 2D steel.

Table 11 Material parameters of SikaWrap

Parameter Carbon fibers Epoxy resin Laminate
Young's modulus [MPa] 238000 4500 28000
Poisson’s ratio [-] 0.2 0.35[12] 0.3 [8]
Tensile strength [MPa] 4300 30 350
Compressive strength [MPa] - -70 [13] -
Fracuture energy [N/m] - 100 [9] -
Density [kg/m’] 1760 1310 1370
Thermal expansion coefficient [C'] 0.000045 0.000045 0.000045
Thickness [mm] 0.131 1 1
Elongation at rupture [-] 0.018 - -
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6.2.3. 2D Shell Elements

This approach is very similar to the method described in Section 6.2.2, but the laminate is
modeled by 2D shell elements, which enables the consideration of the laminate bending
stiffness. The epoxy resin is modeled by the fracture-plastic —material
CC3DNonLinCementitious2 (concrete material) as the basic shell material and the carbon
fibers are included as special reinforcement layers. The orthotropic nature of the laminate
can be considered in this approach.

Basic geometry is the same as for 2D reinforced concrete, only material parameters differ
as it will be shown in this chapter. Another difference is in finite element mesh that needs
to be quadratic for shell elements. Therefore, the quadratic mesh is set for the whole model
by Mesh | Quadratic type | Quadratic. Linear mesh is then assigned back to the non-
quadratic parts (beam and plates) in the material model definition. In the tab Element
Geometry, option for Non-quadratic Element must be selected, see Figure 42.

SOLID Concrete n

Beam " @ O ﬁ EC 2 @

EC2 ] Basic ]Tensile l Compressive l Miscellaneous ~ Element Geometry l

Geometrical Non-Linearity LINEAR -
Idealisation 3D A

Meon-Quadratic Element

Assign Draw Unassign Exchange

Close

Figure 42: Definition of non-quadratic element

Preparation of shell material model starts by clicking icon ;! and consists of base
material model that is afterwards used in the layers together with smeared reinforcement.
The material model has two modifications, for horizontal and vertical direction. New

material model is created by icon G and the name can be “SikaWrap 2Dshell
horizontal”. One smeared reinforcement is activated in the first tab, see Figure 43.

SHELL Concrete-Steel [ x|
SikaWrap 2Dshell horizontal v @ O K = n2 &)

Basic l Local Coordinate System ] Base ] Reinforcement 01 ] Element Geometry ]

Material Prototype CCShellMaterial
| Activate Base

Activate Reinforcement 01

[] Activate Reinforcement 02

[] Activate Reinforcement 03

[] Activate Reinforcement 04

Assign Draw Unassign Exchange

Close

Figure 43: Material model for 2D shell elements - basic parameters
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The second tab is dedicated to the definition of local coordinate system. For the shell
element, the local axis z must correspond to the shell normal direction and other two axis
lie in the shell plane. In the case of horizontal FRP fabric, the local axis z is identical with
the global z-axis. The direction of local x-axis is defined in the accordance with the global
x-axis. Definition is made by unit vectors shown in Figure 44.

SHELL Concrete-Steel B

SikaWrap 2Dshell horizontal v @ O ﬁ =- 2 @
Basic Local Coordinate System | Base | Reinforcement 01 | Element Geometry

Define Local Axis Z
V3x| 0.
Vay|0.
V3z|1.
Define Local Axis X By Vector -
Vx| 1.0
Viy|0.0
Viz|0.0

Assign Draw Unassign Exchange

Close

Figure 44: Material model for 2D shell elements - local coordinate system

The third tab defines number of layers, reference thickness and base material for shell
element, see Figure 45. Recommended number of layers is 4 and it is also utilized in this
model. FRP laminate has uniform thickness 1 mm and “SikaWrap Base” is used as a base
material.  Base  material  corresponds to  the model for  concrete
(3D NonlinearCementitious 2) and its parameters are given in Table 11 in column “Epoxy
resin”.

SHELL Concrete-Steel [« |

SikaWrap 2Dshell horizontal v @ C) ﬁ = nZ @

Basic | Local Coordinate System  Base | Reinforcement 01 | Element Geometry

Crossection Layers Layer Count  ~
Layers 4
| Activate Ref Thick
Solid Ref Thick 0.001 m

Use Base Material SikaWrap Base -
Read me Right_click_for_help!

Assign Draw Unassign Exchange

Close

Figure 45: Material model for 2D shell elements — parameters of base

Input of FRP (reinforcement) parameters is shown in Figure 46. As a contrary to the
reinforcement definition in reinforced concrete model, it is necessary to specify location
and distance from the surface while other parameters are the same. The location of the
reinforcement is important for example for slabs where we need to differ between
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reinforcement at the top and bottom surface. In this model, reinforcement is in the middle

of the epoxy resin, so the location can be either top or bottom and the distance is 0.5 mm
which is in the middle of 1 mm-thick epoxy resin.

The last tab contains element geometry, and element type is specified here. For 2D

approximation of FRP fabric, element CCIsoShellQuad is utilized and the thickness is
1 mm, see Figure 47.

sttt || O]K[=)

Basic ] Local Coordinate System ] Base Reinforcement 01 l Element Geometry l

Reinf 01 Material Prototype CCSmearedReinf
Reinf 01 Layers 1
Reinf 01 Localization Top
[] Reinf 01 Calculator

Reinf 01 Reinforcement Distance

m
Frem Surface 00005

Reinf 01 Area131 | mm®
Reinf 01 Young s Modulus-E 238000 | MPa.

Reinf 01 Dir X of the smeared reinf| 0
Reinf 01 Dir Y of the smeared reinf| 1
Reinf 01 Dir Z of the smeared reinf 0
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Figure 46: Material model for 2D shell elements — parameters of reinforcement
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SikaWrap 2Dshell horizontal
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Thickness Eqn | 0.001
[] Allow Shell Deformation in Z
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Initial Strain Application DEFAULT PROCESSING
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Figure 47: Material model for 2D shell elements — element geometry

After completing of shell in horizontal direction, the vertical SikaWrap is defined. The
difference is in local coordinate system where local z-axis corresponds to global y-axis, see

Figure 48.

SikaWrap 2Dshell vertical

Define Local Axis Z
V3x |0,
Viy[1
V3z|0
Define Local Axis X By Vector hd
Vx| 1.0
Viy|0.0
Viz|0.0

SHELL Concrete-Steel

v B O|K(E e B

Basic Local Coordinate System | Base | Reinforcement 01

Element Geometry

Assign Draw

Unassign

Exchange

Close

Figure 48: Material model for 2D shell elements — local coordinate system for vertical SikaWrap

Described material model for 2D shell elements is activated in the second interval. Some
elastic soft material must be assigned to the surface for the first interval. To preserve the

same type of element, it must be also model for 2D shell elements but elastic material with
very low Young's modulus (2.8 MPa) is utilized as a base material and there is no smeared

reinforcement.
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SHELL Concrete-Steel [ |
SikaWrap 2Dshell Soft horiz v @ @ ﬁ =D N2 @

Basic | Local Coordinate System  Base ] Element Geometry ]

Crossection Layers Layer Count =
Layers|4 Soft elastic material
v| Activate Ref Thick with modulus 2.8 MPa

Solid Ref Thick|0.001
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Read me Right_click_for_help!

Use Base Materiall

Assign Draw Unassign Exchange

Cloze

Figure 49: Material model for soft 2D shell elements — parameters of base

6.2.4. 3D Shell Elements

The last option how to model strengthening by FRP fabric are 3D shell elements.
Parameters of the material model are the same as for 2D shell, only geometry in the last tab
is modified. Instead of 2D element type CClsoShellQuad 3D elements CClsoShellBrick
are utilized, see Figure 50.

SHELL Concrete-Steel [ x|

SikaWrap 3Dshell horizontal v ‘-@ E} ﬁ = k2 @

Basic | Local Coordinate System ] Basze ] Reinforcernent 01 Element Geometry l

Geometrical Non-Linearity LINEAR -

Initial Strain Application DEFAULT PROCESSING A
Initial Stress Application DEFAULT PROCESSING -
Element Type CClsoShellBrick<oooooooncooonon -

] Allow Shell Defermation in Z
|dealisation SHELL

Assign Draw Unassign Exchange

Close

Figure 50: Material model for 3D shell elements — element geometry

Because FRP fabric is modeled in this case by 3D elements, geometry of the FRP must be
modified. In all three cases, 2D elements were utilized and fabric was modeled only as
surface. Now, it must be changed to volume. The easiest way, how to do it, is to copy
surfaces by 1 mm in the normal direction to their planes and extrude them to volumes. But
this procedure do not connect surfaces at the edges of FRP fabric, see Figure 51. For this
reason, the points at the edges are shifted according to Figure 52 and surfaces at these
edges are collapsed to create perfect connection between volumes.
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Figure 51: 3D shell — detail of contact between vertical and horizontal part of FRP fabric

Figure 52: 3D shell —- modification of area around contact between vertical and horizontal FRP fabric

Other settings of this model are the same as for 2D shell elements. Both variation — vertical
and horizontal — material for 3D shell elements must be prepared. Before activation of FRP
fabric in the second interval, material for 3D shell elements with soft base material (low
Young’s modulus 2.8 MPa) must be assigned to the volumes.

6.2.5. Material Model for Interface

Last material model that must be specified is interface. In this case, interface represents
contact between epoxy resin reinforced by FRP fibers and concrete beam. Setting of
interface parameters is described in the ATENA Troubleshooting [5]. The interface
material is based on Mohr-Coulomb criterion with tension cut off. Parameters as tensile
strength, shear cohesion and friction describe real physical properties. Other parameters
regarding stiffness serve for numerical purposes.

As parameters of interface are usually not known, estimated values are used as a first
approach. Friction coefficient between 0.3 and 0.5 is not far from reality. Therefore, 0.3 is
applied in this model. Tensile strength is set to be similar with beam tensile strength. i.e.
3 MPa. Cohesion is recommended to be set to 1-2 times higher than interface tensile
strength, i.e. 6 MPa in this model.

Normal and tangential stiffness can be based on the stiffness of the adjacent finite
elements. Stiffness can be estimated using following formula [1]
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K = E / (element size)*10,
(1

where E is elastic modulus of surrounding material and element size is size of the
surrounding finite elements. In our case, size of the elements in the beam is 0.05 m and
Young’s modulus of concrete is 32000 MPa. Using formula (1), interface stiffness is
6400000 MN/m’. The residual stiffness values are recommended about 1/100 — 1/1000 of

the initial values.

Interface properties are shown in Figure 53 and Figure 54.

Interface

| Wraplnterface W @ 0 ﬁ‘. = n?

Basic | Softening Hardening | Miscellaneous | Element Geometry |

Material Prototype CC3DInterface Failure Criterion

MNormal Stiffness-K MM | 6.400E+ 06

Tangential Stiffness-K TT 6.400E+06

Cohesion & bFa
Friction Coeficient 0.3
Tension Strength-FT|3 bFa
User Defined Softening Hardening

How to propeply create an
interface see ATEMA Science

Winfo!l!
manual chapter Creating Contact
Surface
Dependencies for interface Winfolll
materials parameters
Assign Draw Unassign Exchange

Cloze

Figure 53: Basic parameters of interface

Interface n
.Wraplnterface v @ C} ﬁ BT w? @
Basic | Softening Hardening Miscellaneous | Element Geometry
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Min Morm Stiff-K NN MIN | 6,400+ 04 E
Al

Min Tang Stiff-K TT MIM | £.400E+04 e
m

Moving interface Mo =

Assign Draw Unassign Exchange

Close
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Figure 54: Miscellaneous parameters of interface

6.3 Finite Element Mesh

Before starting calculation, finite element mesh must be assigned to FRP fabric. Except
model with 3D shell elements, all models will have quadrilateral 2D elements instead of
triangle that are default option. Element type has to be changed by Mesh | Element type |
Quadrilateral and choosing surfaces belonging to FRP fabric. In the model with 3D
fabric, default tetrahedras are changed to hexahedras by menu item Mesh | Element type |
Hexahedra and choosing appropriate volume.

Afterwards, size of finite element mesh must be set up. Structured mesh for each surface
(volumes in case of 3D shell elements) is chosen and size is assigned as a number of
elements at each line. Mesh should be finer than beam mesh due to the few reasons. One of
them is connection between fabric and beam that is realized by master-slave contact. It is
recommended to create finer mesh at the slave part (i.e. FRP fabric) to provide good
connection between master and slave. The second reason is to capture eventual
delamination and tearing FRP fabric away from concrete beam by finer mesh. The third
reason is related to graphics, i.e. to better distinguish between beam and FRP fabric during
calculation and post-processing by difference in mesh size.

Based on described requirements, mesh with size shown in Figure 55 is used in the models.
Mesh of 3D shell elements is the same and it has one element per thickness of FRP fabric.

Finally, mesh is generated by Mesh | Generate mesh.

Num of divisions

30

.16
2 10
4
-
x

Figure 55: Number of elements at each line of FRP fabric

)

6.4 Fabric Activation

In the same way as for the lamellas, fabric is applied to the structure in the second interval.
The difference is in type of activation in the model. For the models presented in chapter 6,
application is defined by exchange of materials during the interval specification. User has
to prepare material model for FRP fabric and model for soft material that is used for the
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elements before they are glued to the beam. Elements for FRP fabric are in the model
throughout whole calculation. At the time they are glued, only the material properties
change. Before application, these elements have very low Young’'s modulus and they do
not contribute to the structural stiffness. Displacements of the finite element nodes follow
the deflection of the beam. After the application of FRP fabric, corresponding elements are
removed and added again with the new material properties.

In the interval no. 2, initial soft material must be replaced by FRP. This is done by
selecting checkbox ‘Show Material Activity’ at the tab with interval definition, see Figure
56. When the checkbox is selected, the table with material activity appears. In the first
column, user has to type name of the material that should be replaced and, in the second
column, name of the new material that will be used instead of initial material. The third
column is labelled ‘ResetNew’ and it should contain value 0 or 1. Value 1 means that all
internal forces in elements, where materials are replaced, will be reset.

Interval data

z Jolelx L )
Basic Parameters | Eigenvalue Analysis

Use decimal point (do not use comma).
[v] Interval Is Active

Load Name Load

Interval Multiplier 80
[ ] Define Loading History
Manua -
[¥| Generate Multiple Steps
Number of Load Steps 100

Store Data for this Interval Steps  SAVE ALL v
Fatigue Interval NO v
[ Read Transport Data
EACH STE -
0.0 sec
04 sec
«| Apply temperature to reinforcement

[v] Delete BC Data After Calculation
[ ] User Solution Parameters
Activate Interface Opening

Add Aditional Load Cases

[_| Set Reference Configuration

[¥] Show Material Activi
/] Show Materia Ctm_ty o OIdMateria\Name] NewMateriaIName] ResetNew
Material Activity SikaWrap Soft  SikaWrap -230 C/45 1
¥ * b
Accept Close

Figure 56: Material exchange during the interval definition

In the Figure 56, exchange is shown for the model with 2D steel. In the same way,
exchange of the materials should be defined in other models.

40



Soft materials, which are used before application of FRP, have the same parameters as
FRP only Young’'s modulus is 10000 times lower than laminate modulus.

6.5 Calculations

When the model is ready, calculation starts by pressing button .

Final models can be found in the following files:

e 2D steel - %Public%\Documents\ATENA
Examples\Science\GiD\Tutorial.Static3D\_Strengthening\3DBeam-
strengthening-B-fabric-2Dplasticity.gid,

¢ 2D reinforced concrete - %Public%\Documents\ATENA
Examples\Science\GiD\Tutorial.Static3D\_Strengthening\3DBeam-
strengthening-B-fabric-2Dcomposite.gid,

e 2D shell - %Public%\Documents\ATENA
Examples\Science\GiD\Tutorial.Static3D\_Strengthening\3DBeam-
strengthening-B-fabric-2Dshell.gid,

e 3D shell - %Public%\Documents\ATENA
Examples\Science\GiD\Tutorial.Static3D\_Strengthening\3DBeam-
strengthening-B-fabric-3Dshell.gid.

6.6 Results

When the calculations are complete, load-displacement diagrams can be compared with the
model without any strengthening. Procedure how to obtain load-displacement diagram
from calculation in ATENA Studio is described in the basic tutorial [2]. Comparison of
diagrams is shown in Figure 57. Calculation with 2D membrane elements with plasticity
material has the highest load-bearing capacity. It is caused by isotropy of the plasticity
material model. It assumes that laminate has the same properties in all directions while
other three models consider fibers just in one direction (it is introduced to the model by
smeared reinforcement) so they are in better accordance with real material. Strengthening
by FRP fabric also increases the ductility of the structure and failure of beam is not brittle
now.

Failure of the model with FRP fabric (modelled as a 2D membrane elements with
composite material) is shown in Figure 58. The shear cracks move towards the center of
the beam to the area where FRP fabric ends.

Presented results are in chapter 7 compared with other types of strengthening.
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Figure 57: Comparison of models strengthened by FRP fabric and unstrengthened model

Crack Width

Cadl

[m]
9 .62e-004
2.41e-004
7.21e-004
&.0le-004
4 Ble-004
36le-004
2 40e-004

1.20e-004

Figure 58: Failure of model strengthened by FRP fabric



7. COMPARISON OF RESULTS

Results of all models described in this tutorial are compared in Figure 59. Strengthening by
FRP lamellas and wraps increases load-bearing capacity and ductility of concrete beam.
FRP wraps are more efficient than lamellas. Lamellas increases maximal load by 14 %
while wrap by 23 %.

120
100
__ 80
=2
=
c
92 60 —— Without strengthening
)
§ Strengthening by 6 FRP bars
x )
40 ——Strengthening by 8 FRP bars
Strength. by wrap, 2D plasticity
20 Strength. by wrap, 2D composite
——Strength. by wrap, 2D shell
——Strength. by wrap, 3D shell
0
0 2 4 6 8 10 12

Deflection [mm]

Figure 59: Comparison of all models

To conclude this tutorial, general advices on modeling of strengthening process by
ATENA and GiD are given:

e Strengthening by line elements, as FRP lamellas, should be modelled by 1D
elements, i.e. reinforcement bars.

e Activation of 1D strengthening is specified in material model definition.

e Strengthening by planar elements (2D elements), as FRP wrap, can be modelled by
multiple ways. The decision which way is the best depends on ATENA version
which user wants to utilize. This tutorial was done in ATENA Studio together with
GiD where all four ways are possible. According to the results and time required
for preparation of model and calculation itself, model with 2D membrane elements
with composite material as a FRP wrap is chosen as the most suitable.

e For modelling of FRP fabric in ATENA Engineering, version with 3D shell
elements is the only possible way because ATENA Engineering does not support
2D elements in the 3D version.

e Activation of planar strengthening is specified in interval definition.
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8. CONCLUSION

This tutorial provides step by step instructions how to model strengthening by FRP
lamellas and fabric in ATENA-GiD simulation system. Different methods are shown for
lamellas and fabric. Lamellas are modeled by 1D reinforcement while fabric is considered
as a 2D surface or 3D volume. Also construction process is utilized here because
strengthening is applied not from the beginning but to the already loaded structure.

For more information about the program the user should consult the ATENA
documentation (e.g. [1], [2][2], [4] and [6]) or contact the program distributor or
developers. Our team is ready to answer your questions and help you to resolve your
problems.
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9. PROGRAM DISTRIBUTORS AND DEVELOPERS

Program developer: Cervenka Consulting s.r.o.
Na Hrebenkach 55, 150 00 Prague 5, Czech Republic
phone: +420 220 610 018
fax: +420 220 612 227
website: www.cervenka.cz
email: cervenka@cervenka.cz

The current list of our distributors can be found on our websites:
http://www.cervenka.cz/company/distributors/
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