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Synopsis:

This report documents static and dynamic
analyses of reinforced concrete structures.
Analytical and numerical analyses are car-
ried out for a static case.

The beam strength and displacements is
analytically evaluated in accordance to the
prescriptions of the Eurocode 2.

The numerical analyses are performed by
using the Finite Element Method, and cre-
ating shell and solid models through the
commercial software Abaqus.

The material model used for concrete is
the so called Concrete Damage-Plasticity.
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elasto-plastic perfect plastic model.
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erence to the El Centro earthquake. Such
data are adjusted to match the struc-
ture eigenfrequency in order to provoke
resonance. Simulations are then carried
out leading the model to fail. The time-
dependent displacement amplitudes are
then reduced to investigate the plastic be-
havior of the model. The results are then
analyzed and compared, and finally con-
clusions are carried out on the efficiency

of the built-up models.
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Reading guide

Source Citation

Source references are developed by Vancouver referencing system and refer to the full
source list at the back of the report with author, title, publisher and year when available.

A source will be indicated by a number as follows: [Number].

Figures, tables and formulas

Figures, tables and formulas in the report will be numbered under which chapter they
belong and which number in the sequence of tables, figures and formulas they are in
chapter. As an example, "Figure 5.2" can be found in Chapter 5 and be the second figure.

Equations numbers appear in parentheses and shifted to the right side of the document.

Annex

The annex is available on a CD located on the report’s rear side. This CD is be referred

as "Annex-CD", and contains all the calculations underlying the report’s contents.
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INTRODUCTION

1.1 Reinforced Concrete

Concrete is a composite material constituted of coarse and
fine aggregates bonded together with a fluid cement which
hardens over time. More specifically the fluid cement con-
sists of water and cement, and the aggregates are gravel and
sand.

Fig. 1.1 gives more detailed informations on the standard
quantities of the above mentioned components in the con-
crete composition. The ratio of water and cement is indirectly
proportional to the material strength, thus by increasing the
cement percentage an improvement in terms of strength can
be obtained.

Concrete has a good strength in terms of compression, but
its tensile strength is of about 1/10 of the compressive one.
Moreover its ductility is not excellent as well.

The above mentioned weaknesses can be counteracted by the
inclusion of some reinforcement having higher tensile strength

and/or ductility giving then rise to Reinforced Concrete (RC).

Air: 6%

Cement: 10%

Water: 18%

Sand: 25%

Gravel: 41%

Figure 1.1. Concrete com-

ponents quanti-
ties. [1]

The reinforcement is represented by steel reinforcing bars (rebars), and they are embed-

ded in the concrete before this is poured. Fig. 1.2 gives an illustration of how reinforced

concrete is usually produced.

Reinforcements are normally designed in particular regions where unacceptable cracking

and/or structural failure may occur. |2]

Figure 1.2. Fresh concrete being poured into a framework containing steel rebas. [3]
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1.2 Project Outlines

The main objective of this report is the analysis of RC structures due to static and dynamic
loading conditions through different methodologies.

RC theory is implemented to analytical and numerical static analyses on a sample beam,
and to numerical dynamic analyses on a sample column.

The numerical analyses are carried out through the Finite Element Method (FEM).

1.3 Analytical and Numerical Static Analyses

A general step-by-step outline of

Definition of concrete and steel strength and this part of the report is glven

deformation properties by Fig. 1.3. Material proper-
ties of concrete and steel are duly
statistically evaluated, for differ-

ent occurrence probabilities, in or-
der to show how they affect the
@ structural behavior of RC, and the

maximum bearing load.

Concrete and steel constitutive models

Concrete Damage-Plasticity They are then implemented for

Maodel d Steel Plastic Model L. .
R — the definition of the materials’

@ constitutive models. Analyti-

v cal static analyses are performed
Analytical Analyses: Numerical Analyses: FEM through limit state calculations
Limit State (Shell and Selid Models) in accordance with Eurocode 2
@ @ prescriptions. Such computa-

tion methods have been used

Analyses of Results and Comparison for decades for performing struc-

tural calculations of RC buildings.
Figure 1.3. General Outline of Analytical and Numerical Their main advantage is the cal-
Static Analyses. culation celerity, while their weak-
ness is that calculations can only
be performed at one cross-section per time.
The numerical analyses are carried out through the definition of a Concrete Damage-
Plasticity model, and a steel plastic model then implemented into the FEM.
FE computations are, instead, slower but provide informations regarding the whole struc-
ture.
The results are then analyzed, discussed, and compared in order to evaluate the different

aspects and limitations of both theories.
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1.4 El Centro Earthquake

The earthquake data chosen to perform
the simulations are derived from the El
Centro earthquake of 1940 on the US west
coast. Fig. 1.4 displays the geographical
The earthquake
was the result of a rupture in the Imperial
Valley, which is 8 km to the east of El

Centro.

location of El Centro.

It had a moment magnitude of
6.9, and was characterized as a moderate-
The recorded
accelerations in time domain are shown in
Fig. 1.5.

However the event caused significant

sized destructive event.

damage since most of the buildings in
that area were made up of masonry.
1.6 and 1.7 show two photos
of the consequences of the earthquake.
[4]

For the current analysis the application

Fig.

of such acceleration time series would not
lead to any meaningful result to typi-
cal RC structures. Hence the data are
manipulated and adjusted to make the
earthquake frequency rise in order to

provoke damage and a plastic response.

Figure 1.6. El Centro Earthquake damage
to a masonry construction. [4]

B
EEN N
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i |, . i f
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Los Angeles f

Bl Ger

Figure 1.4. El Centro Earthquake Location. [4]
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Figure 1.5. El Centro Earthquake recorded ac-
celerations in time domain.

Figure 1.7. Destroyed construction after El
Centro earthquake. [4]
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1.5 Numerical Dynamic Analyses

The second part of the project focuses on the numerical modeling of RC dynamic response.
Fig. 1.8 shows the step-by-step outline for the numerical dynamic analyses.

Some of the steps previously introduced are also implemented in this analysis since the
same types of concrete and steel are used to model the column as well.

By the definition of the numerical models for concrete and steel the FE models are built-
up, and their eigenfrequencies are extracted through a modal analysis.

As previously mentioned the earthquake data are then adjusted in order to provoke more
meaningful dynamic responses.

From the models build-ups and such data manipulation the FE analyses are carried out.

Finally the obtained results are compared and analyzed.

Definition of concrete and
steel strength and
deformation properties

Concrete and steel constitutive
models

4

Concrete Damage-Plasticity
Model, and Steel Plastic Model

4

Shell and Solid FE Models
Build-Up

Eigenfrequencies extraction and
Damping definition

$

Manipulation and adjustement
of El Centro earthquake data

\ 4

FE Analyses Analyses of Results and

Comparison

AVAR

Figure 1.8. General Outline of Analytical and Numerical Dynamic Analyses.




STRENGTH AND
DEFORMATION PROPERTIES

OF CONCRETE AND STEEL

In the present chapter a statistical approach is introduced for the evaluation of concrete
compressive and steel strengths for the reinforced concrete beam. A simplified approach
is instead implemented for calculating concrete tensile strength and both materials’
deformation properties. Such wvalues are required for the Limit State and Finite Element

(FE) Analyses.

Material properties are usually obtained from multiple tests performed on specimens
of different sizes. The uncertainty related to the material behavior pushes companies to
study statistically such properties as stochastic variables.

In the following a statical approach is implemented for evaluating concrete compressive
and steel strengths.

The same procedure may be carried out also for other material properties, such as con-
crete tensile strength and deformation properties, but in this case a simplified approach,

according to Eurocode 2, is preferred for their determination.

The types of concrete and steel for the RC design are specified in Tab. 2.1, and they

are chosen in accordance to Eurocode 2 standards.

Materials for RC Design

Concrete Steel
C20/25 B450C
Table 2.1.
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2.1 Concrete compressive strength and steel strength

When designing any type of RC structure it is a designer’s duty to specify the strength
of concrete that has to be assumed for the design. Such an assumption recognizes the
variability of concrete as a structural material.

The uncertainty may be higher in a non-homogeneous material, such as concrete, and lower
in a more homogeneous one, like steel.

The variation of concrete compressive strength is usually assumed to follow a normal dis-
tribution. The characteristic strength is the strength below which no more than 5% of all
the tested specimen from the chosen concrete mix will fall. Equally it can be expected
that 95% of all the samples will have strengths in excess of the characteristic strength.

The above expressed concepts are illustrated in Fig. 2.1 and 2.2. [5]

Mean strength (f,, )

A ! A .CTJ |
201 =
o 1
& 16 | 4] 3 |
s | . g 2 |
B 12 | :—J E' |
o — \ o I3 | '
2 @ 5] |
t | | g .
2 T | | 3 |
4L ' _—1 184s
| 1, .
Compressive Strength (Ne’mn% ) Compressive Strength (N,fmn? )
Figure 2.1. Histogram of Concrete Com- Figure 2.2. Normal Distribution of Con-
pression Strength. [5] crete Compression Strength.

5]

In Fig. 2.1 it is reported the number of specimens, cubes for example, falling into
determined compressive strength intervals, and in Fig. 2.2 the histogram is approximated
to a normal distribution.

The concept of characteristic strength is also displayed, and such value is usually 1.64 o
times smaller than the mean value, where o is the standard deviation.
Thus :

for = fom — 164 0 (2.1)

where

fer  Characteristic Compressive Strength of Concrete [MPa]
fem  Mean Compressive Strength of Concrete [MPa]

However the designer usually chooses a value of design strength even lower than the

characteristic one in order to ensure structural safety. Such value is determined by dividing
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the characteristic strength by a partial safety factor 7., as shown in Eq.2.2.

Jed = Jok (2.2)

c

where

fea Design Characteristic Compressive Strength of Concrete [MPa|

. e fcm
a;  =08+02% [

The same identical approach can be applied to steel strength, with the only difference
that this latter fits more likely a log-normal distribution.
The normal and log-normal distribution parameters of concrete and steel strengths are
determined from their characteristic and median strengths. The statistical approach is
implemented in order to define the design strength values fitting the ones given by using
the partial safety factors suggested by the Eurocode 2, of 1.50 and 1.15, respectively for
concrete and steel.
The concrete compressive and steel strengths are, respectively, summarized in Tab. 2.2
and 2.3. The nomenclature used for steel parameters is alike the concrete’s one, where the

subscript 'y’ applies to steel and ¢’ to concrete.

Strength Properties Concrete C20/25

fem [MPa]  for [MPa] fea [MPa]

20.0 28.0 11.5

Table 2.2.

Strength Properties Steel B450C

fym IMPa]  fyr [MPa]  fyq [MPa]

479.2 450.0 391.3

Table 2.3.

The obtained results show a way lower standard deviation for steel than for concrete
resulting in a more narrow probability density function (PDF). This latter statement is in
accordance with what was expected since, as previously introduced, concrete production
and composition lead to more uncertainties than in steel. Moreover also the design per-

centile is evaluated showing values of 5 - 1074% for concrete, and 1-107"% for steel.
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2.2 Concrete Tensile Strength

The tensile and compressive strengths of concrete are not proportional against each other,
and particularly for higher strength grades an increase in compressive strength leads only
to a minor raise of the tensile strength. For this reason two different formulas, Eq. 2.3

and Eq. 2.4, are presented for calculating the median tensile strength of concrete. [6]

W

fetm = 0.3 (for) Concrete Grades < C50/60 (2.3)

fetm =212 In(1 4+ 0.1 (for + Af) Concrete Grades > C50/60 (2.4)

where

fetm  Concrete Median Tensile Strength [MPa]
Af =8 MPa

In this projec, as shown in Tab. 2.2, the chosen concrete grade is C20/25, thus Eq. 2.3
is used.
An evaluation of lower and upper values of the characteristic tensile strength, feu min and

fetk,maz, may be estimated by using Eq. 2.5 and 2.6. (6]

fctk,min =0.7 fctm (25)

fctk,mam =1.3 fctm (26)

2.3 Deformation Properties

In this section the properties governing the deformation of the two materials are presented,

and the implemented procedure for their evaluation is illustrated.

2.3.1 Concrete Deformation Properties

The modulus of Elasticity, E, commonly known as Young’s modulus, measures, the re-
sistance to elastic deformations. It can also be treated as a stochastic variable, as it is
previously done for concrete compressive and steel strengths, but for the present analysis

only the determination of a median value is performed.

For concrete two different types of Young’s moduli can be defined: tangent (E.;) and
secant (F¢1). A physical representation of these two is given in the concrete non-linear

constitutive model presented in Fig. 2.3.
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concrete stress g, <0

concrete strain s, < 0

Figure 2.3. Schematic representation for the compressive concrete stress-strain relation for
uniaxial compression. [6]

The tangent Young’s modulus, also generally called median Young’s modulus (E.y,),
according to Eurocode 2, can be computed from the value of concrete compressive
characteristic strength as illustrated in Eq. 2.7.

(2.7)

0.3
E.., = 22000 (fc’“ + 8)

10

Moreover this latter is double checked from the values of deformation properties given
in function of concrete grade illustrated in Fig. 2.4.
The secant Young’s modulus, strain at peak value of stress (e.1), limit strain before cracking
(€c,iim), and plasticity number (k: = %) are also evaluated according to Fig. 2.4. [6]

The ones corresponding to the chosen concrete grade are highlighted.
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Concrete grade C12 | Clg |jC20 C30 | C35 | C40 | C45 | C50
E.i[GPa] 271 | 288 [}303 336 | 350 | 363 | 375 | 386
Ea [GPa] 111 | 122 |J133 165 | 182 | 20.0 | 21.6 | 232
&1 [%o] 219 | 20 |21 23 | 23 | 24 | 25 | 26
£z 1im [%60] 35 | 35 |135 35| 35| 35| 35| 34
k 244 | 236 ||2.28 204 | 192 | 182 | 1.74 | 1.66
Concrete grade Cs55 | C60 | CT0 C90 | C100 | C110 | C120
E. [GPa] 39.7 | 40.7 | 426 | 444 | 460 | 475 | 489 | 503
Eo [GPa] 247 | 262 | 289 | 314 | 338 | 360 | 393 | 427
&1 [%6e] 26| 27| 27| 28| 29| 30| 30| 30
£ jom [%o] 34| 33| 32| 3130303030
k 161 | 155 | 147 | 141 | 136 | 132 | 124 | 118

Figure 2.4. Concrete Deformation Properties for different Concrete Grades. [6]

When a material is contracted in one direction, it then tends to expand in the other

two directions perpendicular to the direction of contraction. The Poisson’s ratio, v, is the

negative ratio of transverse to axial strain, thus describing how much the material expands

in two directions when contracting in the other one.

In the case of concrete, for a range of stresses 0.6 fo < 0. < 0.8 fer, the Poisson’s ratio

v, ranges between 0.14 and 0.26. Regarding the significance of v, for the present design, a

rough estimation of v, = 0.20 meets the required accuracy. [6]

2.3.2 Steel Deformation Properties

L

Figure 2.5. Steel  stress-strain
relation for uni-
axial compres-

sion/tension. [7]

A representation of the reinforcement steel stress-strain
relation is provided in Fig. 2.5.

Given a value of yielding strain (es,), usually of
1.86-1073, the steel Young’s modulus can be easily eval-
= {yT’y"’, and it corresponds, approximately,
to a value of 210000 MPa.

From Fig. 2.5 it can be noticed that no limit strain is

uated as Egp,

given due to the high ductility of the material. The strain
limit would be of around 1 - 1072, corresponding to a so
high value that the FEurocode 2 does not specify it.

The Poisson’s ratio for reinforcement steel, vy, is esti-
mated to be of 0.25.

10



LIMIT STATE ANALYSES

In the present chapter ultimate limit and serviceability state analyses are performed to
determine the mazimum bearing load that the beam can carry, and its vertical displacement

due to such load. Different RC behavior models are implemented for both analyses.

The Limit States of design (LSD) are conditions beyond which a structure no longer
fulfills certain design criteria. The condition imposing such fulfillment is usually the degree
of the load, while the criteria may refer to structural integrity, fitness for use or design
requirements.

If a structure is designed according to LSD, then it is proportioned to resist all the actions
that may occur during its design life with an appropriate level of reliability at each limit
state.

LSD requires a structure to satisfy two principal states: Ultimate Limit State (ULS) and
Serviceability Limit State (SLS).

e The ULS consists of an agreed computational condition satisfying engineering de-
mands for strength and stability under design loads. It represents the condition at
which the maximum strength of the two materials, concrete and steel, is implemented

to obtain the maximum bearing load that the structure can carry.

e The SLS is a computational check proving that under the action of characteristic
design loads the structural behavior complies with, and does not exceed, the SLS
design criteria values. Such criteria values include stress limits, deformation limits
(deflections, rotations and curvatures), flexibility (or rigidity) limits, dynamic be-
havior limits, cracks width control and other dispositions regarding the durability of

the structure and its level of daily service and human comfort. [8]

In the following, at first, the RC behavior is introduced, then the materials’ constitutive
models for concrete and steel are presented. Secondly through the implementation of such
material models into the RC cross-section the maximum bearing moment is evaluated in
accordance to the Eurocode 2 dispositions for the ULS. The maximum bearing load is
then calculated in function of the chosen static system. Finally the vertical displacement
is calculated according to the Eurocode 2 dispositions for the SLS with reference to the

maximum bearing load computed in the ULS.

11
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3.1 Behavior of RC Beam

A beam is defined as an element having one

(height and width).

P P dimension (length) much bigger than the other two
l l Beams usually assume a bending behavior due to the

‘ 2mj loads they are designed to carry, resulting in a small
curvature. For the current analysis the static system
has been assumed as represented in Fig. 3.1. Hence

* P i the beam has to counteract the loading moment with

’ P‘ - ?T; an equal and opposite bending moment developed by

the combined action of concrete and rebars.

& , 72 The beam cross-section has then a part reacting in

2P 4 tension and another one in compression, respectively
corresponding to positive and negative normal

Figure 3.1. Static System and force
stresses. The neutral axis separates them, and it is

diagrams used for the
analysis. defined as the axis where normal stresses are none.
Its distance from the upper edge of the cross-section
is named z,,. The compressed and tensed faces develop respectively two equal and opposite
forces at a certain distance which generate the previously introduced resisting bending
moment.
The beam cross-section geometrical properties are illustrated In Fig. 3.2 (a), and they are
summarized in Tab. 3.1.
Moreover in Fig. 3.2 four examples of RC stress distributions are given.
The condition of linear stress distribution is represented In Fig. 3.2 (b), in which concrete
does not reach its maximum strength in compression, and neither in tension.
In Fig. 3.2 (c) the condition of linear stress distribution is represented again, but in this
case concrete reaches its maximum strength in compression and also in tension. As result
several cracks open on the tensile face, concrete is not able to support such a high tensile

stress, and the rebars thus counteract such weakness.

-——b——

A

77 R = = =

il
SETTTIRA
R
(a) (b) (©) (d) (e)

Figure 3.2. (a) Beam Cross-Section (b) Linear Stress Distribution (c) Linear Stress Distribution
with Tensile Failure in Concrete (d) Linear Stress Distribution with no tension in
Concrete (e) Concrete experimental stress distribution on the compressed face and

no tension in Concrete

12
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Cross-Section Properties

b mm| H [mm| c¢[mm| d[mm] A [mm?] A [mm?|

280.0 470.0 45.0 425.0 4916 = 803.8 2¢8 = 100.5

Table 3.1. Beam Cross-Section Properties as indicated in Fig. 3.2

Therefore the rebar on the tensile face has the duty to provide an equal and opposite
force to the one produced by the compression face. In order to do that the rebar on the
tensile face yields. The rebar on the compressive face may yield too, but such condition
need to be verified. The cracking of concrete on the tensile face lead to a reduction of the
neutral axis depth x,.

The same condition as in Fig. 3.2 (b) is represented in Fig. 3.2 (d), but the contribution
of concrete in the tensile face is omitted since it only had a minor impact.

The stress distribution is finally displayed in its more realistic shape in Fig. 3.2 (e), thus in
a non-linear distribution with a softening part after the peak stress. This latter corresponds

to the same constitutive model as represented in Fig.2.3 rotated of 90°.

3.2 Concrete and Steel Constitutive Models

In this section the constitutive models used for concrete in compression and for steel in
compression and tension are presented. A constitutive model for concrete in tension is not

derived since concrete is assumed to not react in tension.

Ideally the concrete compressive behavior should likely match the one represented in
Fig. 2.3. However an approximation of this behavior is carried out leading to a trustful
and simpler solution. Such model is commonly known as Parabola - Rectangle.

The curves are represented in Fig. 3.3, and are obtained with Eq.3.1 and 3.2 by inserting

into f. the values of concrete compression strength summarized in Table 2.2. [6]

o kn—n?
Te_ (210 o < lec 1
= —— () for led < leea (3.
Oc¢
— =1 for |ec| > |ec] (3.2)
Je

where

fe  Values of median, characteristic and design concrete compression strength [MPa]
n = H
€. Concrete Strain [-|

13
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W
o

[\e]
[$,]
T
I

s
o
T
|

Concrete Compressive Strength [MPa]
&

10 | ]
—— Median
5T —— Chararacteristic| |
— Design
O 1 Il Il 1 1 1 1
0 0.5 1 1.5 2 25 3 3.5 4
Concrete Total Strain [-] %1072

Figure 3.3. Concrete Parabole-Rectangle Compression Model for Median, Characteristic and
Design values of concrete compression strength.

Regarding the constitutive relationship for reinforcement steel the elastic perfect-plastic
model is used with reference to steel yield strength values summarized in Table 2.3.

Fig. 3.4 represents the obtained constitutive models.

Rebars Compressive/Tensile Strength [MPa]
[\
(4]
o

200 b

150 b

100 | —— Median i

50 - I Cha.raracteri stic| |
— Design

O 1 1 1 1 1 1 1 1 1
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Rebar Total Strain [-]

Figure 3.4. Steel Elastic Perfect-Plastic Model for Median, Characteristic and Design values of
steel strength.
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3.3 Ultimate Limit State

The material models shown in the previous section are now implemented in the ULS for
evaluating the maximum bearing moment that the RC cross-section can carry.
By substituting the obtained Parabola-Rectangle model into the compression face of Fig.

3.2 (d) the RC cross-section behavior turns to the one displayed in Fig. 3.5.

N b - E&:,lim fC fc K Xn
(" A x‘ e R o's J ! =:CBan
n ) . I i
v 1 ] g 8 ‘ A's 6's
X
Hod " d-xxa d-c
/ os =T, os=f Asf,
y y S
| o eeee &> &y L

-0

(@ (b) (© (d) (e

Figure 3.5. (a) Beam Cross-Section (b) Linear Strain Distribution (¢) Compressive parabole-
rectangle stress distribution on the compressed face and no tension in Concrete (d)
Compressive stress-block stress distribution on the compressed face and no tension

in Concrete (e) Forces resulting in horizontal equilibrium and resisting moment

In Fig. 3.5 (b) the linear strain distribution for bending behavior of the beam is shown.

It is displayed that the strain of the lower rebars (e5) always exceeds the yielding strain

/

’) may otherwise be smaller than

(€sy). As previously discussed the upper rebars strain (e
the yielding one. The variable affecting the eventual yielding of the upper rebars is the
distance of the neutral axis from the upper edge of the cross-section. For a fixed position
of the upper rebars the minimum value of z,, providing yielding in the upper rebars can be
calculated from a simple linear interpolation. Such calculation leads to a minimum value
of neutral axis depth of 96.1 mm.

The usage of different values of concrete strength (median, characteristic and design)
implicates a change of z,, thus resulting in a possible modification of the stress contribution
given by the upper rebars (o’,) which of course affects the resisting bearing moment of the
cross-section, and eventually the cracking mechanism also.

According to what is previously stated the stress in the upper rebars is evaluated as shown

in Eq. 3.3 and 3.4.

if Tn < 96.1 mm ol =FE ¢

if Zp > 96.1 mm oL = fy (3.4)
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fe

Figure 3.6. Parabola-Rectangle

per edge of k z,, with k = 3/2 = 0.4.

Stress distribution over
distri-

bution of width equal

rectangle stress

to concrete compressive
strength.

In Fig. 3.5 (c) the parabola-rectangle stress dis-
tribution is shown. Since the ratio of the parabola-
rectangle area is approximately the 80 % of the rect-
angle of width f. area, represented in Fig. 3.6, a
simplified stress model can be introduced.

Fig. 3.5 (d) represents this latter, commonly known
as stress-block distribution. The principle on its
basis is to approximate the non-linear parabola-
rectangle shape to a simply rectangular one with the
same area. In order to obtain such result the stress-
block height is decreased by the factor 5 = 0.8.
Finally in Fig. 3.5 (e) the produced normal forces
are displayed in their application points.

The compressive force developed by the concrete
compression face is logically placed in the middle

of the stress-block, thus at a distance from the up-

The neutral axis depth, x,, is calculated by satisfying the condition of horizontal

equilibrium, while the maximum bearing moment can be computed through the moment

equilibrium as shown in Eq. 3.5.

M, = fcBapb(d—rz,)+ Asol (d—c)

The same approach can be implemented into another ULS model.

This latter is alike the one introduced above besides an hypothesis of linear compressive

stress distribution in concrete.

Such statement approximates the concrete compressive

constitutive model shown in Fig. 2.3 to a linear one with Young’s modulus equal to E;.

A representation of the simplified linear model is given in Fig. 3.7.

-0

c—

8c,lim ] fC fc Xn b/2
L) ) S‘S | N— Ea— =
Xn } o' | 1
1 A's 6's
Xn /3
d-c d-xa/3
s =  f
&> £y os =1y Asty | |
(a) (b) (c) (d)

Figure 3.7. (a) Beam Cross-Section (b) Linear Strain Distribution (c) Linear stress distribution

on the compressed face and no tension in Concrete (d) Forces resulting in horizontal

equilibrium and resisting moment
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As shown in Fig. 3.7 (b) the strain distribution is

still linear, thus the relations derived for determining fe

if the upper rebars yield or not, displayed in Eq. 3.3
and 3.4, are still valid.

Fig. 3.7 (c) illustrates the above mentioned linear

stress distribution on the compressive face. In this
case the same approach previously introduced can

be used again as well for calculating the compressive

force provided by the concrete compressive face. In

Fig. 3.8 the linear stress distribution is shown over

the rectangle on of width equal to f.. In such case Figure 3.8. Linear Stress distribution
it is clear that the area occupied by the linear stress over rectangle stress dis-
distribution is 50% of the rectangle’s one. tribution of width equal

Moreover by knowing that the center of gravity of to concrete compressive

a triangle rectangle is at 1/3 of its height, and strenght.
by imposing the moment equilibrium of the forces
displayed in Fig. 3.7 (e) the derivation of the maximum bearing moment, shown in Eq.

3.6, can be easily carried out.

_fexnd _ In b
M, =1 (d ?>+Asas(d ) (3.6)

From the static system introduced in Fig. 3.1, and by assuming that the analyzed
cross-section is at the beam mid-length the maximum bearing load can be calculated as
illustrated in Eq. 3.7.

M,
Mpaz =2 P &  Prae = 7 (3.7)

The results obtained from the median, characteristic and design strength values shown
in Tables 2.2 and 2.3 using Eq. 3.5, 3.6 and 3.7 are shown in Fig. 3.9 and 3.10.
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Figure 3.9. Maximum Bearing Load against Concrete Compressive Strength
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Figure 3.10. Maximum Bearing Load against Rebars Strength

From the above figures a mean difference of roughly about 7.28 kN can be appreciated,
corresponding to a percentage of mean difference between the two methods results of about
12.40%.

Moreover the load partial safety factor can also be evaluated from the ratio of the design
load over the characteristic one, providing as results 1.26 and 1.36, respectively for the
stress-block and linear stress distributions.

Surely the stress-block distribution gives a more reliable result since it is closer to the real
behavior of concrete. The linear stress distribution is thought as a fair approximation of
the above mentioned distribution and that is correct, but it is not simplifying the max-
imum bearing moment calculation that much. As result the stress-block distribution is

preferred, and only this latter’s results are taken into account in the following.

18
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3.4 Serviceability Limit State

The SLS is used in this project in order to evaluate
the magnitude of the vertical displacements due P P
to the loads shown in Fig. 3.9 and 3.10. Such
displacements are tracked at the mid-length of the

beam, thus in the point circled in red in Fig. 3.11. ‘

The vertical displacement is mainly function of the ~ 3m
beam flexural rigidity. This latter is defined as the

force couple required to bend the structure of one Ftgure 3.11. Point in which the ver-

tical displacement in

unit of curvature, or more simply as the resistance
tracked.

provided by a structure while undergoing bending.

The flexural rigidity is mathematically represented by the product of the Young’s modulus
and moment of inertia (£ I). [9]

In the case of a RC beam the Young’s modulus is not uniquely defined since the cross-
section is composed by concrete and steel having different values of Young’s moduli.
Moreover the moment of inertia is not clearly well defined due to concrete’s cracking
when bending at ULS.

To overcome the firstly mentioned problem the homogenization factor, n, is introduced. Its
purpose it to ’homogenize’ the RC cross-section to a homogeneous one constituted only by
concrete for instance. In order to do that the homogenization factor needs to be multiplied
to the steel contribution therms when calculating the moment of inertia, and it is defined
as n = % Such operation allows to count the rebars’ areas to be n times the actual ones
due to the difference in terms of Young’s modulus between steel and concrete.

The second difficulty is vanquished by considering different behaviors of the RC cross-

v/ = —

section as illustrated in Fig. 3.12 .

Figure 3.12. Different Beam Behaviors used in SLS: (a) Linear Stress Sistribution (b) Linear

.

(a) (b) (c)

Stress distribution with Tensile Failure in Concrete (c¢) Parabole-Rectangle Stress

Distribution on the compressed face and Failure on the Tensile one

The dashed areas in the above figure represent the part of the concrete beam giving
contribution to resist the bending load.
In Fig. 3.12 (a) the case in which no cracks occur in the cross-section is represented. This

latter is analysed in order to evaluate how much more contribution would no cracks give to
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reduce the vertical displacement. However such case is considered to be the less realistic
since the ULS load is applied, thus cracks on concrete’s tensile face are expected to occur.
In Fig. 3.12 (b) the linear stress distribution case, previously introduced in the ULS and
illustrated in Fig. 3.7, is illustrated. This latter’s results in terms of maximum bearing
load were shown to diverge from the most realistic one, however its results in terms of
displacement are also analyzed.

In Fig. 3.12 (c) the most realistic stress relationship is shown, with a parabola-rectangle
distribution on the compressed face and the concrete tensed faced cracked.

The obtained results are summarized in Fig. 3.13 where behaviors A, B and C respectively
correspond to the ones in Fig. 3.12 (a), (b) and (c).

25 T T T T T T
20 / —&— Behavior A|

E‘ —&— Behavior B
£ Behavior C
5
£ 15 b
4]
5}
S
o
N
O 1ok _
©
=
T
)]
>

5 - -

0 1 1 1 1 1 1

40 45 50 55 60 65 70 75

Load [kN]

Figure 3.13. Vertical Displacement against Load Magnitude.

In the above illustrated results the huge difference in terms of displacement between non-
cracked (Behavior A) and cracked (Behaviors B and C) configuration can be appreciated.
Such result was expected since the non-cracked cross-section has a higher moment of inertia
and thus a higher flexural rigidity.

Behaviors B and C give almost the same result for similar values of load. Such statement
makes sense since, with the vertical displacement calculation, the only difference between
them would then be the distance of the neutral axis from the upper edge, which in the
ULS calculations was almost alike. However the usage of median, characteristic and design
values of concrete and steel strength gave different values of maximum bearing load, which

affect also the vertical displacement magnitude.
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MATERIAL MODELS FOR FE

ANALYSES

In this chapter the concrete and steel material models used in the non-linear FE analyses

are presented.

For many years, researchers have been working toward the successful application of
FE analyses to the design of RC structures. The aim was to provide a more accurate
method than the simplified and approximate done shown in the previous chapter. Despite
promising research in this area, only a few practical FE based design tools have been
implemented in standard structural engineering technology. The goal of this study is to
develop and validate such a tool regarding one particular concrete model: The Concrete
Damage-Plasticity Model. [10]

Moreover RC is constituted also of rebars, thus also a plasticity model for steel needs to
be introduced.
In the next chapter is then shown how to implement both together into a FE model to

well represent the RC behavior.

4.1 Concrete Damage-Plasticity Model

The Concrete Damage-Plasticity (CDP) Model is based on the combination of damage
mechanics and plasticity. Its goal is to be able to describe the important characteristics of
the failure process of concrete when subjected to multi-axial loading. [11]

The model assumes the two main failure mechanisins of tensile cracking and compressive
crushing. It consists of an isotropic hardening plastic model. The evolution of the yield

. . . ~pl ~pl . . .
surface is managed by the plastic strains, " and €', respectively tensile and compressive.
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4.1.1

Strength Hypothesis and CDP Parameters

Very often it is assumed the hypothesis that concrete behavior resembles the one described

by the Drucker-Prager criterion. The shape of this latter is conic (as illutrated in Fig. 4.1),

which implicates no complications in numerical application due to its smoothness. However

the drawback is in the non-fully consistence with concrete behavior. [14]

tension meridian

compression meridian @

a,=aq,>0,

Figure 4.1. Drucker-Prager Yield Surface in a 3D view and in the deviatioric plane. [14]

The CDP model is a modification of the above mentioned Drucker-Prager strength

hypothesis. Such modification edits the shape of the yield surface in the deviatoric plane.

The yield surface has not to be a circle since concrete strengths in compression and tension

are not equal, thus the surface extension on the compressive and tensile meridian cannot

be the same as it is in the case of a circle. The parameter K. governs this shape.

Figure 4.2. CDP yield surface representation in

the deviatoric plane

The physical meaning of the parameter
K, is the ratio of the distances between the
hydrostatic axis and respectively compres-
sion and tension meridian in the deviatoric
plane. [14]. For a value of 1 the CDP
yield turns to the Drucker-Prager circular
shape. According to experimental results
conducted on concrete samples such value
can be assumed to be of 2/3, leading to a
yield surface shape as given in Fig. 4.2.
The shape of the CDP yield surface in the
meridional plane assumes the form of a hy-
perbola.

An illustration of this latter is given in Fig.
4.3. Tts shape is adjusted through the plas-
tic potential eccentricity, more commonly

known as eccentricity.
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It represents the distance between the vertex of the hyperbola and the intersection of

the hyperbola asymptote with the hydrostatic axis.

It is usually a small number expressing
the approximation of the hyperbola to its
asymptote. In the case in which the
eccentricity, e coincides with 0 the yield
surface in the meridional plane becomes
a straight line as in the Drucker-Prager
criterion. Usually it is recommended to
assume a value of € = 0.1. [14]

The state of the material is described also
by the ratio of the strength in biaxial state
to the one in uniaxial state (%) A

feo
physical interpretation of the meaning of

i -
-
E i
-
g
]
#=
-
-

-d/tanf3 P P

Figure 4.3. CDP yield surface in the meridional
plane. [14]

such parameter is given by Fig. 4.4. Experimental results lead to a value of such parameter

of approximately 1.16.

Uniaxial tension

1T = - L=
——I§-30p+RT, =0
T ATSpRT 0

\

1

biaxial
tension

o

——§-30F+pF, =0,
1-o

O

I . ——Ig-Jupl=0
biaxial compression 1-a *

Figure 4.4. Strength of concrete under biaxial stresses. [14]

Another parameter needed for defining concrete behavior is the dilation angle (). This

latter represents the inclination of the yield surface to the hydrostatic axis in the meridional

plane. [14]| Physically such parameter is interpreted as the concrete friction angle, and for

the chosen class of concrete a value of 22° can be assumed.
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Finally viscous effects can also be taken into account through the viscosity parameter. In
the current analysis viscosity is ignored, thus a value of the viscosity parameter of 0 is
assumed.

In Table 4.1 the above mentioned values of CDP parameters are summarized.

CDP Parameters

v [°] el % [-] K. [] Viscosity Parameter |-|

22 01 116 0.667 0

Table 4.1.

4.1.2 General Framework

The damage-plasticity constitutive model is based on a damage, and a plasticity part.
In this subsection these two aspects of the model are introduced in the mentioned order.
Damage is implemented in the model in the only case in which cyclic loads are applied to
the structure. The damage-plasticity model reduces to an isotropic hardening plasticity

model in static conditions.

Damage is introduced into the model through the so called tensile and compressive
damage variables, d; and d.. They evolve within increases in plastic tensile and compressive
strains (Efl and 651). Damage leads to a degradation of the ’elastic’ Young’s modulus, which
is controlled by d; and d.. Such variables are assumed to be in function of plastic strains,
temperature and other field variables. In the case of analysis the influence of temperature
and field variables is not taken into account, thus the damage variables are derived only

in function of plastic strains as indicated in Eq. 4.1 and 4.2.

dy = dy(&); 0<d <1 (4.1)

de = de(P); 0<d.<1 (4.2)

The damage variables can have values from 0, representing undamaged material, to 1,
which represent a full loss of stiffness. [12] The constitutive model results to be degraded
by the effect of damage, which lowers the Young’s modulus, thus the values of the stresses
are necessarily lowered. The relationships given in Eq. 4.3 and 4.4 describe the value of

such stress in function of the plastic strains and damage variables.

o1 = (1—dy) Eo (e — &) (4.3)
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oe=(1—4d.) Ey (¢, — &) (4.4)

Or in vectorial form as in Eq. 4.5

0= (1 - dt) ot + (1 - dc) Oc (4-5)

The plasticity model is based on the effective values of stresses, which are independent
of damage. The model is described by the yield function, flow rule and loading-unloading
conditions. The evolution of the yield function is governed by the hardening variables,

which will now be introduced. [11]

The plasticity part of the model is presented in the following. The yield function is as
given in Eq. 4.6

folo,kp) = F(0,qn1, qn2) (4.6)

where gp1(kp) and gpa(kp) are dimensionless functions managing the size and shape of
the yield function as shown in Fig. 4.5 and 4.6. The rate of hardening variable, kp, is
connected to the rate of plastic strain by an evolution law. [11]

The flow rule is given in Eq. 4.7

Ep =\ S (0:5p) (4.7)

where

€, Rate of plastic strain
A Rate of plastic multiplier
gp Plastic Potential

The loading-unloading conditions are illustrated in Eq. 4.8.
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Figure 4.5. Evolution of yield surface in the Figure 4.6. Evolution of yield surface in the
deviatoric plane during harden- meridional plane during hard-
ing for a constant volumetric ening for a constant volumetric
stress. [11] stress. [11]

4.1.3 Tensile and Compressive Stress-Strain Relationships

Concrete exhibits a complex non-linear behavior. Failure in tension is characterized by
softening, which means decreasing stresses with increasing strains. This latter is also
accompanied by irreversible (plastic) deformations. [11]

Under uniaxial tensile loading the stress-strain response is linear elastic until the failure
tensile stress, oy, is reached. Beyond such value some micro-cracks occur. This
phenomenon is represented with a softening stress-strain response. [12]

This latter statement makes physical sense since as concrete starts cracking its capacity
becomes lower and lower. The post-failure tensile relationship also defines the interaction
with concrete since as the stress carried in tension by concrete decreases, the one carried by
rebars should increase in order to satisfy the overall equilibrium. Such behavior is usually
referred in literature as ’tension stiffening’.

Fig. 4.7 provides an illustration of the above mentioned concrete tensile stress-strain

relationship.
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Figure 4.7. Response of Concrete in Uniaxial Tensile Loading. [12]

For the tensile behavior the relation proposed by Wang and Hsu [14] is implemented.
This latter is resumed in Eq. 4.9 and 4.10.

oy = E. ¢ for let| < |écr| (4.9)

n
€
ot = fem ( Cr> for ‘€t| > ’60r| (410)
where

¢+ Tensile total strains -]
€er  Tensile strain at concrete cracking [-]

n  Rate of weakening [-]

Concrete weakening is simulated through the above mentioned rate of weakening n. Its
value varies from 1.5, for a very weak tensile response leading to a tensile stress almost none,
to 0.4, for a less weak response. The case of n = 1.5 provides a simulation closer to the
ULS assumptions since concrete is almost non responding in tension once €., is superseded.

Also some intermediate values of n are taken into account in order to illustrate how such
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factor affects the tensile response of concrete.

relationships according to 4.9 and 4.10.

2.5

N

Concrete Tensile Strength [MPa]
n

—n=04

0.4

0.6

Concrete Total Strain [-]

0.8

1

%107

Fig. 4.8 shows concrete tensile stress-strain

Figure 4.8. Concrete Tensile Stress-Strain Relationships in function of the total strains.

The numerical analyses are carried out in function of the so called cracking strains €;~.

ck

The cracking strains physically represent the strains after cracking, defined as the difference

between the total strain (e;) and the elastic strain for the undamaged material (&), as

shown in Eq. 4.11. [14] The elastic strain definition is also given in Eq. 4.12.

~ck el
el Tt
ot =

E.

(4.11)

(4.12)

An illustration of the above mentioned concepts is given in Fig. 4.7, and Fig. 4.9

illustrates the stress-strain relationship in function of cracking strains.
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Figure 4.9. Concrete Tensile Stress-Strain Relationships in function of the total strains.

Another manner of representing the ’tension stiffening’ is by means of the concrete

fracture energy (Gy). It represents the most useful parameter in the analysis of cracked

concrete structures. A representation of this latter is given in Fig. 4.10.

The fracture energy is defined as the
area under the tensile stress - displace-
ment evidenced in gray. The defini-
tion of such parameter is carried out in
function of the maximum tensile stress
and the maximum displacement that
concrete can allow.

For the case of analysis a fracture en-
ergy of 0.25 N/mm is chosen, thus
providing a maximum tensile displace-
ment of 0.25 mm, which gives good

physical sense.

Ty

Cyp 4

G Up =2G /o1

Figure 4.10. Post-failure stress-fracture

curve. [12]

ot

Uy

energy
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On the other hand, in compression the response is linear until the initial yield stress ..
In the plastic range between o, and the ultimate stress, o.,, the response is characterized
by stress hardening. Beyond o, a softening regime takes place. [12]

The compressive stress-strain response is given in Fig. 4.11.

¥ 3

Figure 4.11. Response of Concrete in Uniaxial Compressive Loading. [12]

Such response may easily be obtained by extensively applying Eq. 3.1 also for values of

lec| > |€c,1]- The obtained stress-strain relationships are illustrated in Fig. 4.12.

30 T T T T T
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Q — Chararacteristic
Design
0 | . | . . . .
0 0.5 1 1.5 2 25 3 3.5 4
Concrete Total Strain [-] %107

Figure 4.12. Compressive Stress-Strain Relationships for softening response in function of total
strains.
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However the numerical analyses are, for the compressive part, carried out with reference
to plastic strains. Inelastic strains, €, are defined by subtracting the elastic part,
corresponding to the undamaged material (efL), to the total strains (e.). The above
mentioned concept is similar to the one of cracking strain, and is summarized in Eq.

4.13 and 4.14.

e — e, — €l (4.13)
e = % (4.14)
(4

When converting then inelastic strains to plastic strains it is needed to assume a stress

threshold from which the response is assumed to be non-linearly elastic. Experimental
tests show evidence of almost lack of linearity in the concrete compressive behavior, but in
most numerical analyses the initial elastic non-linearity can be neglected. The threshold is
assumed thus at a stress value of 0.4 fc. Such statement well fits the compressive stress-
strain relationship provided in Eq. 3.1.
Fig. 4.7 and 4.11 also show the unloading behavior within the plastic regime. As previously
introduced, after plastic deformations occur the initial Young’s modulus, Fjy, results to be
damaged, and thus decreased. The unloading response appears to be weakened. The
plastic strains can then be computed, in the compressive and tensile case, respectively as
in Eq. 4.15 and 4.16.

d o
ol c__Zc 4.15
e =T 1-4d,)E (4.15)
d o
~pl t t
- 4.1
T 1 d.) B (4.16)
In case of undamaged material (d. = 0, d¢ = 0) the plastic strains reduce to the

inelastic ones, defined for the compressive case in Eq. 4.13. The compressive stress-strain

relationship in function of plastic strains is given in Fig. 4.13
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Concrete Compressive Stress-Strain Relationships (Softening)
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Figure 4.13. Compressive Stress-Strain Relationships for softening response in function of plastic
strains.

A perfect plastic response is however preferred since its implementation is simpler, and
it does not significantly affect the solution. Moreover it also resembles more the parabola-
rectangle stress distribution viewed in the previous chapter. The compressive stress-strain

relationship for perfect plastic response in function of plastic strains is given in Fig. 4.14.

Concrete Compressive Stress-Strain Relationships (Perfect)

30

N
w
T
I

[a~]
o
T
|

Concrete Compressive Strength [MPa]
o

10 7
51 — Median b
— Chararacteristic
Design
0 \ . \ . . . |
0 0.5 1 1.5 2 25 3 3.5 4
Concrete Plastic Strain [-] %107

Figure 4.14. Compressive Stress-Strain Relationships for perfect plastic response in function of
plastic strains.

32



4.1. Concrete Damage-Plasticity Model Aalborg University

4.1.4 Cyclic Behavior

When the loads from static turn to dynamic the damage mechanics becomes much more
complex. Cyclic behavior includes opening and closing of previously formed micro-cracks.
Experimentally it is observed that the elastic stiffness partially recovers when the load
changes sign in a cyclic load. Such stiffness recovery effect is usually referred in literature
as unilateral effect, and it represents an essential aspect of concrete cyclic behavior.

The recovery is more conspicuous when load changes from tension to compression. [12]
The damage of Young’s modulus is defined in function of the degradation variable d as
shown in Eq. 4.17.

E=FEy(1-d) (4.17)

where
Ep Initial undamaged Young’s modulus [MPa|

The degradation variable is function of the stress state and compressive and tensile

damage parameters, d. and d;. Thus Eq. 4.18 follows.

(1—d) = (1—s¢de)(1 — scdy) (4.18)

where
sy and s, Two parameters defining the stiffness recovery in function of stress reversals.

They are defined as in Eq. 4.19 and 4.20.

stzl—wt 7’*(0'11) ngtg 1 (419)
Se=1—w. (1 —7r"(011)) 0<w <1 (4.20)
where
o1 Stress in a sample direction [MPa]
7“*(0'11) = 1if011 >0

T’*(O'H) =0ifo11 <0

wy and w, are the, so called, weight factors which control the recovery of stiffness upon

load reversal. [12].
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To sum up with reference to Eq. 4.18 it can then be stated that the degradation of
stiffness when cyclic loads are applied is mainly function of the compressive and tensile
damage. The stiffness recovery is function of the weight factors, that for values of 0
introduce no recovery, and for values of 1 gives full recovery. Fig. 4.15 illustrates how
damage parameter and weight factor affect concrete cyclic behavior. The concrete model
is loaded in tension, and it is responding elastically, until it reaches its maximum tensile
strength, corresponding to the point A. Within increasing strain the material is then
softening until at the point B the model is unloaded. However at that stage the material
stiffness is already damaged thus the unloading Young’s modulus results to be smaller
than the initial elastic one, and the rate of its reduction is determined by the damager
parameter d;. The unloading process brings the stress state from B to C, where there is
a plastic strain. In case the material was not unloaded at B, it would have followed the
dashed path, thus including tension stiffening in the model. At the point C the model
is subjected to load reversal, and the weight factor w. determines the rate of stiffness
recovery when going from tensile to compressive stress. For full recovery (w. = 1) the
Young’s modulus coincides with initial elastic one. Upon compression load the material
hardens and then softens as previously discussed. In case of no recovery (w. = 0) the
model would have followed the dashed stress path. At D the model is unloaded again, and
the damage parameter d. determines the degradation of Young’s modulus.

Upon unloading the stress is brought to zero at the point E, and plastic strain is present
here as well since the strain is different from 0. At E the material is reloaded, and now again
the tensile weight factor determines the stiffness recovery rate. However at this stage the
tensile Young’s modulus is already degraded in function of d; and d.. No stiffness recovery

is agsumed, and the concrete is tension stiffening’ again, and so on.

RO

a

W‘:AI/FWt:O (1d,)E,

Figure 4.15. Effect of damage parameters and weight factors on concrete cyclic behavior. [12]
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In order to implement the previously mentioned

behavior into the FE model the damage parameters
and weight factors have to be defined.

The evolution of the compressive damage compo-
nent, as previously discussed, is directly linked to
the plastic strains. Sinha, Gerstle & Tulun (1964)

[13] proposed a relationship for deriving the com-

pressive concrete damage parameter in function of
the plastic strains, material properties, and a con-
stant factor called b., with 0 < b, < 1. In Fig. 4.16

a representation of the cyclic behavior relationship

Figure 4.16. Stress-strain  relation
for (cyclic) compressive

loading. [13]
is given for two different values of b.. The b, pa-

rameter then seems to control the amount of damage to include in function of the plastic
strains evolution. Sinha, Gerstle & Tulun (1964) chose a value of 0.7 since it seems to
include damage more gradually and realistically into the model, and moreover their tests
were carried out on a C20/25 concrete, thus perfectly fitting the current analysis.

The concrete damage parameter, d., is found through the relationship given in Eq. 4.21.
13]

E—l
do=1- —— e : (4.21)
e (1/b. —1) + 0. Ec

A representation of the obtained results for median, characteristic and design

compressive strength values over inelastic strains is given in Fig. 4.17

m k —d
0.8
0.7
0.6
05

:u 04
; 0.3
0.2
0.1

0
0.00000 0.00075 0.00143 0.00203 0.00255 0.00302

e [-]

Figure 4.17. Compressive damage parameter evolution with compressive inelastic strains.

35



4. Material Models for FE Analyses Michele De Filippo

The same concept applied for the tensile damage A

parameter. Fig. 4.18 gives an illustration

The evolution of the tensile damage component
is directly linked to the tensile cracking strains.
Reinhardt and Cornelissen (1984) [13] proposed a

relationship for deriving the tensile concrete damage

parameter. Such equation is based on the same

principles as in Eq. 4.21, and it is given in Eq. 4.22.
A constant factor, experimentally derived, called by,

. . Figure 4.18. Stress-strai elations
is introduced, and is set to be 0.1. [13] gure 4 i ram - reation

for  (cyclic) tensile
loading. [13]

E—l
dy=1——F— ¢ : (4.22)
& (1/by—1)+ oy Ec

A representation of the obtained tensile damage

parameters over inelastic strains is given in Fig. 4.19

1.2

0.8

d, [-]

0.4
0.2

0
0.00000 0.00017 0.00030 0.00042 0.00054 0.00066 0.00078 0.00090
Eth [-]

Figure 4.19. Tensile damage parameter evolution with tensile cracking strains.

The weight factors used for modeling the stiffness recovery are given in Tab. 4.2. The
compressive stiffness recovery is modeled with the maximum weight factor, while the tensile

one with the lowest.

Weight Factors
- we (%] we [%)

min 10 70
max 20 80
Table 4.2.
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4.2 Rebar Plastic Model

Tresca
Yield Swface

7-plare
(Deviatoric Plare )
o +ay+ay=0

02

Figure 4.20. Mises yield surface in a 3D prin-

cipal stresses space. [16]

The definition of steel is carried out by as-
suming an elasto-plastic model with Mises
yield surface, and associated plastic flow.
Moreover the material model may also in-
clude either hardening or perfect plastic be-
havior.

The Mises yield criterion assumes yielding
to be independent of the pressure stress
since its shape does remains constant along
the hydrostatic axis.

The Mises yield surface is defined by in-
putting the value of uniaxial yield stress as
a function of the uniaxial equivalent plastic
strain. [17] Isotropic hardening means that

the yield surface changes size uniformly so

that the yield stress increases in all the directions when plastic strains develop. [17]

In the case of analysis a perfect plastic behavior is preferred for modeling the rebars. Such

model is chosen since it well fits the steel behavior. An illustration of the implemented

model is given in Fig. 3.4. Moreover, for the rebar as well, the constitutive model needs to

be expressed in function of plastic strains. The elastic part of the stress-strain relationship

is thus removed, leading to a perfect plastic model as shown in Fig. 4.21.
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Figure 4.21. Steel Perfect-Plastic Model in function of plastic strains.
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STATIC NON-LINEAR FE

ANALYSES

In this chapter the general framework on the basis of the non-linear FE analysis is
introduced, with its relative solution method for time-independent problems. A shell and a
solid model of the RC beam are built up. The finite elements constituting the models are

illustrated. Finally the models’ set-up and the results are shown and commented.

The FE analyses are carried out with ABAQUS/CAFE

5.1 Introduction to Non-Linear FE Analysis

In structural mechanics, as introduced in the previous chapter, materials may yield, harden
or soften, leading to non-linearities in their constitutive models. Non-linear problems result
to give more difficulties in describing them by realistic mathematical and numerical models.
The analyst is required to put much more effort in non-linear analyses than for linear cases.
Computational cost is also a big concern since the solving time is much increased.[18] Non-
linearities can be introduced through material, contact and/or geometric non-linearities.
For the case of analysis the constitutive models result to be non-linear, as discussed in the
previous chapter, since plasticity is introduced to model concrete and steel behavior. No
geometric non-linearities are given since the beam geometry is quite regular, and neither
contact ones are present.

The usual FE equation implemented is given in Eq. 5.1

K] {D} = {R} (5.1)
where

[K]  Stiffness Matrix [N/mm]|
{D} Displacement Vector [mm|
{R} Loads Vector |N]

For non-linear FE analyses the solution cannot immediately be obtained for { D} through
Eq. 5.1 since informations are neededto construct [K], and { R} is now known a priori. An
iterative process needs to be carried out to obtain {D} and its connected [K], such that
equilibrium is provided through Eq. 5.1. [18] The satisfactory end of the above process
for every iteration is usually argued in literature as solution convergence.

A further disadvantage on non-linear analysis is that solutions cannot be superposed since
the equilibrium equations are non-linear.

The applied solution method is introduced as it follows.
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Time-Independent Solution Methods

One of the iterative solution methods that can be

P Linoar applied for the previously introduced process is in-
troduced for static problems.
Hardening ,4:1’1:0 g The Newton-Raphson iterative method is given in
e the following, for more informations regarding other
/. -~~—Softening static solution methods please refer to [18].

g’
o

Let’s suppose to analyse a 1D problem where u is
the displacement, k the stiffness, and P the load.

As shown in Fig. 5.1 the k u provides a linear inter-

Figure 5.1. Hardening and Softening
behavior compared to a Pretation of the problem, however the relationship

linear one. [1§] can either non-linearly harden or soften. It is clear
that, if P is known in advance, by applying Eq. 5.1
a solution for u cannot be reached. The displacement, u, is instead obtained by iterations
over increasing steps corresponding to load variations. The calculation procedure use the
tangent stiffness k.
Fig. 5.2 gives an illustration of the Newton-Raphson iterations. The first iteration is car-
ried out for a step-load of AP, giving a load of P; with a tangent stiffness of kyy. This
latter intersect the load in A, at which a displacement of a corresponds. However the
load value at a is lower than P; of a value of ep4, thus the solution did not converge yet.
Then in a the tangent stiffness ki, is used. This latter brings the iteration to the point
B and subsequently to b, for which the load is still lower than P;. The above process is
carried out until the displacement corresponding to the point 1 is found. Another itera-
tion is then required to find the values of k& and u giving equilibrium. The implemented

procedure is exactly alike the one previously introduced, and so on for more values of loads.

Uy | He iz

Figure 5.2. Iterations procedure to convergence for two load levels Py and Ps. [18]
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5.2 Finite Elements

A shell and a solid FE models are built up with the CDP model introduced in the previous
chapter. The present section’s aim is to introduce the FE which are implemented in the

above mentioned models.

5.2.1 Shell Elements

Shell elements are characterized for having a significantly smaller dimension in the thick-
ness direction than the other two dimensions. Shell FE analyses can be carried out either
for thin or thick shell elements. Thin shell elements are described by classical Kirch-
hoff theory, while thick shell elements’ kinematic relations are based on Reissner-Mindlin
theory.[19]

For the current case thick elements are preferred since a shell model is used as an approx-
imation of the RC beam, that in reality has a non-zero thickness.

The chosen shell section is homogeneous along the length of the beam, and it is defined
by a shell thickness, a Poisson’s ratio, rebar layers, and material models for concrete and
steel. However the shell elements’ thickness changes according to the FE analyses results
in function of the defined Poisson’s ratio v. Triangular and quadrilateral conventional shell
elements could have been chosen for building up the shell model. Quadrilateral shell ele-
ments are however preferred since they can more accurately describe the bending behavior.

Moreover two different types of interpolation func-

tions can be applied to the shell elements: linear and 2D

quadratic, respectively leading to the creation of the | Linear 4 nodes

S4 and S8 elements, including 4 and 8 nodes. An il-
lustration of such elements is given in Fig. 5.3. In
the case of analysis the RC beam is mainly subjected

to bending, thus quadratic elements shall give more

accurate results since they can better represent such

behavior. However acceptable results are also ex- T e 2 nodes e
pected to be obtained from a linear elements mesh [ - L ]
since the phenomenon of shear locking should not

occur. The linear element may then be lock-free be- 4 )
cause they are bended in the direction perpendicular

to their surface.

Another important aspect in the choice of the shell L & @

elements is the integration method. For the case

of a bending beam the strains linearly change along Figure 5.3. Illustration of chosen ele-

ments for the shell model.

its thickness, and the stress distribution is assigned 120]

in correspondence to the strains’ one. As previously
illustrated the RC cross-section is subjected to nega-
tive (compressive) and positive (tensile) stresses when bending. The shell element provides

informations only in the so called section points, which are the integration points along
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the thickness.

If reduced integration is applied, meaning that only one integration point is used instead
of four leading informations loss.

In this case is preferable to choose a greater amount of section points in order to better
represent the bending behavior.

The position of the section points along the thickness of the beam is function of the chosen
integration method.

Gauss quadrature integration tends to accumulate them to the edges in function of the
amount of section points chosen. An illustration of such concept is given in Fig. 5.4.

The Simpson integration, shown in Fig. 5.5, give always an uneven amount of section
points. This type of integration tends to place one section point always in the middle, and

then equally distribute the resting points along the beam thickness.
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(a) 7 section points. (b) 16 section points. (c) 20 section points.

Figure 5.4. Section points for Gauss quadrature integration. [21]
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(a) 7 section points. (b) 17 section points. (¢) 21 section points.

Figure 5.5. Section points for Simpson integration. [21]

For the case of analysis the Simpson integration is preferred since it can better model the
RC cross-section strain and stress distribution. An amount of 11 section points is taught
to be sufficient, meaning that from top to bottom edge there is approximately one section
point every 5.8 cm.

The position of the integration points in the quadrilateral element are not affected by
the choice of using a Simpson integration, thus their position is equal to the one for
Gauss quadrature integration. An illustration of their placement in isoparametric local

coordinates is given in Fig. 5.6 (a).
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Fig. 5.6 (b) is instead showing the position of the section points along the thickness for
an example of 5 section points. Face SPOS and SNEG respectively refer to positive and

negative surface.

o A :
f=- — fz —
N =
243 ! I 23
T 1
| 1
R - _>Iﬁ [ [ *_ -+ —1= L - face SPOS Midsurface
P3 ] P2 VER —_—
| |
1 1 .
. | -
| |
| |
1
R SRR
P4 * IP1_):< VT
I I
1 } I
244 I faceSNEG
1 22 Face \-_J‘/
(a) Placement of Gauss points. (b) Integration points and section points

throught the thickness.

Figure 5.6. Integration points in a quadrilater element. [19]

At last the rebar needs to be defined.
Rebars are modelled through additional
layers that can be oriented along the
longitudinal direction of the beam, or either
along the width one. Fig. 5.7 gives
an illustration of the above mentioned
concept. For the case of analysis two rebar
layers need to be defined, since the RC

beam geometry includes upper and lower

Saseared steel Layer

rebars. To such layers is then assigned the

elasto-plastic model for steel as outlined in Figure 5.7. Multi-layer shell element including
the previous chapter. rebars layers. [22]

The rebars layer are smeared on the whole

rebars surface, which has size equal to the concrete one. According to the amount of rebar

and to their area the layer is defined for providing equal steel area.
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5.2.2 Solid Elements

In order to provide a more realistic and reliable solution a 3D FE model has to be created.
The solid elements library provided by ABAQUS/CAE includes isoparametric elements.
They are generally preferred for their cost-effectiveness. For a solid model the computa-
tional cost becomes of primary interest since the analysis turns to be way more complex.

An illustration of the chosen solid elements is given

3D in Fig. 5.8. Such elements are provided with

Linear 8 nodes a linear and quadratic interpolation function as
e . well, and they are respectively referred as C3D8
and CRD20, including 8 and 20 nodes. The same
concepts expressed for the first- and second-order
s i interpolation function shell elements apply to the

solid ones as well. Linear interpolation function

Quadratic 20 nodes elements give constant strain with the element, thus

- amEmy the final solution may be affected by the model

i mesh. Moreover the higher-order content of the

¢ | solution is generally not very accurate. On the other

5] ? hand quadratic interpolation function elements are

4 _l capable to represent linear strain fields, and they
o

> are particularly effective for bending problems.

[23]
Figure 5.8. lllustration of chosen ele-  First-order isoparametric elements also suffer ’shear
ments for the solid model.

[20]

locking’” when performing in bending problems.
They cannot provide a good bending solution since
the linear interpolation function cannot describe
accurately the problem, thus providing stiffer solutions. Such problem may be avoided by
using reduced integration, but with the disadvantage of allowing spurious singular modes.
Second-order isoparametric elements are locking-free, and, as previously introduced, their
linear strain field can describe quite accurately bending behavior within thin FE. [23] An
illustration of the physical meaning of linear and quadratic interpolation function is given
in Fig. 5.9.

(a) C3D20 Element Type (b) C3D8 Element Type

Figure 5.9. Nllustration of first- and second-order interpolation function of solid elements. [24]
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5.2.3 Truss Elements

In a 3D FE model solid elements are used to describe concrete regions, and truss
elements are inserted for simulating the presence of rebars. in this context a
‘truss element’ is a 1D element that can randomly be oriented in a 3D space.
Such element has one node at each extremity of the element, and it is able
to transmit only axial forces. Fig. 510 gives an example of truss element.
By definition trusses have no rotational de-
grees of freedom (DOF), they only have
three translational DOF (depicted as D,
Dy, Dz in Fig. 5.10) per node. [25]

A cross-sectional area corresponding to the
rebar is given to every truss element. Steel

material properties, previously introduced,

are also applied to them.

In RC concrete applications they are usu-

ally implemented in order to model rebar
by embedding them to the concrete model.

Their behavior is then entirely dependent Figure 5.10. Example of truss element ran-

on the concrete one. domly oriented in a 3D space. [25]

5.3 Shell Model Set-Up

The models are set up in the FE software Abaqus. Three models are built up including
median, characteristic and design material properties, with its respective maximum loads
previously computed in the ULS analysis.

The model set-up is shown in Fig. 5.11.

1
o O

u
u

N

Figure 5.11. Representation of Beam Shell Model Set-Up

The loads are applied over 200 mm wide areas (in the x-direction). The yellow-circled
points are datum points, which are created in order to define the load area.
The boundary conditions impose no translational displacement in the x- and y-direction

on one end of the beam, and no translational displacement in the y-direction on the other
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end.

Tension stiffening is introduced in the model through the stress-strain relationship
illustrated in Fig. 4.9 with n = 1.5.

The mesh is defined simply by specifying a general elements size. An illustration of the

bending behavior of the shell RC beam for the design case is given in Fig. 5.12

U, U3
+0,000e+00
-1.778e+00
-3.557e+00
-5.335e+00
-7.113e+00
-8.891e+00
-1.067e+01
-1.245e+01
-1.423e+01
-1.600e+01
-1.778e+01
-1.956e+01

-2.134e+01

Figure 5.12. Example of Beam Shell Model Deflection for the design case
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5.4 Solid Model Set-Up

The solid model set-up results to be a little bit more complex than the shell one.

In this case the application of the boundary conditions directly on the model leads to
unreliable bending results. When creating FE models it is the analyst’s duty to ensure
that the model behavior resembles its expectations. An illustration of the solid model

set-up is given in Fig. 5.13.

‘-\-\-\-\-\_\-"\-\_\_\
— Upper Rebars

Lower Rebars
- Elastic Block

u,=0

u, =0 ,
) t
z"’Lx

Semi-Rigid Slab

Figure 5.13. Representation of Beam Solid Model Set-Up

The mesh is constituted over its height of 11 elements. The reason of such choice is
that more elements are required along the beam height in order to well define the bending
behavior. The amount of elements is defined matching the number of section points chosen
for the shell model, in order to make better match the results.

The concrete beam is placed over two blocks made of ’elastic concrete’. Moreover such
blocks are placed over shell slabs made of a semi-rigid material. The boundary conditions
are applied on the bottom of such slab, and they are identical to the shell case.

With this model set-up the semi-rigid slab is capable of simply rotating around the pins
without experiencing any deformation, the elastic blocks deform elastically and the RC
beam follows such deformation providing a good bending behavior.

The parts are constrained by defining master and slave surfaces. The slave surfaces follow
the deformations of the master surfaces.

The lower and upper rebars can also be seen in the model set-up above, and they are
embedded into the concrete beam.

Tab. 5.1 underlines how the elastic, and semi-rigid materials are defined.
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Additional Materials for Solid Model Set-Up

Part Behavior E [MPa] v

Elastic Block Elastic 30000 0.20
Semi-Rigid Slab  Elastic 3000000 0.49

Table 5.1.

An illustration of the bending behavior of the RC beam is provided in Fig. 5.14 for the

design case.

u, uz
+4.837e-01
-1.211e+00
-£,905e+00
-4.599e+00
-6.293e+00
-7.988e+00
-9.682e+00
-1.138e+01
-1.307e+01
-l.476e+01
-l.6d6e+01
-1.815e+01
-1.985e+01

Figure 5.14. Example of Beam Solid Model Deflection for the design case.

Due to the higher complexity of the model if the tensile behavior of concrete is given

through the stress strain relationships, shown in Fig. 4.9, a converged solution results hard

to reach. Thus the fracture energy approach is preferred for inserting tension stiffening in

the model.
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5.5 Analysis of the Results

In this section the results derived from the above mentioned models set-up are shown and

discussed for both models.

5.5.1 Convergence Analysis

At first the convergence analysis is shown in order understand for both models which ele-

ment is more effective and with how many elements.

For the shell model the used elements are shown in Fig. 5.15

(a) S4. (b) S4R. (c) S8R.

Figure 5.15. Shell Elements used in the convergence analysis. [19]

The convergence analysis results for the shell model are illustrated in Fig. 5.16 and
5.17, and the rate of difference in terms of maximum vertical displacement (uyq.) and

computation time when increasing the seeds size are given in Tab. 5.2 and 5.3.

== S4R =54 S8R
215
21.48
21.46
= 21.44

E 9142

21.38
21.36

21.34
2 33 61 92 122 153 183 214 245 275 306 336

N° of Elements

Figure 5.16. Convergence Analysis for Shell Model
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S4R 54 S8R
140

120

100

80

40

Computation Time [s]

20

31 80 180 341
N° of Elements

Figure 5.17. Computation Time against Number of Elements for the Shell Model

Convergence Rates of Vertical Displacements

Elements Increase S4R |%| S4 |%| S8R |%]

31 - 80 0.23 0.23 0

80 - 180 0.093 0.14 0

180 - 341 0.046 0.093 0
Table 5.2.

Percentages of increase of computation time

Elements Increase S4R [%] S4 [%] S8R [%]

31 - 80 26.31 97.14 82.97

80 - 180 104.16 157.97 113.95

180 - 341 416.32 287.64  559.78
Table 5.3.

As it can be deducted the quadratic element offers the best performance since it con-
verges way faster than the linear ones. The same result is obtained also using linear
elements but only at the finest mesh. It is however important to notice that displacement
results differ each other in the order of the second decimal number, and such a distance is
not even visible by the human eye. Such statement is confirmed by the very low conver-
gence rates of vertical displacements shown in Table 5.2.

An important aspect of FE modeling is also the computation time. The finest mesh con-

stituted by S8 elements leads to way slower computations than the linear elements’ case.
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It can be noticed that the percentages of increase of computation time are generally very
high when raising the amount of elements to the maximum one.
To conclude the S8 element provides the most precise results even with a coarse mesh,

nonetheless the linear elements results are also judged to be reliable.

On the other hand the elements used for the solid model are illustrated in Fig. 5.18,
5.19, and 5.20.

| | 7 |
: | L’.‘zs""'ze Vet
. ! . . | Tpo-- oo Zo8 s ,,‘7:7: 3 ol
| L0 VN I .—g—l-i-oz—o———.“ |
o il R e
| . o Lo :,,‘:13: &y | M
| I
| HEE VO R MNP I
L - IR T A I e B
, O o/ ://1’4 s | |
/// / 7 //‘1____.2____.3
Figure 5.18. CRDSR.: Figure 5.19. C3D8: 2x2x2 Figure 5.20. C3D20:
1x1x1  inte- integration 3x3x3  inte-
gration point point scheme. gration point
scheme. [23] 23]

scheme.[23]

The convergence analysis results for the solid model are illustrated in Fig. 5.21 and 5.22,
and the rate of difference in terms of maximum vertical displacement and computation time

when increasing the seeds size are given in Tab. 5.4 and 5.5.

—e—(3D8R C3D8 C3D20
22

21
20

19

Umax [MmM]

18
17

16
341 880 1980 7920

N° of Elements

Figure 5.21. Convergence Analysis for Solid Model
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C3D8R C3D8 C3D20

4000

3500

3000

2500

2000

1500

1000

Computation Time [s]

500

3 880 1980 7920
N°® of Elements

Figure 5.22. Computation Time against Number of Elements for the Solid Model

Convergence Rates of Vertical Displacements

Elements Increase C3D8R [%] C3D8 [%] C3D20 [%]

From 341 to 880 -4.57 0.11 -0.017
From 880 to 1980 -2.66 2.97 -0.013
From 1980 to 7920 -3.48 0.53 -0.012

Table 5.4.

Percentages of increase of computation time

Elements Increase C3D8R [%] C3D8 [%] C3D20 %]

From 341 to 880 11.51 -43.93 1.37
From 880 to 1980 -4.25 65.67 1.54
From 1980 to 7920 312.26 489.88 5.53

Table 5.5.

From the convergence analysis it can clearly be seen that both linear and quadratic
elements mesh tend to converge with increasing amount of elements. In this case the rates
of convergence are higher. The results difference is also more evident, for example for the
coarsest mesh the vertical displacements are between a range of around 18 mm to almost
22 mm. For an amount of elements even higher than 7920 the results would have probably
converged even more. However the convergence analysis is stopped at such point since the
computation time already increased dramatically. It is curious to notice that in some case

by increasing the amount of elements the computation time decreases, meaning that the
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solutions convergence, at each step, sometimes tend to be faster with finer mashes.

A mesh constituted by C3D20 elements converges faster, in fact its convergence rate is
within the second decimal number. However in general solid models computations result
to be slower.

To sum up, for the solid model as well, the more reliable results are provided by the
quadratic elements. Linear elements’ results are also precise, but only with the finest

mesh.

5.5.2 The Influence of Rate of Weakening

In this subsection the influence of the rate of weakening on shell model results in terms of
normal stresses and vertical displacements is investigated.

As previously introduced the rate of weakening (n) affects the tensile behavior of concrete,
defined through Eq. 4.10.

The stress distributions for different values of n is given in Fig. 5.23, 5.24, 5.25, 5.26, and
5.27.

Thickness
Thickness
Thickness

1 o L L L L 0 1 L L L

- ‘ S:r'ess : v * ° St;:ss ? ® - Str;;s N
Figure 5.23. Normal Stress Figure 5.24. Normal Stress Figure 5.25. Normal Stress
Distribution Distribution Distribution
for n = 0.4 for n =0.5 for n =0.75

Thickness
Thickness

o L 1 1 1 0 L 1 L L
8 6 2. [ K 6. ) -z il

E
Stress

Figure 5.26. Normal Stress
Distribution
forn=1

Stress

Figure 5.27. Normal Stress
Distribution
forn=1.5
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As expected the normal stresses are affected, especially in tension, by the change of rate

of weakening. The tensile stress distributions resemble the curves illustrated in Fig. 4.8,
which also match the a priori expectations.
The compressive normal stresses should also be affected by a variation of n, or, more
logically, by a change in tensile stresses. As the positive (tensile) stresses vary, the negative
ones also have to change in order to satisfy normal equilibrium conditions. However the
above figures evidence a very small difference in terms of compressive stresses. Almost no
variation is given since as concrete carries less and less tensile stresses, the rebar ’absorbs’
such loss of stresses, thus no increase in concrete compressive stresses is required.

The influence of n on the maximum vertical displacements (tnqy) 18 shown in Fig. 5.28

22
21.5
21

20.5

« [mm]
P
=

= 195

Up

0.4 0.5 0.75 1 15

Figure 5.28. Maximum Vertical Displacement values with varying rate of weakening.

According to what was previously introduced by raising n the contribution of concrete
in tension decreases, and the one of the rebars increase. The above results also give good
physical sense since once the rebars are in plastic zone the strains increase more rapidly,
thus introducing more ductility in the model, and providing higher displacements. Fig.

5.28 shows that in the case of analysis the same thing is happening.

5.5.3 The Influence of Fracture Energy

In this subsection the influence of fracture energy on solid model results in terms of normal
stresses and vertical displacements is investigated.

By increasing or decreasing the fracture energy in the model the displacement required for
producing fractures respectively increases or decreases linearly according to the relationship
given in Fig. 4.10.

A physical representation of such concept is given by Fig. 5.29 on a tensile displacement,

uy, tensile strength, o, graph.

o4



5.5. Analysis of the Results Aalborg University
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Figure 5.29. Representation of different fracture energies on a stress against displacement graph.

Gy also regulates the amount of tension stiffening to include in the model through the
decreasing tendency of tensile stress. For decreasing values of fracture energy the tensile
stresses in concrete get lower, thus providing higher displacement, and slightly higher
compressive stresses. Such concept is identical to the one expressed for the shell model
with the rate of weakening.

The maximum normal compressive stresses, o maz, and vertical displacements, Uz, are

plotted in function of varying values of G in Fig. 5.30

19.4 11.55
—S—uUmax =—%—0C,max
19.3
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E 189 s
» >
% 18.8 S 1135
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= 187 S

18.6 T o113

185

11.25
184
18.3 11.2
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Figure 5.30. Maximum compressive stresses and vertical displacements against fracture energy.

The above mentioned expectations are met, and in this case as well the compressive
stresses variation is not high due to the presence of rebars. On the other hand the RC
beam displacement difference between minimum and maximum fracture energies is of the

order of about 1 mim.
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5.5.4 Comparison of Shell and Solid Models Results

In this subsection the obtained results for the two previously introduced FE models are
presented and discussed.

At first the FE analyses are carried out with respect to the maximum loads based on the
ULS calculations, deriving then the maximum vertical displacement (u,q,). However the
two models’ bearing capacities are found to be slightly higher than the ones at the ULS.
Another analysis is thus carried out for deriving the value of the maximum loads the two
FE models can carry (Ppaqe), and the maximum normal compressive stress (¢ maz)-

The above mentioned analyses are performed for median, characteristic and design values
(d, k, m) of concrete compressive strength (f.), and rebars strength (f,). The obtained
results for the shell and solid models are given in Tab. 5.6, and the percentages of differ-

ence between shell and solid results are summarized in Tab. 5.7.

Shell Models Results

fe [IMPa|  f, [MPa]  tmaz [mm]|  0cmae [MPa|  Ppae [kN]

d 11.5 391.3 21.5 11.2 69.8
k 20.0 450.0 22.9 19.0 84.8
m 28.0 479.2 26.9 23.5 89.7

Solid Models Results

d 11.5 391.3 19.1 11.4 72.1
k 20.0 450 19.8 19.8 88.6
m 28.0 479.2 22.6 25.1 94.0

Table 5.6. Comparison of Shell and Solid FE Models Results

- Umaz [%] Oc,mazx [%] Pmam [%]

d 11.30 -3.84 -3.36
k 13.36 -4.31 -4.45
m 15.98 -7.02 -4.85

Table 5.7. Percentages of difference between Shell and Solid Models’ Results

From the above tables good similarities can generally be appreciated between the FE
models results.
Roughly the solid model appears to be stiffer than the shell one, thus providing lower
displacements, and higher stresses and maximum bearing load, which makes good physical
sense. However the solid model is more accurate than the shell one, thus its behavior
provides more likely a better representation of the RC beam behavior.
The maximum vertical displacements biggest difference is noted for the median strengths
case with 4.3 mm, corresponding to a 15.98 % difference. Moreover the difference in terms

of 0cmar and Ppq, s even lower, confirming once more a good match between the two
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models.
However it can also be noticed how the maximum concrete compressive strengths of the

solid models got closer to the f. values depicted in Tab. 2.2.
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COMPARISON OF STATIC

ANALYSES RESULTS

In this chapter the obtained results from ULS, SLS and FE analyses are compared and

analyzed. The applicability of the used methods is also discussed. Finally the RC beam
behavior under monotonic load is shown.

6.1 Stresses and Displacements Comparison

The obtained results are presented through values of maximum vertical displacement,
bearing loads, and compressive stresses. The limit state and FE analyses are carried out
for design, characteristic and median values of strength of concrete and steel. Fig. 6.1

shows values of uy,q, for varying concrete compressive strengths.

—s—Shell —e—Solid SLS
30
25 /
— 20 i_ /
% 15
:é 10
5
0
11.5 20 28
f. [MPa]

Figure 6.1. Maximum vertical displacement values from SLS, and FE analyses in function of
concrete strength.

The SLS displacements are between the ones obtained for shell and solid FE models.
However the results show generally a good match in terms of displacements.
It is also clear how the behavior of the beam is affected by the materials strength definition.
It can be noticed how the FE models results follow more or less the same trend, while that
is not the case for the SLS ones. Such statement gives confirmation that the definition of
concrete and steel strengths affects the results depending on the type of analysis that is

carried. FE and limit state methods are respectively analytical and numerical, thus their
different approach justifies the detected divergent behaviors.
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Fig. 6.2 illustrates values of maximum bearing loads in function of concrete strengths.
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Figure 6.2. Maximum bearing load values from ULS, and FE analyses in function of concrete
strength.

From the above results it can be appreciated an higher bearing capacity of the FE
models. The ULS calculations are less accurate than the FE ones. The limit state approach
is however on the ’safe side’ since its values of P4, are lower, which is in accordance with
the Eurocode 2 design principles. As it was already discussed in the last chapter the solid
model bearing capacity is slightly higher than the shell one.

Fig. 6.3 depicts the maximum compressive stresses (0 maqz) in function of the bearing
loads. Also in this case the two approaches give a good match. It can be observed good

similarity between the two FE analyses’ trends.

—a—Shell —e—Solid ULS

O¢,max [MPa]
= [ ] N w
= w (=] %3] =

[}

0 20 40 60 80 100
Pmax [kN]

Figure 6.3. Maximum compressive stress values from ULS, and FE analyses in function of
maximum bearing loads.
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6.2 RC Beam Behavior due to Monotonic Loading

In this section the behavior of the beam due to monotonic loading is discussed. Such
analysis is carried out by extracting the FE results at certain load steps corresponding to

given percentages of the maximum bearing load. The figures below show the normal stress

distribution for monotonically increasing loading.
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In Fig. 6.4 the normal stress distribution is depicted for the 2 % of the maximum bearing

load. Tt can be seen an linear elastic behavior in tension, meaning that tensile cracking
did not occur yet. In compression the concrete behavior is also linear with a slight change
of slope close to the upper edge, meaning probably that plasticity is occurring.

In Fig. 6.5 the load is increased by a 3%, the tensile behavior is still linear elastic, while
the previously mentioned change of slope becomes more pronounced.

In Fig. 6.6 at a load of 24 % the compressive stress distribution is clearly non-linear, while

the maximum tensile strength is now reached.
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Figure 6.10. Ilustration of
points in which the
stresses are tracked
at mid-length of

the beam.

At this step tension stiffening is thus included in the

model. By further increasing the load until 50%, as
shown in Fig. 6.7, the shape of the stress distribu-
tion remains more or less alike, with a raise of ten-
sion stiffening since the tensile stresses get closer to
0.
In Fig. 6.8 and 6.9 the load is brought up to, re-
spectively, 77% and 100%. Within the load aug-
mentation the compressive stresses tend to increase,
and the tensile ones to decrease. The normal stress
distribution with a load of P4 represents the RC
beam behavior when carrying the maximum bearing
load, and it resembles very much the ULS stress pro-
file.

Fig. 6.11 shows the evolution of tensile (o) and

compressive (o.) stresses with monotonic loading at the lower and upper edges at mid-

length of the beam, as shown in Fig. 6.10.

— gt ——0ocC

80

P [kN]

Figure 6.11. Compressive and tensile stresses evolution with monotonic loading.

Through the above figure informations can be extracted on the load step at which plas-

ticity is introduced in the model in tension and in compression.

The blue line represents the tensile stresses, and it shows an almost linear increase until

a load of about 7 kN. For higher loads the model responds plastically with the tensile

stresses tending asymptotically to 0.
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The interpretation of the compressive stresses, de-
picted by the red line, results however to be harder. Non-
linearities can be appreciated from a load of about 2 kN,
giving reason to the small non-linearity evidenced in Fig.
6.4.

Then it seems that the curve starts following the
same non-linear trend from a load of about 14
kN. An explanation for this phenomenon can be
given by comparing Fig. 6.5 and 6.6. They
both include plasticity in the compressive behav-
ior but with different shapes. By then looking
at Fig. 6.6, 6.7, 6.8 and 6.9 the compressive
stress distribution maintains the same shape, cor-
responding to the non-linear trend previously men-

tioned.

Finally data regarding load-displacement for median,
characteristic and design values of materials strength are
extracted and plotted in Fig. 6.13. The chosen nodal

Figure 6.12. Nodal point
where the load-
displacement data
are tracked at
mid-length of the
beam.

point from data extraction is the one giving maximum displacement, placed at the mid-

length of the beam, and it is evidenced in Fig. 6.12.
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Figure 6.13. Load-displacement curves representation.

The above load-displacement curves make good physical sense since for a given value of

load the displacements result always higher for the case of lower materials strengths.

Fig. 6.13 also includes the displacements derived through the SLS analysis, which result

to almost coincide with the last point of the curves.
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DYNAMIC NON-LINEAR FE

ANALYSES

In this chapter a dynamic non-linear FE analysis is carried out for a RC column. Two
FE models are created using shell and solid FE. The eigenfrequencies of the column are
evaluated through a modal analysis, and damping is defined. The compressive and tensile
damage parameters are computed in order to describe the cyclic behavior in concrete. Fi-
nally the earthquake excitation is adjusted with reference to such eigenfrequencies in order

to provoke resonance in the structure.

For a dynamic non-linear analysis it is preferred to analyse a column instead of a beam.
The reason of such choice is that a column is the structural element to which the earth-
quake excitation is directly applied. Moreover buildings failure due to earthquakes usually
occurs at first in the column.

The column cross-section is illustrated in Fig. 7.1, and its geometrical properties are given
in Table 7.1. The column height is 3.2 m. The materials used for modeling concrete and
steel are the same as for the beam, thus respectively C20/25 and B450C. In this case the

design value of such properties, given in Tables 2.2 and 2.3 are chosen.

b
® ° ®
\\ AIS
H d
c"’ AS
1 ® e
C
F el

Figure 7.1. Representation of column cross-section.

Cross-Section Properties

b[mm] H [mm] c[mm] d[mm] As= A, [mm?|

450.0 450.0 45.0 455.0 3912 = 339.1

Table 7.1. Column Cross-Section Properties as indicated in Fig. 7.1
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7.1 Time-Dependent Solution Methods

In dynamic analyses the structure is subjected to a time-dependent load or displacement.
To each time step a certain value of load or displacement is associated. The FE approach
is implemented in order to find an equilibrium configuration at every time step.

In this case a dynamic analysis is carried out for modeling the structure response to an
earthquake excitation, which is applied in terms of time-dependent displacements.

The FE models are built in the software Abaqus, and a dynamic implicit approach is
chosen.

In this latter a set of equilibrium equations are solved at each time increment.

When analyzing the dynamic response of a structure with elastic material properties the
FE approach is simply applying such equilibrium equations, as shown in Eq. 5.1, linear in
this case. Thus the global equations of motion are simply integrated through time for a
defined time step increment.

When turning to non-linear FE analyses, as previously introduced in the static case, the
problem becomes more complex. In such case Newton-Raphson iterations, illustrated in
Fig. 5.2, are used to find the equilibrium configuration at each time step.

To sum up the time-dependent solution method for both cases, linear and non-linear, is

alike the one implemented in the static case, and is integrated through time

7.2 Shell Model Set-Up

The shell model set-up is presented in this
— section. A representation of this latter is
) given in Fig. 7.2.
The applied boundary conditions are also
illustrated.
The displacement in the x-direction is con-
strained in the middle points at the up-
per and lower edge of the column. Then
at the upper edge the displacement is
constrained also in the z-direction over
the whole column width. In this way
the structure is free to rotate around
the x-axis. At the lower edge, over
the column width, the displacement is
constrained in the y-direction and time-

u, = Displacements dependent displacements are applied in the

in time domain i z-direction.
,,-"".- -
U? = D _.--""- g

u;n; = D - —

-

Figure 7.2. Representation of Column Shell
Model set-up.
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Quadratic elements (S8), as illustrated
in Fig. 5.3, are chosen since they better
fit the bending behavior of the column
even though they lead to an increase in
computation time.

Regarding the mesh only two elements are
used over the column width since the core
of the analysis is the bending behavior
which takes place in the z-direction and
around the x-axis.

The model is built up with an amount of
integration points over its thickness of 9, as
for the beam model. Such choice is justified
by the fact that since the earthquake
excitation is applied in the z-direction
an higher amount of integration points
over the thickness would lead to a better
interpretation of the bending behavior.
Rebars along the column height are also

inserted in the model.

7.3 Solid Model Set-Up

The solid model set-up is presented in this
section. A representation of this latter is
7.4. The model is built

up by assembling two semi-rigid slabs to

given in Fig.

the top and the bottom sections of the
Rebars are embedded
in the concrete column along the column
height.

The concrete column is tied to such slabs

concrete column.

through the tie constraint. The slabs region
are defined as master surfaces, and the
concrete ones as slave surfaces, thus the
concrete upper and lower faces follow the
slabs displacements and rotations.

The boundary conditions are applied to the
semi-rigid slabs. Displacements in the x-
direction are constrained along the middle
edge oriented along the z-direction at the

top and bottom surfaces.

u, us
+1.000e+00
+8.600e-01
+7.200e-01
+5.5800e-01
+4 .400e-01
+3.000e-01
+1.600e-01
+1.098e-0z
-1.z00e-01
-7.600e-01
-4.,000e-01
-5.400e-01
-6.800e-01

Figure 7.3. Example of Column Shell Model

Deflection in the 1st eigenmode for

a unit displacement at the bottom.

Semi-Rigid Slab

u, =0

u, = Displacements
in time domain

u, =0

u, =0

u, =0 ﬁ“’Eé;q;‘

i
e

AN

| =W
il
|
|
|1
|
|
| } T,
| |
I| Rebars
|
I
|
T |
B
Semi-Rigid Slab

Figure 7.4. Representation of Column Solid

Model set-up.
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On the top section displacements are

Y, U3 set to be 0 in the z-direction along the
+1.0008+00
+8.5922-01 : : : et
T et oL middle edge oriented in the x-direction.
+5.777e-01 :
+4.3%708-01 At the bottom face on the middle edge
+2.9628-01 . . S .
+1.555e-01 oriented in the x-direction displacements
+1.4708-02 ) . o
:%-ggég:g% are constrained in the y-direction, and
T time-dependent displacements are applied
-6.891e-01 . L

in the z-direction.

Fig. 7.5 gives an illustration of the bending
behavior of the solid model. Quadratic
elements (C3D20), as illustrated in Fig.
5.20, are chosen to build up the model.
Regarding the mesh only two elements are
used over the column width, like in the

shell one, for the same reason. Contrariwise

10 elements are included over the column

Figure 7.5. Example of Column Solid Model thickness to better represent the column
Deflection in the 1st eigenmode for bending behavior.

a unit displacement at the bottom.  However from Fig. 7.5 it can be derived

that the column seems to bend in a

physically realistic manner, thus the model is working correctly.

7.4 Eigenfrequencies Extraction and Damping Definition

The eigenfrequency (wy,) is the frequency at which the system tends to oscillate in absence
of any driving or damping force. At each eigenfrequency various parts of the structure
tend to move together sinusoidally at the same frequency (eigenmodes). In case the
eigenfrequency matches the forced frequency, which represents the frequency of an applied
force, the amplitude of the vibration tends to increase. This phenomenon is commonly
known as resonance. |26]

The designer must then always be aware of what are the eigenfrequencies of the structure,
and of what are the usual forced frequencies at the building site, in order to avoid resonance
to occur.

Eigenfrequencies can be computed by solving the so called eigenvalue problem given in Eq.
7.1

([K] = {wp} [M]) {g} =0 (7.1)

where

{wn} Natural eigenfrequencies vector [rad/s]
{¢}  Eigenvector |-|
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For giving a better understanding of the structure dynamic behavior in resonance it is
fundamental to introduce damping.
Damping (¢) is an influence on the structure that uses to reduce and restrict its oscillations.
Physically damping is produced by the dissipation of the energy stored in the oscillation,
and it can be defined as it follows. [27]

e No damping (¢ = 0): The structure oscillates with no decay in amplitude.
e Under-damping (0 < ¢ < 1): The structure oscillates with the amplitude gradually
decreasing to zero.

e Critical damping (¢ = 1): The structure returns to equilibrium without oscillating.

The influence of damping on the resonance phenomenon is illustrated in Fig. 7.6, where

w is the forced frequency.

Peak curve:

I

¢ =0, No Damping
I

{=0.1

4.5 4

as

3
Amplitude

0.3

=05

¢ =1.0,Critical Damping

£le

0 0.5 1 1.5 2 25

Figure 7.6. Resonance amplitude change with damping ratio. [28]

In the above figure it can be seen that the amplitude tends to increase when the ratio
w/wy, tends to 1, thus when the forced frequency matches the eigenfrequency. The high

influence of ¢ on the amplitude can also be appreciated.

The eigenfrequencies are then computed for the shell and solid model from Eq. 7.1,
and are summarized in Table 7.2. The eigenmodes are displayed in Fig. 7.7 and 7.8. As

expected the eigenfrequencies of the two models provide almost a perfect match.
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Eigenmode Shell Eigenfrequencies [Hz| Solid Eigenfrequencies [Hz|

1 10.26 10.54
2 30.47 31.29
3 57.11 58.60
4 87.29 89.54

Table 7.2. Eigenfrequencies of the shell and solid model.

233

3

Figure 7.7. Eigenmodes 1, 2, 3, and 4 for the shell model.

)

Figure 7.8. Eigenmodes 1, 2, 3, and 4 for the solid model.

70



7.4. Eigenfrequencies Extraction and Damping Definition Aalborg University

As previously discussed at the beginning of this chapter the dynamic implicit procedure
involves a time-integrated procedure. Damping is usually introduced in dynamic non-linear
analyses through a mass- and stiffness-proportional damping, so called Raylegh damping.
Its approach is based on the proportionality of the damping matrix, [C], to the mass and

stiffness matrices, respectively [K] and [M]. Such statement is expressed in Eq. 7.2.

[C] = [M]+ 3 [K] (7.2)
where

«  Mass-proportional damping coefficient |-

[ Stiffness-proportional damping cooefficient [-]

Relationships between the equations contained in Eq. 7.2 and orthogonality conditions

allow Eq. 7.2 to be rewritten as Eq. 7.3.

a+ g (7.3)

The damping ratio then varies with the natural frequencies. The damping coefficient, «
and [, are usually selected according to engineering judgment by specifying the damping
for the most significant eigenmodes, and thus eigenfrequencies.

The structure will be mainly excited in a way to vibrate in the 1t and 2"? eigenmodes.
Damping ratios are then equally specified at these eigenfrequencies for concrete and steel,
respectively as 5% and 2%.

If the damping ratios ((; and (j), associated with these two specified eigenfrequencies
(w; and wj), are known, and set equal ((; = (;), the conditions associated with the
proportionality factors simplify, and two Raylegh damping factors can be computed as
in Eq. 7.4. [29]

R

wi + wj

a=w;wjf (7.4)

The values of Raylegh coefficients are computed in function of the shell and solid models

eigenfrequencies given in Tab. 7.2, and the results are summarized in Tab. 7.3.

- Concrete (Shell) Steel (Shell) Concrete (Solid) Steel (Solid)

¢ %] 5 2 5 2
a [rad/s| 31.93 12.10 31.09 12.43
B [s/rad] 3.91-1073 1.56 -1073 3.81 1073 1.52 -1073

Table 7.3. Raylegh coefficients for the shell and solid model for concrete and steel.
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7.5 Earthquake Excitation

In this section the earthquake excitation data manipulation and adjustment to fit the
structure eigenfrequencies are presented.

The data used refer to El Centro earthquake, previously mentioned in the introduction,
and an illustration of them in time domain was given in Fig. 1.6.

Since the structure after the excitation ends will still vibrate it is needed to adjust the
earthquake data, and thus add trailing zeros. By such operation the FE model will then
continue to vibrate, fitting better the real behavior of the structure.

The length of the time domain needs to be prolongated until a certain time at which the
structure will stop to vibrate. Also the objective of the upcoming analysis is to obtain
the earthquake amplitudes in frequency domain. Such operation is carried out through
the famous Discrete Fourier transform (DFT). This latter transforms a function (or, as in
this case, a discrete set of data) of one variable, acceleration in this case, which lies in the
time domain (s), to another function (a discrete set of data) lying in the frequency domain
(Hz), and changes the basis of the data to cosines and sines.

The expression of this latter is given in Eq. 7.5.

o0 )
F(w) = / f(t) e~ “tat (7.5)
—00
where
w Set of frequencies points with constant frequency increment [Hz|
t Set of time points with constant time increment [-]

F(w) Function in frequency domain

f(t)  Function in time domain

Commonly such operation is instead computed through the so called Fast Fourier Trans-
form (FF'T). This latter consists in an ingenious algorithm capable to reduce the complexity
of computing the DFT from O(n?), to O(nlogn), where n is the data size. [30]

Such algorithm is extremely efficient if the amount of data coincides with a power-of-2.
For the above mentioned reason the data size is increased to three power-of-2 as illustrated
in Tab. 7.4.

Power-of-2 Data size

212 4096
213 8192
214 16384

Table 7.4. Data size computed corresponding to powers-of-2.
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Figure 7.9. El Centro acceleration data extended to a 2'4 size.

The acceleration data, illustrated in Fig. 7.9
for 2' time steps, are then integrated through
the trapezoidal rule to obtain velocities. However
the trailing zero accelerations result in a constant
value of velocity (drift) which is an unrealistic
hypothesis. The data are thus adjusted using the
baseline correction.

This latter works through the generation of a cosine
correction factor that is then added to the data. The
ratio of the correction factor over the drift against
time is represented in Fig. 7.10.

The velocity data and the baseline corrected ones
are represented in time domain in Fig. 7.11. The

difference between the original data and the baseline

Figure 7.10. Baseline

Factor

40 60 80

Time [s]

Correction

evolution in

time domain.

corrected ones appears to be almost imperceptible. However a further integration of the

original velocity data would have lead to a linear variation of displacements resulting in a

wrong interpretation of the data.

—— Original data

0.2 ——Baseline correction data| |
E 0.1
E o
=
8-0.1
@
> .02
-0.3
-0.4 - ‘ ‘ - ‘ ‘
0 50 100 150 200 250 300
Time [s]

Figure 7.11. El Centro velocities data extended to a 2'* size.
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By applying the trapezoidal rule of integration once more the displacement data are
obtained. In such data a constant value of displacement is present again, but in such case
the baseline correction is not applied since it is realistic that after an earthquake excitation
there can still be residual displacements.

A representation of the obtained displacement data in time domain is given in Fig. 7.12.

0.05

o

-0.05
-0.1

Displacement [m]

)
[STN
N oo

-0.25
0 50 100 150 200 250 300

Time [s]

Figure 7.12. El Centro displacement data extended to a 2'* size.

A FFT is then performed obtaining the data con-

version to frequency domain. Fig. 7.13 gives a

. _nl2

§100' 7:;;3' representation of the amplitudes in frequency do-
E n=2" main for the three performed power-of-2 increments.
% 50 The FFT returns mirror data with respect to the so
E called Nyquist frequency, represented by the vertical

0 ‘ : ‘ A black line, which is a half of the sample frequency.

0 10 20 30 40 50 .. .
Frequency [Hz] The FFT results are thus represented again in Fig.

' _ 7.14 for a lower frequency interval. In such figure
Figure 7.13. Dl.splacen.lents Am- only a slight difference between the obtained data
plitude in Frequency . L
set can be appreciated. A close-up of the highlighted

Domain.
black square is given in Fig.7.15.
100 [ . ‘
7n_212
‘ —n=2"
80| gt
E
o 60 1
=
3 ]
= |
g 40| ]
< \
. \,2\
2001 () 1
N V A N
4\] \ \‘-5/\(’ o e )
0 L | T Ty ~— —
0 0.2 0.4 0.6 0.8 1

Frequency [Hz]

Figure 7.14. Displacements Amplitude in Frequency Domain for a lower frequency interval.
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From such figure it can be
deducted the difference be-

tween the powers-of-2 data

-
[4)]
T

sizes. The blue line corre-

sponding to 2!? data is obvi-

-
o
T

ously the less accurate since

Amplitude [m]

it contains the lower amount

(4)]
T

of data points. The orange \/
line (2'3 data) contains the

double of the data point of ‘ ‘ ‘ ‘ ‘ : ‘ ‘ ‘
018 02 022 024 026 028 03 032 034
Frequency [Hz]

the previously analyzed case,
thus in between two data

points of the blue line, the or- Figure 7.15. Close-up of Displacements Amplitude in Fre-

. . quency Domain.
ange one contains one point
more. The same concept ap-

plies for the case of the data size of 214

. Then the shape of this latter is obviously smoother
and more precise than the ones corresponding to lower powers-of-2. Contrariwise the blue
line shape appears to be more piece-wise for the contrary reason.

After having tested the elastic dynamic behavior of the column the highest power-of-2 is
chosen for the upcoming analyses since it is the only one providing enough data points to
make the structure stop vibrating. Moreover, as it was already remarked in precedence, it

returns the most accurate results when transforming the data to frequency domain.

At this point the data need to be adjusted in order to make the forced frequency
match the eigenfrequency at a higher amplitudes. For such scope a reduction factor (r)
is introduced. The time domain is reduced by this factor to vary the frequency domain,
while the amplitudes will remain non-altered.

The procedure for deriving the displacements is alike the one previously introduced. The

obtained results in terms of displacements are given in Fig. 7.16

—r=22
0.05 —r=52
‘ r=85

Displacement [m]

2 4 6 8 10 12 14
Time [s]

Figure 7.16. Squeezed Displacements Time Domain.
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The used reduction factors are depicted in such

100
— o2z figure. Those numbers were obtained through an
c r=52
) r=8 iterative process in which they were varying while
%_ %0 observing the changes in the frequency domain.
£ The FFT results of the above displacements are
ob I . given in Fig. 7.17.
0 1000 2000 3000 4000 _ ) _ ) )
Frequency [Hz] Obviously the sampling frequencies vary in function

) of r since the time steps are reduced by this latter.
Figure 7.17. Amplitudes of Squeezed

) . The results of the FFT can then be compared only
Displacements in Fre-

quency Domain. for values below the Nyquist frequency, depicted by
the vertical black line again.

A close-up of Fig. 7.17, is given in Fig. 7.18, and it can give a better clarification of the

meaning of such reductions.

Higher importance is given to the first two eigenmodes, which are the most predominant

in the structural response.

The reduction factors are derived in a manner that the first two eigenfrequencies correspond

to some peaks of forced frequencies. The 4"

eigenmode is disregarded since it takes place
at too high frequencies, which are occurring only in the very initial part of the earthquake
excitation, and the amplitudes is also not significant. The same concept applies for the
374 eigenmode even though it occurs at lower frequencies and has higher amplitudes, and

it can be slightly observed at the beginning of the excitation.

100 T T T T
r=22
90 r=52 B
r==85
80 h — Eigenfrequency of the 15t Eigenmode | |
~— Eigenfrequency of the 2 Eigenmode
70 H Eigenfrequency of the 3 Eigenmode | |
E 60 1
b
h=]
2 50 1
a
£ af 1
30] 1
20 1
|
I " *
- ™
0 | N Ve PN =t s N
0 10 20 30 40 50 60

Frequency [HZz]

Figure 7.18. Close-up of amplitudes of squeezed displacements in frequency domain.
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RESULTS

The dynamic response of the structure is evaluated at first elastically, and then plastically
for the shell model. A plastic analysis of the solid model is then also carried out. Finally

the obtained results are analyzed and discussed.

8.1 Elastic Analyses of Shell Model

Preliminarily an elastic analysis is performed on
the shell model in order to test the resonance
phenomenon.

The normal stresses in the longitudinal direction of
the column (y-direction) are tracked in the point
highlighted in Fig. 8.1, and the obtained results are
given in Fig. 8.2.

It is important to remark that this kind of analysis
is carried out only for having an idea of how
the structure would respond to the earthquake
excitation. Such analysis is very useful since the
computation time of a dynamic non-linear problem
is way higher than the one of a linear problem.

However in elastic materials the stress values are Ztgure 8.1. Point in which the nor-

mal stresses are tracked

simply directly proportional to strains, while in a ]
in the shell model.

plastic one the material model is, as previously

discussed, more complex.

The values of the normal stresses appear to be way higher than the maximum allowable
stress limits of concrete.

The application of these displacements time-series would then lead to the occurrence of
failure so soon that the dynamic response of the structure could not be observed. However
such an analysis is carried out only for an illustrative scope, and is presented in the next

section.
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—r=22 —r=52 r=85
600

Normal Stresses [MPa]

-600

Time [s]

Figure 8.2. Shell Model Elastic Dynamic Response to the earthquake excitation given in Fig.
7.16 and 7.17.

The overall stresses need then to be decreased by a certain new reducing factor (d). The
value of this latter is set to 17. The definition of d is carried out by reducing the normal
stresses and monitoring the amount of points crossing the concrete compressive strength

threshold. The decreased displacements in time domain are given in Fig. 8.3.

— Decreased for r =22
— Decreased for r = 52
5 Decreased for r = 854

o

Displacement [mm]
(4]

20 . . . . . . .
0 2 4 6 8 10 12 14
Time [s]

Figure 8.3. Squeezed and Decreased Displacements in Time Domain.

The aim of this analysis is to obtain three new earthquake excitations that would lead
to different responses of the structure.
Since an elastic analysis is carried out the obtained new stresses are obviously proportional

to the ones shown in Fig. 8.2, and they are displayed in Fig. 8.4.
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Figure 8.4. Shell Model Elastic Dynamic Response to the earthquake excitation given in Fig.
8.3

8.2 Plastic Analyses of Shell Model

In this section the results of the plastic analyses carried out for the shell model are
presented.

Three analyses are implemented for the data illustrated in time domain in Fig. 7.16, and
in frequency domain in Fig. 7.17.

The obtained results in terms of normal stresses are tracked in the point depicted in Fig.
8.1, and they are illustrated in Fig. 8.5.

—r=22 =—r=52 —r=285

Normal Stresses [MPa]

L\\ |

-12

14
Time [s]

Figure 8.5. Shell Model Plastic Dynamic Response to the earthquake excitation given in Fig.
7.16 and 7.17.
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The models with 7 = 85 and r = 52 reach failure (non-convergence) in a very short
amount of elapsed time, while the one with r = 22 does not. The time step at which
failure occurs is dependent on the reduction factor r. Such results was also expected since,
as shown in Fig. 7.18, for higher reduction factors higher displacements amplitude are
obtained at all eigenfrequencies.

It can also be noticed that the maximum values of stresses concrete can carry result to
be slightly higher than the ones that are assigned to the material model (corresponding
to the design values depicted in Tables 2.2 and 2.3). This is due to the fact that the
concrete damage plasticity model, as previously mentioned, contains isotropic hardening
leading to a gradual expansion of the failure surface within increments in plastic strains.
Moreover such maximum values of normal stresses appear to be more or less equal each
other between the depicted series, and that is logical too since the material strengths used
are the same.

The same analysis is then carried out for the earthquake excitation reduced by the reduc-
tion factor d, thus with reference to the displacements given in Fig. 8.3. The obtained
results in terms of normal stresses are tracked in the same point, given in Fig. 8.1, and

they are illustrated in Fig. 8.6.

—r=22 —r=2>52 r=85

]

a w 2 L 6 g 10 12 14 16

Normal Stresses [MPa]

3]

]

Time [s]

Figure 8.6. Shell Model Plastic Dynamic Response to the earthquake excitation given in Fig.
8.3.

From the above graph some interesting considerations can be extracted.
At the last time step of the three data series the final stress never perfectly coincides. Such
results were also expected since the three forced displacement series excite the structure
with different frequencies, thus they lead it to vibrate in different manners. Generally
higher reduction factors leads to higher values of normal stresses. That is also logical since

higher displacements amplitudes are given for higher reduction factors (see Fig. 7.18).
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Moreover the maximum strength of concrete is never
reached, but the model is, in all cases, into plasticity. The
damage also plays an important role in such analysis since the
damage parameters increase with the inelastic strains leading
to a reduction of the initial Young’s modulus, and thus a

reduction in terms of normal stresses.

8.3 Plastic Analyses of Solid Model

Plastic analyses are carried out for the solid model for the
earthquake excitation shown in Fig. 8.3. The obtained results
are tracked in Fig. 8.7, and they are displayed in Fig. 8.8.

The obtained results are almost alike the ones derived for the
shell model. The same considerations given for the shell case

results apply to the solid model ones as well.

—r=22 —r=52 r=285

Figure 8.7. Point in which
the normal
stresses are
tracked in the
solid model.

Normal Stresses [MPa]
.

-10 :
Time [s]

Figure 8.8. Solid Model Plastic Dynamic Response to the earthquake excitation given in Fig.

8.3.
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8.4 Analysis and Comparison of the Results

In this section the obtained results are discussed and compared.

By introducing a time-dependent displacement the problem turned from static to dynamic.
Within a cyclic behavior the effect of damage and stiffness recovery are included into the
CDP model.

Damping is also inserted in the model when the problem turns to dynamic.

From the above obtained results it can be observed that damping of RC structures is so
high that once the earthquake excitation stops the structure almost does not vibrate at
all.

However damage is considered to be the main problem of concrete in cyclic behavior. Once
the structure compressive and/or tensile damage increases the maximum bearing load de-

creases since concrete strength gets lower and lower.

Fig. 8.9 overlaps the shell and solid model dynamic responses for the time-dependent
displacements shown in Fig. 8.3 with a reduction factor, r, of 52. The two models seem
to respond quite similarly, and once the earthquake excitation ends the normal stresses
appear to be almost identical. The slight differences between these two responses may be
given by the fact that, when running the FE analyses, data were extracted at different
amounts of time increments. Such choice was made in order to optimize and fasten the

computations, especially for the solid model.

— Shell —Solid

Normal Stresses [MPa]

-10 -
Time [s]

Figure 8.9. Comparison of shell and solid models’ dynamic responses for the forced displacement,

reduced by r = 52 given in Fig. 8.3.
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CONCLUSIONS

In this chapter conclusions on the overall project are carried out.

Tab. 9.1 illustrates the results obtained in the static analyses with reference to the design
strength case for maximum vertical displacements (tqq), maximum compressive stress in
concrete (0¢maz), and maximum bearing load (Prqez). In general a very good match can
be appreciated between them, with percentages of main differences between analytical and
numerical analysis not exceeding 14%.

The limit state approach has been applied for decades to the design of RC structures,
while the FE one is a relatively new and more sophisticated method. The usage of such
numerical analyses for the design a simple structure, like a RC beam, is however not sug-
gested. Numerical methods are more likely useful to model complex geometries, where the
implementation of an analytical procedure is not recommendable.

However, in this report, the efficiency of the CDP model was tested, giving, as shown in
the below table, very good results.

Regarding the two implemented FE models, shell and solid, they also gave a good match.
For this type of analysis, then, it would be recommended to use shell models for their
lower computation cost. However it is not certain that the same results would have been
achieved for a more complex geometry as well, for which a solid model remains the most
realistic and recommendable approach to use despite its high computation time.

It is also important to remark that FE analyses are very flexible, in the sense that by ma-
nipulating the material models the designer is able to run simulations including different
effects. In this case, for example, in the shell models, the tensile stress-strain relationship
was adjusted in order to simulate the behavior of concrete for varying rate of weakening.
Also, in the solid models, a variation of fracture energy was applied, thus including higher

and lower tension stiffening, to test how it affects the RC beam behavior.

- Umaz [MM|  Ocmaz [MPa]  Pras [kN]

Limit State 19.44 11.5 52.2
Shell Model 21.5 11.2 69.8
Solid Model 19.07 114 72.5
Main Difference [%)] 10.0 2.2 14.0

Table 9.1. Sum-up of static analyses results for the design strength case.
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Regarding the dynamic analyses some of the obtained results, for the shell and solid
model, are summarized in Tab. 9.2 with reference to maximum compressive and tensile
stresses (0c,mazs Ot,maz ), and stress after the earthquake excitation (o, fin). Such results
are tracked respectively for the shell and solid model in the points depicted in Fig. 8.1
and 8.7. The data refer to the case with a reduction factor, r, of 52.

In this case as well the two models generally gave a pretty good match, since the results
difference does not exceed 2.13 %.

The usefulness of FE applications in dynamic analyses is instead enormous. Modal and
dynamic implicit analyses are performed giving as output the deformed shape of the FE
mesh. It is unthinkable to reach the same results through an analytical approach.

As previously shown the earthquake data from El Centro were adjusted and manipulated
to match the structure eigenfrequency corresponding to the 1! eigenmode.

In reality the designer is required to use the inverse approach, thus manipulating the struc-
ture eigenfrequencies to get them as far as possible from the earthquake frequencies with
highest amplitudes.

It is also important to remark that computation time for non-linear dynamic FE analyses
is very high.

An essential aspect of such analyses is how the cyclic behavior affects the compressive and
tensile concrete strength, that gets lower and lower within an increagsing amount of cycles,
thus giving maximum stresses in compression lower than the model specified maximum

compressive and tensile strengths.

- Ocmaz IMPa| 0t maz [MPa] o fin, [MPal

Shell Model -9.08 1.22 -0.94
Solid Model -9.07 1.21 -0.96
Difference [%] 0.11 0.82 2.13

Table 9.2. Sum-up of dynamic analyses results for the design strength case and for the case of
r = 52.
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