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1. INTRODUCTION

Fiber reinforced concrete (FRC) composites are more and more often applied in structures
and therefore the need of numerical models describing these materials increases. Material
behavior is more difficult to describe in comparison with ordinary concrete. Cementitious
composites are combined with randomly oriented fibers made from different materials
(steel, polymers, glass, etc.) and applied in different fractions.

The issue is to find the appropriate input material parameters to successfully model FRC.In
particular, the tensile parameters that are important for FRC must be determined properly.
The measured response of direct tensile test can serve for direct input of the parameters
into the material model. Unfortunately, preparation of test sample is complicated and the
test is not performed very often. The three or four point bending tests are more common.
Results can be also used for the material model however they cannot be directly put into
the model. Inverse analysis of the results must be performed to identify model parameters
correctly.

This tutorial provides instructions regarding modelling of fiber reinforced concrete (FRC)
materials using the programs ATENA and GiD. ATENA-GID is a finite element based
software system specifically developed for the nonlinear analysis of reinforced concrete
structures. Besides the material models for ordinary reinforced concrete, ATENA offers
special numerical models accounting for the FRC specifics such as shape of tensile
softening branch, high toughness and ductility.

This tutorial contains a step by step explanation on how to obtain the input parameters of
the FRC material model and its application for the analysis of the segmental tunnel lining.
The four point bending test (simply supported beam loaded by two loads) is used for the
determination of the material parameters, see Figure 1. Usually, results of this test are
available for FRC together with those from a compressive test. It is also possible to use the
three point bending test results, modify the geometry of the model, and follow the
instructions it the tutorial. More details about the problem or experiment can be obtained
from the program developer or distributor.
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Figure 1: Geometry of the structure for inverse analysis of material model parameters
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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 is focused just
on the material model determination and its application.



2. BRIEF OVERVIEW

To summarize this tutorial, basic steps of the procedure are highlighted now. The method
how to obtain the material model for fiber reinforced concrete requires the knowledge of
material model for ordinary concrete that is subsequently modified to FRC. To have an
opportunity to define model more in the detail, CC3DNonLinCementitious2User is
utilized and user can define his own laws in this fracture-plastic material model. Most
important parameters for modeling FRC include:

tensile stress — strain law (tensile function) — describes ductility in tension, it is the
most important parameter for FRC modeling,

tensile strength — tensile strength of FRC is usually higher than for ordinary
concrete, thus it should be modified, this value also governs the y-axis of tensile
function,

compressive stress — strain law (compressive function) — describes ductility in
compression,

reduction of compressive strength due to cracks (Fc Reduction-COMPRED) —
function describing how cracks reduce material compressive strength, default
function drops sharply, for FRC it is recommended to keep the function constant
with value 1 (it means no reduction of compressive strength due to cracks).

Procedure how to determine material model for FRC consists of following steps:

initial setup of the tensile parameters (tensile strength, tensile function),
running the analysis,

export the load-displacement diagram from ATENA to excel file or similar,
comparison of load-displacement diagram from calculation and laboratory test,

if the difference between diagrams is within the user accuracy limits, the
determination of FRC model is completed,

if the difference between diagrams is not within the user accuracy limits, the input
parameters must be modified in order to achieve better results, and again compare
with the laboratory results. This step must be repeated until the results are
satisfactory.

ATENA Science - FRC Tutorial 3



3. THE STEPS BEFORE MATERIAL MODEL DETERMINATION

3.1 Starting Program

After the installation of the programs GiD and ATENA during the basic tutorial [1], you
can start a nonlinear analysis using the ATENA-GiD system. Firstly, the program GiD is
started, e.g. from the start menu of your computer using the following menu path: Start |
All Programs | CervenkaConsulting | ATENA Science | GiD. This opens the program
GiD which is used for the preparation of the numerical model of the analyzed structure.

If you do not have installed the above mentioned programs yet, you can install them
following the instructions from the ATENA-GiD manual [2].

3.2 Loading the Model

To start the model determination described in the following chapters, it is necessary to load
the prepared model by selecting Files | Open in GiD and choosing the file: %Public%\
Documents\ATENA Examples\Science\GiD\Tutorial.FRC\_FRC_user_material_cali
bration\FRC_4PBT_2D _initial model.gid.

The prepared model contains beam loaded by two described displacement at the top plates
and supported by two bottom plates, see Figure 2. The geometry corresponds to the beam
in Figure 1. The top and bottom plates are connected to the beam through fixed contacts
(Master-Slave). The reactions are monitored at the supports, both on the left (Reaction L)
and the right (Reaction R) bottom plate. The displacement of the beam is monitored in the
middle at the point under the beam by boundary condition Monitor for Point Nearest
Node IP, sce Figure 3.

o] GiD+Atena-Static 2D and 3D Interface x64 Project: FRC_4PBT_2D (Atena\Static) = =
Files View Geometry Utilities Data Mesh Calculate ATENA Help
e -

Cwo Beh | BE| DD et BE IR AL [
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Pick LEFTMOUSE to desplace view (ESC to quit)

Pick LEFTMOUSE to desplace view (ESC to quit).

v
Comman d: || & -+
Zoom: 1.6%x Nodes: 583, Elements: 486 Render: Flat Layers: 4 ( 0.7166, 0.19072, 0) Pre

Figure 2: Prepared model of the four point bending test in GiD
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Figure 3: Boundary conditions

The size of the finite element mesh is 0.015 m (10 finite elements per height and 47
elements per length). The model consists of 486 finite elements (470 elements in beam and
16 elements in plates), see Figure 4. Two different materials are used in the model. The
material named Plates is SOLID Elastic and it represents steel, the parameters are shown
in the Figure 7 to Figure 9. The second material FRC beam is SOLID Concrete with the
material prototype CC3DNonLinCementitious2User (see Figure 10 to Figure 16). At this
stage, the material model has default values of its parameters. The process how to modify
these parameters in order to model FRC successfully is described in the following sections.

3 =5

H H
L. x I:‘ Plates

[ Frc beam

Figure 4: Finite element mesh and applied material models

Material model CC3DNonLinCementitious2User is the most sophisticated and most
general model of FRC available in ATENA and it combines constitutive models for tensile
(fracturing) and compressive (plastic) behavior. It describes the tensile behavior according
to the material response measured in tests point-wise in terms of the stress-strain
relationship (Figure 5). The first part of the diagram is the usual stress-strain constitutive
law. After exceeding the localization strain g,. the material law assumed for the
characteristic crack band width L. is adjusted to the actual crack band width L,. Usually,
€loc 18 the strain after which the diagram is entering into the softening regime.
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Figure 5: User defined tensile behavior [4]

The compressive stress-strain law of the mentioned material model is described in Figure
6. The softening law in compression is linearly descending and the end point of the
softening curve is defined by plastic strain &;. By increasing material parameter &, the
contribution of the fibers to the compressive behavior of concrete is considered. Another
important compressive parameter for FRC modelling is reduction of compressive strength
due to cracks (labelled as Fc Reduction-COMPRED, see Figure 14) which says how the
strength is reduced while the material is subjected to lateral tension.

See also the ATENA Troubleshooting Manual [5], section 2.2.4 1 want to use the user-
defined stress-strain law of concrete to replace that used in ATENA program. How can I
do it? for more information about the CC3DNonLinCementitious2User material model.

ref
f

Figure 6: Compressive stress-strain law [4]
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Figure 7: Material model of plates — Basic parameters
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Figure 8: Material model of plates — Miscellaneous parameters
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Figure 9: Material model of plates — Element geometry — plane stress idealization, element thickness 0.15m

according the geometry in Figure 1
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Figure 10: Material model of FRC — Default basic parameters

SOLID Concrete

FRC beam

Basic Tensile | Compressive | Shear | Tension-Compressive | Miscellaneous | Element Geometry

Tension Function Eps f Sigma t/ft

Tension Characteristic Size 0.03 m

Tension Localization Onset 0.0
Fixed Crack 1.0
[] Activate Crack Spacing
[] Activate Tension Stiffening
Activate Aggregate Interlock
Agg Size|0.02 m

[[] Activate Unloading factor

Assign Draw Unassign Exchange

Close

Figure 11: Material model of FRC - Default tensile parameters
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Figure 12: Material model of FRC — Default compressive parameters
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Figure 13: Material model of FRC - Default shear parameters
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Figure 14: Material model of FRC — Default tension-compressive parameters
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Figure 15: Material model of FRC - Default miscellaneous parameters
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Figure 16: Material model of FRC — Element geometry — plane stress idealization, element thickness 0.15m
according the geometry in Figure 1

The last part of the prepared model are Interval data (Figure 17). The load is applied in the
70 steps with interval multiplier 70. It means that each step contains the assigned load
multiplied by 1. The number of steps is based on the specific calculation which the user
wants to provide. In the presented case, it is known from the experimental results that the
beam should fail at the deflection of about 7 mm, see Figure 18. The prescribed
displacement applied at the top plates is 0.1 mm. This means that the predefined
displacement should be multiplied approximately 70 times to reach the failure. Based on
this assumption, the load interval is multiplied by 70. Naturally, such a load should not be
applied to the structure in one moment. Therefore, it is necessary to subdivide the interval
in several load steps. In this case the interval will be divided in 70 load steps.

‘.W GiD+Atena-Static 2D and 3D Interface x64 Project: FRC_4PBT_2D (Atena\Static) = = £S
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Figure 17: Interval data
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4. FRC MATERIAL MODEL

4.1 Necessary Information for Creating FRC Material Model

For determining FRC parameters that serve as an input for material model in ATENA, it is
necessary to use results from laboratory tests, e.g. three (3PBT) or (better) four point
bending (4PBT) tests, compression tests on cubes or cylinders and test for the elastic

(Young’s) modulus.

The data from four point bending test (load-displacement diagrams, see Figure 18),
compression test (compressive strength) and Young’s modulus are available for the case
presented in this tutorial and are summarized in Table 1. It is also known that concrete
belongs to class C110/130 and it is reinforced by steel fibers BASF Masterfiber 482 in

volume fraction 1.5 %. The fibers length is 13 mm and the diameter is 0.2 mm.

90
80
70
60
50
40

Load [kN]

30
20
10

experiment 1

=== experiment 2

—_ L1

Displacement [mm)]

Figure 18: Measured load-displacement diagrams of laboratory tests

Table 1: Available material parameters

Material parameter [unit] Value
Cylindrical compressive strength [MPa] 125
Young’ s modulus [MPa] 45000
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4.2 Determining the FRC Material Model Parameters

Based on the available results from chapter 4.1 the material model for FRC can be
determined. Clear parameters as compressive strength and Young’'s modulus are directly
put into the model.

The issue is to obtain tensile parameters as tensile strength and tension function (Figure
11), i.e., the key FRC parameters. The measured response of direct tensile test can serve
for direct input of the parameters into the material model. Unfortunately, preparation of
test sample is complicated and the test is not performed very often. Therefore, the results
of four point bending test are utilized for parameters determination but they cannot be
directly put into the model. Inverse analysis of the load-displacement diagrams from
Figure 18 needs to be performed to identify parameters correctly. There are two possible
methods, the first one is manual inverse analysis which consists of following steps:

¢ initial setup of the tensile parameters (tensile strength, tensile function),

¢ running the analysis,

e export the load-displacement diagram from ATENA to excel file or similar,

e comparison of load-displacement diagram from calculation and laboratory test,

o if the difference between diagrams is within the user accuracy limits, the
determination of FRC model is completed,

o if the difference between diagrams is not within the user accuracy limits, the input
parameters must be modified in order to achieve better results, and again compare
with the laboratory results. This step must be repeated until the results are
satisfactory.

The step by step procedure of this method is described in chapter 4.2.1.

The second method utilizes a sophisticated program for inverse analysis instead of the
manual approach. The program is called Consoft and it was developed by Prof. Dr.-Ing.
Volker Slowik and his colleagues at the University of Applied Sciences in Leipzig,
Germany (HTWK). Automatic analysis based on the evolutionary algorithms is used for
determining the tensile function [6]. Before the Consoft analysis, it is necessary to specify
the initial function parameters and their limits. The experiment is then numerically
simulated and the initial parameters are modified during an iterative process to achieve the
best possible agreement between the experimental results and the numerical model. As a
result, Consoft gives the tensile strength and tensile function to the user and afterwards it
can be used for ATENA simulations. The process is described in detail in chapter 4.2.2.
The chapter is now under construction and will be completed as soon as possible.

ATENA Science - FRC Tutorial 13



4.2.1 Manual Inverse Analysis

4.2.1.1 Modification of the Default Material Model

The material modification starts by selecting the Define SOLID Concrete material icon

m or with the command Data | Materials | SOLID Concrete in main menu. After
selecting this command, the window for the definition of the SOLID Concrete appears (see
Figure 19). The prepared material called FRC beam should be selected (see Figure 20) and

then its parameters can be changed.
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Figure 20: The selection of the FRC heam material




Firstly, parameters directly obtained by test results are modified in the material model. In
this case, the compressive strength and Young's modulus are known and can be edited in
the model according to the values in Table 1. The data before and after the modification
are depicted in Figure 21. The modified parameters are saved by clicking on the Update

Changes icon @

SOLID Concrete B

R | O X | v o

Basic ]Tensile l Compressive ] Shear ]Tension—Compressive ] Miscellaneous l Element Geometry ]

Material Prototype CC3DMonLinCementitious2User [

Veoung s Modulus-E| 30320 tMFa
Poisson s Ratio-MU 0.2
Tension Strength-FT|2.317 hiPa
Compresion Strength-FC|-25.5 kP2
Ascsign Draw Unassign Exchange
Cloze
(@)
SOLID Concrete B
oKl v |a
Basic ]Tensile I Compressive I Shear ]Tension—Cnmpressive I Miscellaneous ] Element Geometry ]
Material Prototype CC3DMonLinCementiticus2User Jne-H
Young s Modulus-E} 45000
Poisson s Ratio-MU 0.2 MOdlﬁed parameters
_ according to test results
Tension Strength-FT|2.317 ] i
Cormpresion Strength-FC MFa l
Assign Draw Unassign Exchange
Close
(b)

Figure 21: The Basic parameters of the material FRC beam before (a) and after (b) modification
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Secondly, other parameters must be estimated. Attention should be paid to the tensile
parameters which are of crucial importance for FRC materials. The first peak of the Load -
Displacement (L-D) diagram represents the formation of tensile crack and it is governed by
the tensile strength. According to the assumptions of linear elastic behavior, the tensile
strength F, can be determined by formula for flexural stress o:

o=MW
(1)

where M is bending moment at the central part of the beam loaded by four point bending
test and it can be calculated as:

M =Fl/6

2)
where F'is total load acting on the beam and / is the span of the beam.
The denominator of formula (1) is section modulus of the beam:

W = bh’/6

3)

where b is the width of the beam cross section and / is the height of the beam cross
section. By utilizing formulas (2) and (3) in the formula (1), the tensile strength F; can be
calculated as:

F; = Fpax DI’
4
where F,,, 1s the load corresponding to the tensile strength (first peak in the L-D diagram).

Fib Model Code for Concrete Structures 2010[7]describes a procedure how to find the
tensile stress — strain law (tensile function) based on the results of three point bending test
on the notched beam according to EN 14651 [8]. The diagram of the applied force versus
the crack mouth opening displacement is a required result of the test. Afterwards, residual
flexural tensile strength can be calculated for individual crack openings by the formula (1)
where the bending moment is adapted to the three point bending test. Thus obtained tensile
function can serve as a first estimation of the function in the model.

As there is no information about crack opening from the four point bending test, the
procedure described in Fib Model Code [7] can be used at least for determining the tensile
strength. Load Fp,x corresponding to the tensile strength is approximately 70 kN, see the
first peak in the Figure 18. The cross section dimensions are 150 x 150 mm and span of the
beam is 600 mm, see Figure 1. The tensile strength calculated by formula (4) is 12.4 MPa
and this value is used in the model, see Figure 22. The tensile strength is quite high but
considering high compressive strength 125 MPa it is possible.

16
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Figure 22: The modification of the tensile strength

Another important tensile parameter is the tensile function. In the fracture model, each
crack is represented on the finite element level and its response is characterized by the
traction-separation relationship (tensile function). A crack is perceived as a displacement
discontinuity, which, however, is capable of transferring stress between its faces. This
cohesive stress is related to the crack opening displacement through a traction-separation
relationship. To this end, the crack band model is employed and the band width
(characteristic length) is related to the element size to remain objective results with respect
to the size of the finite elements.

The aforementioned tension function is specified in the model as relationship between
fracture strain on the horizontal axis and tensile stress divided by tensile strength on the
vertical axis. The fracture strain can be calculated by the following formula:

er=wdo/Ly (5)

where &4s fracture strain, w. is crack opening and L, is characteristic length. More
information can be found at ATENA Theory Manual [4]. The characteristic length is a
material parameter and it should be equal to the size of the element, in this case 0.015 m
(Figure 24). Then, the tensile function describes the evolution of tensile stresses in one
finite element after crack formation.

finite element ’

—~h

"

. (]
)

Figure 23: Tensile softening and characteristic length [4]
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Figure 24: Modification of tension characteristic length

In other words, the post-peak behavior and the shape of diagram is governed by tensile
function. In the GiD, the user can display function by opening the dialog for diagram input

and clicking on the button £ The results of four point bending tests do not provide
information about crack propagation, crack widths and stresses that can be used for the
first estimation of the function. Information that can help at this stage is that crack width in
FRC during similar tests is usually in millimeters, and based on this fact the order of
fracture strain can be at least determined according to the formula (5). Fracture strain
corresponding to the crack width 1 mm is 0.07, therefore, the last point of the function,
describing the maximal crack opening, is shifted to position [0.1, 0]. It means that initial
value of strain is multiplied approximately 10 times. The second point is shifted with the
same multiplier, see Figure 26. The horizontal values are maintained because it is not clear
now how to modify them.
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Figure 25: Default tensile function
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| Activate Aggregate Interlock Tension Function
Agg Size|0.02 Tension Function
[[] Activate Unloading factor Sigma t/ft
—+ i / |
Assign Draw 1.000 Sigma /ft
0.8001%
0.6004-
|
0.400+—
0.200 =S S S—
0.000 — =
-0.200
0.000 0.020 0.040 0060 0080 0.100
Epsf
Close

Figure 26: Modified tensile function
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The last part of the material model that should be adapted to FRC behavior is compression.
As it is known that FRC has higher ductility in tension in comparison with ordinary
concrete, the  compression  ductility also increases. In  the  model
CC3DNonLinCementitious2User, the ductility in compression is described by
compressive function, the default function is depicted in Figure 27. In contrast to the
tension, there is no result of compressive test that can help to determine the shape of
compression function. Due to this fact, the first point of the diagram is just moved 100
times (the multiplier is based on the developers experience) to increase the ductility, see
Figure 28.

SOLID Concrete

FRC beam R7 RS SQIES K2 a2

Basic | Tensile Compressive | Shear | Tension-Compressive | Miscellanecus | Element Geometry

Compressive Function Eps pl Sigma c/fc
-5.841E-03 0.0

Compressive Characteristic Size -8.411E-04 1.0
Compression Localization Onset -4.206E-04 0.8
0.0 0.25

* * b

Assign Draw Unassign Exchange

Close

Figure 27: Default compressive function

SOLID Concrete

FRC beam v O K E (04 |

Basic | Tensile Compressive | Shear | Tension-Compressive | Miscellaneous | Element Geometry

Compressive Function Epsp! | Sigma c/fc

| —5.8-41E—D1| 0.0

Compressive Characteristic Size 2.411E-04 10

Compression Localization Onset -4.206E-04 0.8

0.0 0.25
h. 4 T b

Assign Draw Unassign Exchange

Cloze

Figure 28: Modified compressive function

Second parameter connected with compression is Fc Reduction-COMPRED (reduction of
compressive strength due to cracks) which says how the strength is reduced while the
material is subjected to lateral tension. In the model CC3DNonLinCementitious2User,
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the parameter is described by function shown in Figure 29. Based on the developers

experience, this reduction should be deactivated by adjusting the function to the constant
value 1, see Figure 30.

SOLID Concrete

FRC beam v| @) K | 2 )

Basic | Tensile | Compressive | Shear Tension-Compressive | Miscellaneous | Element Geometry

Ft Reduction-COMPRED | Sigma cffc || Sigmat/ft | &

Fe Reduction-COMPRED Epsf | Sigma c/fc
0.0

0.001

0.005

0.01

0.015

0.05

0.30 0.02

I
+
123

Assign Draw Unassign Exchange

Close

Figure 29: Default parameter Fc Reduction-COMPRED

SOLID Concrete

FRC beam v B (K[ n? g

Basic | Tensile | Compressive | Shear Tension-Compressive | Miscellaneous | Element Geometry

Ft Reduction-COMPRED | Sigma c/fc || Sigmat/ft | &

Fc Reduction-COMPRED Epsf | Sigma c/fc |
0.0
0.3
* T
Assign Draw Unassign Exchange

Close

Figure 30: Modified parameter Fc Reduction-COMPRED

This is the initial model for the inverse analysis. Based on its results, material parameters
will be modified to find the suitable model in accordance with experimental results.
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4.2.1.2 Running the Analysis
After the material model modifications described in the previous chapter, the finite element

analysis is started by clicking on the Start ATENA static analysisicon or by the using
of command Calculate | Calculate or ATENA | ATENA Analysis. After selecting this
command, the program will start to generate the input file. This process is indicated by the

dialog box (see Figure 31). Then, the ATENA Studio window appears and analysis is in
progress (see Figure 32).

Dialog box =

=l

Initializing process.
Wait, please...

Figure 31: The initializing of the analysis

File Edit

View Project Output Window Help Postprocessor ]
O esPR X SO, UEEHBIEL = wi- A @
T
Iteration convergence m - Structure = View settings toolbox - ' x
@
Iteration convergence =oF
Wl Criter. 1M Criter. 3 Tovemo | Viewstyte:
Il Criter. 2 [ Criter. 4 e £00000
1 Solid with surface mesh »
ATENA
264 ¥. 53312711
Licanse 4001 Light |, off
Cerverka Consulting
08
» Deformations
Draw deformed model
= 06 Scale
T
B O Absolute @® Relative
g Relative deformations: 10%
o 04
&
¥
£
I Show undeformed model:
0.2 N
v [Nane]
[v Cracks ]
0 z
0 2 4 {-' Results ]
Step / Iteration
Analysis steps * 0 X Monitoring points -0 X
Iterations Name Value Units
Analysed Time 4 (8]
Analysed C itor: Disp.Err | 0.0003034 [
Analysed ConvergenceMonitor: ResidEmr | 0.01311 -]
Analysed ConvergenceMonitor: Res.Abs.E | 0.01007 [
.. Analysing . ConvergenceMonitor: Energy E. | 3.979E-06 [-]
C itor: RDisp.Err | 003034 [l
i id.Err 11311 [-1

Figure 32: The ATENA Studio interface window

22



4.2.1.3 Load-Displacement Diagram and its export from ATENA to Excel
File or Similar

During the analysis, it is very useful to see the evolution of the applied load and beam
deflections. The progress of the load and deflection is available in the monitors that were
defined in the model, see chapter 3.2 and Figure 3.

To visualize these monitors during the nonlinear analysis, new diagram window must be
opened by the clicking on the icon k. The empty window for the diagram and the
diagram settings appears (see Figure 33). The new diagram is defined by diagram settings
dialog (see Figure 34 to Figure 36). You may also wish to see the ATENA Studio User’s
Manual [3] for more options.

G] FRC_4PBT_2D_initial model* - ATENA Studio [Runtime] = B

File Edit View Project Output Window Help Postprocessor ™

O=8os® EZ x
e —
! Pause jnalysis | Interrupt analysis | Step: 6  [teration: 4 _I Forces Group: 203 Elem.: 40

Diagra Iteration convergence - Structure = View settings toolbox * o Xx
@ =
Diagram =PK
1 Deformation scals:
E Define new diagram - O 83760824 View style:
Add new dlagl‘am Solid with surface mesh ~
Diagram title  Diagram
0.8 Light off
Monitor type filter | Each step o X
Horizontal axis | Vertical axis | Appearance # | Deformations
08 Axis value [¥] Draw deformed model
Scale
Absolute (®) Relative
o4 | Diagram window Multplier [1 Relative deformatians: 10%
Axis label Tl
02 Switch axis orientation R —_—
Min value @ Auto Manual
Maxvalue ® Auto O Manual Diagram settings
0
0 05 1 Major unit @ Auto Manual ¥ Results
Cancel
Analysis steps il 0 x
Number State Iterations Name Value Units
1 Analysed 2 Time 5 ()]
2 Analysed 3 ConvergenceMonitor: Disp.Er | 0.0152 H|
3 Analysed [ ConvergenceMonitor: Resid.Err  (0.1174 I-1
4 Analysed 8 ConvergenceMonitor: Res.Abs.E |0.1239 I-1
5 Analysed 30 Cowerqe'w.eMoﬂ?lur: Ene.lqy E _0.001?85 | [-] |
6 - Analysing 4 ConvergenceMonitor: RDisp.Err | 1.52 | l-] 1

ConvernenceMonitor: RResid.Err | 11.74
Output | Message | Error | Monitoring points

Figure 33: The execution of the graph

The diagram title can be L-D and the monitor type filter should be Each step. For the
horizontal value the monitor labelled displacement_DISPLACEMENTS should be
selected. The name of axis should be Displacement [mm] and the values are multiplied by

-1000 to achieve switched orientation of the axis and millimeters instead of default meters,
see Figure 34.

The vertical axis can display more series. Add new series, choose the
Reaction R REACTIONS for the right reaction and Reaction L_REACTIONS for the
left reaction. Use multiplier 1000 to achieve reactions in the kilonewtons instead of
meganewtons. The axis label can be Reactions [KN]. The series definition must be applied
by the OK button above Axis label, see Figure 35 and Figure 36. The definition of the
diagram parameters is finished by clicking on the OK button. After this, the L-D diagram is
shown on the left side of the ATENA Studio interface, see Figure 37. This diagram is
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showing actual stage of the running analysis and it changes as the analysis progresses
based on the current loads and deflections.

Diagram title L-D
Monitor type filter . Each step bt

Horizontal axis | Vertical axis ] Appearance '

Axis value
displacement300_DISPLACEMEN
X@) v

Multiplier | -1000
Auxis label Displacement [mm)]
[] Switch axis orientation

Min value @® Auto ) Manual -0.005025
Max value @ Auto O Manual 1.005

Major unit @ Auto O Manual 0.2

oc | [ Cancel ]

Figure 34: The diagram definition — properties of the horizontal axis

Diagram title L-D
Monitor type filter Eachstep
| Horizontal a:is' Vertical axis IAppearance

Diagram series

‘ Value Title Multiplier Color Show

Remove series |

Add new series

_Reaction R121_REACTIONS #001 “_ DOF(2) “_
| oK || Cancel |
Axis label

[ ] Switch axis arientation

Minvalue @ Auto ) Manual -0.005025
Max value @ Auto O Manual 1.005

Major unit @ Auto O Manual 0.2

ox | [

Figure 35: The diagram definition — selection of the series for vertical axis
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Diagram title L-D
Monitor type filter | Each step w

Horizontal axis Vertical axis Appearance '

Diagram series

Value Title Multiplier Color Show
Reaction R121_REACTIONS #| Reaction R121_RE| 1000 |- v
Reaction L530_REACTIONS #(| Reaction L530_RE | 1000 _- -

| Addseries || Remove series |

Axis label |Reactions [kN] |

[ switch axis orientation

Minvalue @ Auto ) Manual -0.3282714
Maxvalue @ Auto ) Manual 6567427

Major unit @ Auto ) Manual 20

ok [[ Cancel |

Figure 36: The diagram definition — properties of the vertical axis

File Edit View Project Output Window Help

sAEdesER X COL B HEREREL

| Postprocessor &
= A 4

*sRP K

Il Reaction R121_REACTIONS #001000: DOI ymzls - View style:
Il Reaction L530_REACTIONS #001000: DOF Tima: 470000
Solid with surface mesh ~
ATENA
60 =64 V. 53312711
License 4001 Light )J off
Cervenka Consultiny

| A Deformations
Draw deformed model

Scale
O Absolute @ Relative

Relative deformations: 10%

Reactions [kN]

20 |

0 2 4

Displacement [mm]

State Iterations Name Value Units

41 Analysed 3 Time 46 (-1 -

42 Analysed 3 Convergenc itor: Disp.Err 0.0002902 -1

43 Analysed 3 ConvergenceMonitor: Resid.Er  |0.01231 [-]

44 Analysed 3 G itor: Res.AbsE | 0.009555 [-]

45 Analysed 3 ConvergenceMonitor: Energy E. | 3.574E-06 [-]

46 Analysed 3 LonvergenceMonitor: RDisp.Err_| 002902 8] :
3 L_ConveraenceMonitor: RResid.frr | 1.231 [-1

4 « Analysing .. v M Monitoring points |
Figure 37: The L-D diagram showing stage of the running analysis
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At the stage shown in the Figure 37, the calculation can be stopped. It is obvious from the
L-D diagram that applied load decreases almost to the zero and the beam fails. The
calculation is interrupted by clicking on the button Interrupt analysis above the diagrams.
The dialog appears and asks the user if the analysis should be stopped after the step,
iteration or as soon as possible, see Figure 38. The third option is chosen in this case.

FRC_4PBT_2D_initial model* - ATENA Studio [Runtime] -8

File Edit View Project Output Window Help POSprocessor “
M esE X COLEQ HUERHIBEL < @i~ =
Pause analysis Step: 51 lteration: 1 ess Intermal Forces Group: 203 Elem.: 385

L-D {_Iteration converj

- Structure = View settings toolbox o Xx
@
Lo =0E

Deformation scale
38977085 View style:
| 50 0000

Analysis is interrupted by clicking on this button. .. ...,

Il Reaction R121 REACTIONS #001000: DOI
Il Reaction L530_REA|

Solid with surface mesh ~

& ao01 Light | off
s Consulriy
|~ Deformations
Interrupt analysis Draw deformed model
40
Interrupt Scale
3 9) O} ?
Z ) R 7) Absolute @ Relative
5 3 After iteration Relative deformations: 10%
E 20 ® As soon as possible
Show undeformed model:
OK | | Cancel | [None] 8
( w | Cracks ‘
0 x P N
0 2 4 v Results J
Displacement [mm]
Analysis steps * @ X Monitoring points QX
Number State Iterations Name Value Units |
45 Analysed 3 Time 49 (-1
46 Analysed 3 ConvergenceMonitor: Disp.Err | 2.703E-05 [-] | |
47 Analysed 3 ConvergenceMonitor; Resid.Emr | 0.002954 [-]
48 Analysed 3 ConvergenceMonitor: Res.AbsE | 0.002637 [ |
49 Analysed 3 CcnvergenceManirmr‘ Enefgy E. |7.985E-08 [
50 Analysed 3 ConvergenceMonitor: RDisp.Err | 0.002703 [-] |
ConveraenceMonitor: RResidErr | 0.2954 I-1
31 « Analysing .. 1

["output | Message | Error| Monitoring points
Figure 38: Dialog for interrupting the analysis

When the calculation is interrupted, the data from L-D diagram must be copied into the
excel file or similar and compared with experimental data. It can be done at the runtime
mode, it is not necessary to go to the postprocessor. Click on the window with L-D
diagram and use Ctrl-C to copy the data. The dialog shown in Figure 39 appears, copy data
by clicking on the OK button.
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FRC_4PBT_2D_initial model* - ATENA Studio [Runtime] = B

File Edit View Project Output Window Help E Postprocessor (1
20" o= F X
——————
Restart analysis Interrupt analysis | Step: 51 lteration: 3 Analysis interrupted
LD lreration convergence | Step convergence | ¥ Structure = View settings toolbox re—
o LIS 4
Ml Reaction R121_REACTIONS #001000: DOI v ||| Viewstyle:
Il Reaction L530_REACTIONS #001000: DOF Time: 510000

Solid with surface mesh *

ATENA
=64 V. 53312711

60 Licarss 4001 Light off
Carvunka Consulting .

# | Deformations

Sy o clljzleears) Draw deformed model
40
_ Image dimensions Scale i
y ® .
S @ Size of window &} (IR OGBS
E ~) User defined Relative deformations: 10%
g
5 20 319 420
Show undeformed model:
(v Cracks \
0 ¥ k 4
0 2 4 6 |[> Results )
Displacement [mm]
Analysis steps * B X Monitoring points - QX
Number State Iterations Name Value Units |
45 Analysed 3 Time 51 [-11
46 Analysed 3 ConvergenceMonitor: DispErr | 2.366E-05 = |
47 Analysed 3 ConvergenceMonitor: Resid.Er | 0.002924 [-]
48 Analysed 3 ConvergenceMonitor: Res.AbsE | 0.002645 [-] |
49 Analysed 3 Convergem:eMcni_lor. Ene_rgy E. |6.919E-08 [-1
0 Anatysed 5 ConvergenceMonitor: RDisp.Err | 0.002366 =
nver Monitor: RResid.Err | 0,2924 [-1
51 Interrupted 3 Output | Message | Error | Monitoring points

Figure 39: Dialog for the copy of data in the L-D diagram

For processing the copied data, Microsoft Excel or some similar program needs to be
utilized. The Excel file named LD_diagrams_empty.xlIsx is used in this tutorial and it can
be found on following address: %Public%\Documents\ATENA
Examples\Science\GiD\Tutoria. FRC\_FRC_user_material_calibration\LD_diagrams
_empty.xIsx. There are three lists, the first one contains data from laboratory tests and
relevant L-D diagram (see Figure 40), the second list is prepared for the ATENA data and
is empty at this moment, the third list serves to compare the results.

A B C D E F G H | ) K L M N o P Q R |~
1
2 experiment 1 experiment 2
2 _ ; 9%
4 Displacement[mm] Load[kN] Displacement[mm] Load[kN]
5 0.000 -0.256 0.000 -0.048 20 | P -
3 0.005 4725 0.012 9.804 ——experiment 1
7 0.009 9.552 0,021 19.157 70 4
8 0.012 13.613 0.031 23.588 i
9 0.016 17.313 0.040 26.207 60 === experiment 2
10 0.021 20.036 0.050 30.211 z
1 0.026 22.114 0.059 35.767 = 50 A
12 0.032 25.668 0.068 41.085 °
13 0.038 28.847 0.077 46.724 § 40
14 0.044 31.914 0.086 54,158
15 0.049 35.906 0.096 63.455 30
16 0.053 39.446 0.106 69.354
17 0.058 44.377 0.161 70.600 20
18 0.064 50.272 0.174 73.257 10 4
19 0.070 53.683 0.196 74889 . 000 Theaaad
20 0.077 56.368 0.213 75.032 0 H H H H i i L ]
21 0.083 58.684 0.225 75.851
22 0.090 61.826 0.247 76.687 a 1 2 3 4 5 &
23 0.098 66.019 0.265 77.322 Displacement [mm]
2 0.105 69.328 0.287 78.438
25 0.135 70.914 0.347 78.026
26 0.220 69.124 0.401 78.200
27 0.257 70.749 0.421 78.500
28 0.279 72.407 0.444 79.000
29 0.299 73.921 0.464 79.500
30 0.330 75.357 0.488 80.000
a1 14 20 500 =

naz 75092 ns
laboratory results | ATENA results | comparison of LD diagrams &)

Figure 40: Excel file for comparison or results — List with the results of laboratory tests
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The ATENA data can be inserted on the second list named ATENA results by Ctrl-V or
by clicking right mouse button and choosing Insert. The data are organized in four
columns. The first two columns belong to the diagram with the displacement on the
horizontal axis and right reaction on the vertical axis. Other two columns belong to the
diagram with the same horizontal axis but there is left reaction on the vertical axis, see

Figure 41.

Figure 41: Excel file for comparison or re

A B D E F C H I J K -
1
2 L-D
3 Displacement [mm] Reaction R121_REACTIONS Displacement [mm] Reaction L530_REACTIONS
4 0 0 0 0
5 0.108136845 23.43201794 0.108136845 23.43201794
6 0.217519909 45.35819085 0.217519909 45.35819085
7k 0.332868948 57.97307494 0.332868948 57.97307494
8 0.451889835 64.57322257 0.451889835 64.57322257
9 0.570942668 65.34753354 0.570942668 65.34753354
10 0.704446494 31.56758082 0.704446494 31.56758082
11 0.826263645 27.94168221 0.826263645 27.94168221
12 0.94756942 26.12057788 0.94756942 26.12057788
13 1.069150623 24.10971036 1.069150623 24.10971036
14 1.190068455 22.48220103 1.190068455 22.48220103
15 1.310918999 21.10802051 1.310918999 21.10802051
16 1.431233804 20.2617979 1.431233804 20.2617979
17 1.551145041 19.20181037 1.551145041 19.20181037
18 1.671007239 18.11055414 1.671007239 18.11055414
19 1.790984906 17.05553734 1.790984906 17.05553734
20 1.910837553 15.95083817 1.910837553 15.95083817
21 2.030061646 14.91450537 2.030061646 14.91450537
22 2.149568258 13.89193376 2.149568258 13.89193376
23 2.270529811 12.80653536 2.270529811 12.80653536
24 2.390783615 11.71572643 2.390783615 11.71572643
25 2.509653435 10.57933753 2.509653435 10.57933753
26 2.628059429 9.560663794 2.628059429 9.560663794
27 2.747504465 8.591295 2.747504465 8.591295
28 2.867360512 7.624224745 2.867360512 7.624224745
29 2.986205935 6.733074302 2.986205935 6.733074302
30 3.104933151 6.088578263 3.104933151 6.088578263
31 3.224555016 5.553970017 3.224555016 5.553970017
32 3.344553691 5.070120997 3.344553691 5.070120997
33 3.46449905 4.678000291 3.46449905 4.678000291
34 3.584621794 4.327312384 3.584621794 4.327312384
35 3.7050191 4.001140669 3.7050191 4.001140669
36 3.825600913 3.715846081 3.825600913 3.715846081
37 3.945606885 3.484745395 3.945606885 3.484745395
38 4.06549843 3.276463113 4.06549843 3.276463113
39 4.185312304 3.092024475 4.185312304 3.092024475
40 4.305111011 2.934074811 4.305111011 2.934074811
41 4.424825875 2.803B08256 4.424825875 2.8038B08256 -

laboratory results | ATENA results | comparison of LD diagrams ) 3

sults — List with the data from ATENA

The diagram comparable with the experimental results must be created from ATENA data.
Both reactions must be summed up because the load in the experimental results expresses
the overall force acting on the beam. Then the data are ready for making the diagram (see
Figure 42) that can be put into one graph together with laboratory results and compared

(see Figure 43).
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BN oW B W e

140
130
120
110
100

Load [kN]

L-D

Displacement [mm] Reaction R121_REACTIONS Displacement [mm] Reaction L530_REACTIONS

0
0.108136845
0.217519909
0.332868948
0.451889835
0.570942668
0.704446494
0.826263645

0.94756942
1.069150623
1.190068455
1.310918999
1.431233804
1.551145041
1.671007239
1.790984906
1.910837553
2.030061646
2.149568258
2.270529811
2.390783615
2.509653435
2.628059429
2.747504465
2.867360512
2.986205935
3.104933151
3.224555016
3.344553691

3.46449905
3.584621794

3.7050191
3.825600913
3.945606885

4.06549843
4185312304
4.305111011
4.424825875

laboratory results

Figure 42: Excel file for comparison or results — Modification of the data from ATENA

ATENA results

0 0 1]
23.43201794 0.108136845 23.43201794
45.35819085 0.217519909 45.35819085
57.97307494 0.332868948 57.97307494
64.57322257 0.451889835 64.57322257
65.34753354 0.570942668 65.34753354
31.56758082 0.704446494 31.56758082
27.94168221 0.826263645 27.94168221
26.12057788 0.94756942 26.12057788
24.10971036 1.069150623 2410971036
22.48220103 1.190068455 22.48220103
21.10802051 1.310918999 21.10802051

20.2617979 1.431233804 20.2617979
19.20181037 1.551145041 19.20181037
18.11055414 1.671007239 18.11055414
17.05553734 1.790984906 17.05553734
15.95083817 1.910837553 15.95083817
14.91450537 2.030061646 14.91450537
13.89193376 2.149568258 13.89193376
12.80653536 2.270529811 12.80653536
11.71572643 2.390783615 11.71572643
10.57933753 2.509653435 10.57933753
9.560663794 2.628059429 9.560663794

8.591295 2.747504465 8.591295
7.624224745 2.867360512 7.624224745
6.733074302 2.986205935 6.733074302
6.088578263 3.104933151 6.088578263
5.553970017 3.224555016 5.553970017
5.070120997 3.344553691 5.070120997
4.678000291 3.46449905 4.678000291
4.327312384 3.584621794 4.327312384
4.001140669 3.7050181 4.001140669
3.715846081 3.825600913 3.715846081
3.484745395 3.945606885 3.484745395
3.276463113 4.06549843 3.276463113
3.092024475 4.185312304 3.092024475
2.934074811 4.305111011 2.934074811
2.803808256 4.424825875 2.803808256

comparison of LD diagrams ®

fummation of reactions [kN]
0
46.86403588
90.71638169
115.9461499
129.1464451
130.6950671
63.13516165
55.88336442
52.24115576
48.21942072
4496440206
42.21604102
40.5235958
38.40362074
36.22110828
34.11107468
31.90167634
29.82901074
27.78386752
25.61307072
23.43145287
21.15867506
19.12132759
17.18259
15.24844949
13.4661486
1217715653
11.10794003
10.14024199
9.356000582
8.654624768
8.002281338
7.431692161
6.969490789
6.552926227
6.18404895
5.868149622
5.607616512 -

experiment 1
=== experiment 2

- ATENA, initial model

Displacement [mm]

Figure 43: Comparison of L-D diagrams
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4.2.1.4 Analysis of the results and subsequent material modification

It is obvious from the comparison of results in Figure 43 that material model does not
describe behavior of FRC properly and needs modifications. As the beam is subjected to
bending, the main attention should be paid to the tensile strength and tensile function.

By modification of the tensile strength, the whole L-D diagram moves up and down. The
shape of the diagram can be adjusted through the tensile function. The position of the
diagram peak is influenced both by the tensile strength and the tensile function,
specifically by the slope of the first part of the diagram. The user can choose which
parameter to modify to obtain the right position of the peak. Since the value of tensile
strength is based on the formulas from previous chapter, the tensile function is adjusted.

It is useful to find fracture strains corresponding to point where the load should be
changed. For example, at the peak of the L-D diagram, the displacement is 0.6 mm and the
load is 131 kN while it should be 80 kN. The fracture strain at this step can be calculated
by formula (5) using the crack width found in the postprocessor, see Figure 44. The
fracture strain is 0.003, see Table 2. At this point, the relative stress should be decreased in
the same proportion as is between the loads. The original position of the point is [0.003,
0.775] (the vertical coordinate is calculated from the first part of the tensile function, i.e.
line beginning at the point [0, 1] and ending at [0.01, 0.25]). The new position of the point
is [0.003, 0.473], the relative stress is decreased to 61 % based on the proportion between
calculated and required load.

(N FRC_4PBT_2D _initial model* - ATENA Studio [Postprocessor] -0
File Edit View Project Output Window Help @ Runtime
00 oK X SOLPEE HMEBIREEL < ri- N =
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Figure 44: Crack width in postprocessor




Contrary to the peak of the diagram, the load corresponding to the displacement 1, 2, 3 and
4 mm should be increased by approximately 30 %. In the same proportion, the relative
stresses in the tensile function are increased. The corresponding fracture strains are
summarized in the Table 2. According to the fracture strain at the displacement 6 mm, the
maximal fracture strain in the tensile function is shifted from position [0.1, 0] to [0.15, 0].
Modified tensile function is depicted in Figure 45. Model with described modifications can
be found at the location: %Public%\Documents\ATENA
Examples\Science\GiD\Tutorial. FRC\_FRC_user_material_calibration\FRC_4PBT_2
D_modification_1.gid.

Table 2: Fracture strain corresponding to different displacements in the beam analysis (initial model)

Displacement [mm] | Load [KN] | Step [-] Crack width [mm] | Fracture strain [-]
0.6 131 5 0.047 0.0031
1 52 8 0.229 0.0153
2 30 17 0.610 0.0407
3 13 25 0.988 0.0659
4 7 33 1.400 0.0933
6 3 50 2.200 0.1467
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FRC beam v @ 6} ﬁ =1 a2 s
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Tensicn Function Epsf |
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Figure 45: Modification of the tensile function no. 1
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Figure 46: Comparison of L-D diagrams with new result for modification no. 1

Figure 46 shows that peak of the diagram decreases in comparison with the initial model
but it still need further modifications. The number of subsequent modifications depends on
the required accuracy of the material model. It is recommended to the user to do next
modifications by himself to find the way how the model works and how the different
adjustments affect the model behavior. The procedure of model determination done by a
developer is presented in the following part of the tutorial to help users as far as they do
not know how to find the appropriate parameters.

Description of the modifications to find the suitable model:

32

Modification no. 2

The result with modified curve no. 1 should be improved in the area around the
maximum load (load is higher than in the experiment) and at the displacements 1, 3
and 4 mm (load is lower). The fracture strain corresponding to diagram peak is
0.0005, see Table 3, and at this point, the relative stress should be lower. Thus, the
second point of the tensile diagram which original position was [0.003, 0.473] is
shifted to [0.0005, 0.473], see Figure 47.

To find appropriate modifications around the displacements of 1, 3 and 4 mm, the
fracture strains from Table 3 are utilized again. At the point corresponding to the
displacement of 1 mm, the relative stress should be increased by approximately 14
% (it 1s defined by the relation between loads: the load is 58 kN and it should be 66
kN). The original point [0.015, 0.307] is shifted to position [0.015, 0.349].

The same procedure is done with tensile function in the area around displacement 3
and 4 mm, see Figure 47, the relative stresses at the corresponding fracture strains
are increased.



Model with described modifications can be found at the location: %Public%\
Documents\ATENA Examples\Science\GiD\Tutorial.FRC\_FRC_user_mater
ial_calibration\FRC_4PBT_2D_modification_2.gid.

Table 3: Fracture strain corresponding to different displacements in the beam analysis (modification no. 1)

Displacement [mm] | Load [kN] Step [-] | Crack width [mm] | Fracture strain [-]
0.33 114 3 0.00748 0.0005
1 60 8 0.227 0.0151
3 17 25 0.981 0.0654
4 9 33 1.370 0.0913
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Figure 47: Modification of the tensile function no. 2
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Figure 48: Comparison of L-D diagrams with new result for modification no. 2

Modification no. 3

The result with modified curve no. 2 is shown in the Figure 48. The diagram peak
is still higher than it is required. The load at the displacement 2 and 3 mm should
be also lower. The fracture strains corresponding to these displacements are
summarized in



Table 4.

The fracture strain corresponding to diagram peak is 0.0001 and the relative stress
should be lower at this point. Thus, the second point of the tensile diagram which
original position was [0.0005, 0.473] is shifted to [0.0001, 0.473], see Figure 48.
The diagram can be also improved around the displacement of 0.5 mm (fracture
strain 0.005). The load should be similar to the peak load at this area. For that
reason, the new point is added to the tensile function and its coordinates are [0.005,
0.473].

At the fracture strains corresponding to the displacement of 2 and 3 mm, the
relative stresses are decreased. The same procedure as during the previous
modification is done and relative stresses are adjusted in the same proportion as is
between loads, see Figure 49.

Model with described modifications can be found at the location: %Public%\
Documents\ATENA Examples\Science\GiD\Tutorial.FRC\_FRC_user_mater
ial_calibration\FRC_4PBT_2D_maodification_3.gid.
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Table 4: Fracture strain corresponding to different displacements in the beam analysis (modification no. 2)

Displacement [mm] | Load [kN] Step [-] | Crack width [mm] | Fracture strain [-]
0.22 90 2 0.00209 0.0001
0.5 76 4 0.078 0.0052

2 47 16 0.547 0.0365

3 28 24 0.912 0.0608
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Figure 49: Modification of the tensile function no. 3
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Figure 50: Comparison of L-D diagrams with new result for modification no. 3

Modification no. 4

As the diagram in the Figure 50 shows, the L-D diagram with modified tensile
function no. 3 described the FRC behavior very well. It is possible to accept this
result as satisfactory or to slightly increase the peak load and load around
displacement 1 to 3 mm to obtain more accurate response.

The relative stress at the peak points (fracture strains 0.0001 and 0.005) is
increased by 4 %. Finally, the relative stress corresponding to displacement 1, 2
and 3 mm is also increased in the proportion that is between calculated and
required load, see Figure 51.

The result of modification no. 4 is shown in Figure 52. The behavior of the FRC
beam in four point bending test is in accordance with the experiments and this
model can be designated as a final model. For better illustration, the final model is
shown in comparison with test results without the other models in Figure 53.

Final model can be found at the location: %Public%\ Documents\ATENA
Examples\Science\GiD\Tutorial.FRC\_FRC_user_material_calibration\FRC_4
PBT_2D_modification_4.gid.

Table 5: Fracture strain corresponding to different displacements in the beam analysis (modification no. 3)

Displacement [mm] | Load [kN] Step [-] | Crack width [mm] | Fracture strain [-]
1 62 8 0.224 0.0149
2 36 16 0.559 0.0373
3 18 24 0.927 0.0618
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Figure 51: Modification of the tensile function no. 4
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Figure 52: Comparison of L-D diagrams with new result for modification no. 4
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Figure 53: Load-displacement diagram with the final result
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4.2.1.5 General Instructions for Inverse Analysis

During the inverse analysis described in the previous chapter, the user should learn how to
work with the material model and how modification of each parameter affects the results.
To conclude this section of tutorial, it is possible to say that important parameters for
determination of FRC model are (in case of the model
CC3DNonLinCementitious2User):

e tensile strength,
e tension function,

e compressive function,
e Fc Reduction — COMPRED.

By adjusting tensile strength, the whole L-D diagram moves up and down. If the shape of
the diagram needs to be modified, the tension function describing the ductility must be
modified. For higher ductility in compression, the compressive function should be
modified. The last parameter is Fc Reduction — COMPRED which says how the strength is
reduced while the material is subjected to lateral tension. Based on developer’s experience,
it is useful to deactivate this parameter and suppose that for FRC the compressive strength
do not decrease due to the lateral tension.

For more information about the material model and ATENA program, please read the
documentation files ([1], [2], [4], [4] and[5]) or contact the support (following ATENA
Troubleshooting [5], 2.1.1).
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4.2.2 Inverse Analysis by Consoft

This section is under construction and will be completed as soon as possible.
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5. APPLICATION OF FRC MATERIAL MODEL

Current significant application of FRC material in the Czech Republic is segmental tunnel
lining installed by TBM (tunnel boring machine) during tunnel excavation. Utilization of
FRC with steel fibers for segmental tunnel lining promises potential advantages in
comparison to the traditionally reinforced concrete structures - efficient manufacturing,
lower risk of corrosion, less damage during transport, etc. Cervenka Consulting took a part
in the project designing precast tunnel segments used in the underground and railway
tunnels, see [9] and [10]. Some of the obtained results are presented in this section as a
practical example of FRC material model application.

5.1 Vault Bending Tests

Vault bending tests were performed on the whole segments or on a part of the segments.
Subject of this experiment was to clarify behavior of the segment under local lateral load.
If the laboratory results are known before the numerical modelling, they can be used for
inverse analysis instead of three or four point bending tests on beams, described in the
previous chapters, in case these tests are not available. The behavior of the segment is
similar to the three point bending test.

—experiment 1

—experiment 2
100 - —

==3D model
. ‘\\
60

Load [kN]

/

o

0 5 10 15 20 25 30 35 40

Displacement [mm]

3 .'7 3 \ v l / ‘
Figure 54: Vault bending test of the whole segment — laboratory test (left), comparison of L-D diagrams of
laboratory tests and 3D model

Development of bending cracks in the model is very close to the structural behavior in
experiment. Comparison of the final crack in the experiment and the model is shown in
Figure 55; the significant cracking areas are marked. The cracks in both experiment and
numerical analysis are here strongly localized even in the SFRC material.

Figure 55: Cracks in SFRC segment — vault bending: experiment (left), numerical simulation (right)
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Another vault bending test is presented in Figure 56 and it is performed just on part of the
segment. In this case, the experimental results were used for inverse analysis to find
appropriate parameters of FRC material model.

- lab test
2D model
3D model

Load [kN]
I
o

' -q*' 2 0 -10 20 -30 -40 50 -60
- >

- Displacement [mm]
Figure 56: Vault bending test in lab (left), failure of numerical model (top right), load-displacement diagram of
test and models (bottom right)

5.2 Model of Segment (Keystone) in Compression

The next analysis contains keystone segment subjected to compression test. The keystone
is loaded by concentrated pressure in the central part according to conditions during
installation of segments by TBM. Comparison of results and failure mode between the

laboratory test and the model (see Figure 57) confirmed that the FRC model works in
accordance with the reality.

‘-A‘\u\m“' — |

2, 750604
2,937E-04

Figure 57: Model of keystone, crack pattern in the model and results of laboratory test
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6. CONCLUSION

This tutorial provides a step by step instructions for determination of fiber reinforced
concrete material model in ATENA-GIiD interface. The issue is to find the appropriate
tensile parameters to successfully model FRC. The measured response of direct tensile test
could serve for direct input of the parameters into the material model. Unfortunately,
preparation of test sample is complicated and the test is not performed very often. The
three or four point bending tests are more common. Results can be also used for the
material model but they cannot be directly put into the model. Inverse analysis of the
results must be performed to identify model parameters correctly.

Two different methods of inverse analysis described in this tutorial can be utilized. The
first method is manual analysis described in chapter 4.2.1. For the second method, the
program Consoft based on the evolutionary algorithms is applied, the section is under
construction yet. The developer team has experience with FRC simulation mainly of the
segmental tunnel lining and some results are presented in the section 5.

The objective of this tutorial is to provide the user basic principles of FRC modeling and
understanding of the material model behavior. For more information about the program the
user should consult the ATENA documentation (e.g. [1], [2],[4] or [4]) or contact the
program distributor or developers. Our team is ready to answer your questions and help
you to resolve your problems.

The theoretical derivations and formulations that are used in the program are described in
the Theory manual[4].
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7. 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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