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ABSTRACT

In the field of structural engineering, while calculating the deflection and curvature of
reinforced concrete beams, normally only bending moment is taken into consideration, but the
fact is that with the load increasing, shear effect becomes a non-neglectable factor, especially
for r.c beams with thin webs. Hence, it becomes very important to find an appropriate
theoretical model for analyzing the behavior of r.c beams with thin webs.

This paper focuses on analyzing the behavior of reinforced concrete beam with double T
section for short term loading. Several classic theoretical models are carried out to calculate
the mean curvature and deflection, then comparing to the experimental results, verifying the
accuracy of all models proposed.

In particular, the theoretical model called “simplified model” is proposed by M. Taliano,
P.G. Debernardi et al., in which introduced the influence of shear effect. It simplifies the
“general model” that they proposed before. In the end, the experimental data are compared to
the theoretical results obtained with the simplified model, examining the influence of shear,

besides the accuracy.
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INTRODUCTION

As we all know, the analysis of the behavior of reinforced concrete beams is always a
problem because too many parameters are involved. And also, the complexity of the states of
strain, stress, and deformation has increased the difficulty to find a reliable model to get a
precise result.

The classical beam bending theory, which also called “Euler—Bernoulli beam theory”, offers
a fundamental idea that in the elastic field the curvature is proportional to the bending moment.
There are two phases in the analysis of r.c beam. Hence, based on the classical beam theory,
the curvature increases linearly in state 1 and 2, only the varying of inertia moment changes the
slope of the line in the diagram of bending moment and curvature. The transition from phase 1
to phase 2 is flat when the bending moment reaches cracking bending moment.

However, the real behavior of r.c beam after cracking is far from the results of the above
method, which leads to the concept of “tension — stiffening”. It describes the effect of stiffening
action of the uncracked concrete between two contiguous cracks. And different theoretical
models can be found in literature, which differs from the law with which the tension — stiffening
varies depending on the bending moment. Some standards suggest that the effect is constant,
which is independent of the bending moment, while according to others, it varies linearly or
hyperbolically with the bending moment varies.

Another important representative during the analysis of r.c beam behavior is the deflection,
which is calculated based on the principle of virtual works. Usually, only the bending moment
factor is considered. It works well in certain cases, but the shear effect is not neglectable in
some cases. To solve this problem, Ritter and Morsch first proposed the solution known as
lattice — like model, which assumes that the inclination of compressed struts in the web is
parallel to the direction of cracks, and it is at a 45 degrees angle to the stirrup. But in the
subsequent practical applications, people found that the model has often underestimated the real
resistance of structural elements. Afterward, another important model called “smeared model”
is proposed with modified compression field theory (MCFT) by Vecchio and Collins, which
takes the variability of the angle in the web into consideration. The smeared model dealt with
the cracked concrete as a new material with different mechanical properties comparing to the
uncracked concrete. Then M. Taliano and P.G. Debernardi brought forward the “mixed model”

based on MCFT. It can be treated as modified smeared model, which considered not only the
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web but also the tensed and compressed chords. After that, in order to simplify the calculation
procedure, they proposed the “simplified model”, which simplifies the iterative calculation
procedure.

The thesis is divided into two parts. The first part aims to discuss the calculation of mean
curvature of simply supported reinforced concrete beams with several approaches, and the
calculation of deflection with the principle of virtual works, comparing the results to
experimental data and verifying the accuracy of theoretical models proposed. The second part
introduces the “simplified model” in detail, which explains the influence of shear effect. This
part shows the effect of shear deformation to the total deflection, besides the relationship
between shear and shear strain. In the end, the comparison with experimental data is carried out

to examine the accuracy of the model.
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1.EXPERIMENTATION

1.1 Geometry of model

In this experimentation, there are six beams that are reinforced with ordinary reinforcement
and named from Tr1 to Tr6. All beams have the same transversal section (double T section with
thin web).

The general dimensions and load conditions are illustrated in the following figure. These
beams are divided into 3 groups according to their length and load condition. Beam 1 and 2
have a length of 7000mm and subjected to symmetric load. And beam 3,4 are 6000mm long
with a concentrated load at the midpoint, while the third group, subjected an asymmetrical

concentrated load, is 7500mm including a cantilever with a length of 1050mm.
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Figure 1. General dimension and static scheme in the experimentation.



1.2 Reinforcement

For total of 6 beams, the top longitudinal reinforcement is the same, which means three steel
bars of 12mm diameter. And the bottom longitudinal reinforcement is made up of five bars of
16mm diameter for three beams (trl, tr3, trS) and nine bars with the same diameter for the other

three beams (tr2, tr4, tr6). In addition, the transversal reinforcement is made up of stirrups with

a diameter of 8mm, and spacing 200mm.

The following figure shows the detail of reinforcement of two types of cross section.
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Figure 2. Detail of the cross section and reinforcement.



1.3 Testing scheme

The tests are executed at the laboratory of the Department of Structural, Geotechnical and

Building Engineering of Politecnico di Torino.

The aim is evaluating global and local strain effects by measuring instruments in different

zones as shown in the following figure, square lattices are put at measuring zone in non-

deformed state at the beginning, and vary their length while applying the load.

The detail of the test can be found in the paper of Guiglia (2006).
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2.CLASSIC THEORETICAL MODELS

The mean curvature and deflection are representative deformation parameters for analyzing
the behavior of reinforced concrete beams, a good calculation model is set up to evaluate the
behavior of a beam, firstly, it should have an efficient result comparing to experimental data,
then the calculation procedure should be as concise as possible.

This chapter is dedicated to classic calculation models. For each model, calculating the mean
curvature and deflection of referencing nodes and plotting the diagram of bending moment —
curvature and load — deflection. Furthermore, in the uncracked state the calculation is based on
the elastic theory all the time, hence it does not enter the analysis. And also, the state after
yielding of steel bars is not considered as well.

Firstly, it is introduced the analysis with linear elastic method, which is the most fundamental
one. Through some assumptions, only some simple calculations are needed to find the
relationship between bending moment and curvature.

Then the non — linear elastic method can be seen as optimization of the linear method, it
removes the assumption of material linearity, and replacing it by parabola of Sargin. The
method executes with displacement control, and its calculation subjected iterative procedure
that increases the complexity.

The previous analysis takes the tension — stiffening effect as a constant, while the following
models are set up based on the linear elastic method, but taking the varying of tension —
stiffening effect into consideration.

According to Eurocode 2, the bi — linear method, through introducing the distribution
coefficient {, interprets the intermediate behavior between the uncracked state and fully cracked
state. The coefficient works not only in the calculation of mean curvature, but also plays a role
when calculating the deflection.

Furthermore, the method of coefficient n improves the calculation of mean strain that is
proposed by Model code 2010 and Eurocode 2. The coefficient 1, based on the paper of M.
Taliano, explains the influence of the internal secondary crack on the tension — stiffening effect
which varies linearly in the cracked state as a result.

In the end, the theoretical model of Model Code1990 is performed, which shows another
way to calculate the mean curvature in state 2 by introducing some parameters and the new

consideration of calculation of tension — stiffening.



By calculating the mean curvature and deflection with different methods and standards, and
the comparison with the experimental data obtained from laboratory tests, allowed to evaluate

the precision and the reliability of the proposed models.



2.1 Material

The beam is made up of concrete and steel bars. It is assumed the mechanical properties as
below.
For concrete, the characteristic compressive cube strength fekcube is 25 N/mm?. Hence the

characteristic compressive cylinder strength is 20.75 N/mm?, calculated as

fck,cylinder = 0.83 * fck,cube (2.1)

The mean compressive strength fom is 28.75 N/mm?
fom = fck,cylinder + 8 Mpa (2.2)

The mean tensile strength fom is 2.265 N/mm?

2/
ferm = 0.3 % fck,iylinder (2.3)

The mean elastic modulus Ecn= 31282.54 N/mm?

fcm)l/ 3

E.n, = 22000 (E (2.4)

The coefficient of Poisson v is considered as 0.15. Therefore, the shear modulus G is 13601.1

N/mm?.

(2.5)

For the reinforcement, both the longitudinal steel bars and transversal stirrups are considered

as high bond bars, their elastic modulus Es is 200 GPa.



2.2 Tension-stiffening effect

The effect indicates that the contribution of bonding force transmitted from concrete to steel
bars increases the stiffness of tensile reinforcement, which means that the effect reduces the
tensile deformation of steel by a certain amount. It takes the mean deformation of tension bars
between two contiguous cracks into consideration.

For different standard, several models are proposed here to describe the effect.

1. Constant tension — stiffening

The model shows that the gap between mean curvature and curvature in state 2 is constant

in the diagram of bending moment — curvature as shown in the following figure:
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Figure 4. Relationship of bending moment and curvature with constant t.s

2. Linear tension — stiffening
When the bending moment surpasses the cracking moment, the tension — stiffening effect

varies linearly in the relationship as shown below.
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Figure 5. Relationship of bending moment and curvature with linear t.s



3. CEB model
The model has more parameters, which make the variation of tension — stiffening effect

hyperbolic.

Figure 6. Relationship of bending moment and curvature in model CEB

There is also another model (ACI) utilizes the parabolic variation of tension — stiffening

effect. The four models are proposed by Cosenza e Greco.



2.3 Self — weight

In the calculation, the self — weight should be taken into account which means that the
deflection is not null without loading. However, experimental data shows that the initial
deflection is zero, because strain gauges are installed after the deformation due to self — weight.
The solution proposed here is that consider self — weight in the calculation process, but in the
end, it removes the effect of self — weight.

For curvature

1 _ 1 1 26
; - (;)tot - (;)p.p ( . )

Where:

1.
~ is curvature due to load
(%) tot 18 curvature due to combination of load and self — weight

1 . .
(;)p_p is curvature due to self — weight

For deflection

f = fror — fp.p (2.7)

Where:
f 1is deflection due to load
ftot 18 deflection due to combination of load and self — weight

fpp 18 deflection due to self — weight

[ T R N T
VAt — ——— - S

Figure 7. Dflection due to self - weight



2.4 Linear analysis method

The linear method is a basic method for analyzing the curvature of beams with the theory of
elasticity, which follows assumptions below:

The cross section remains plane and will be perpendicular to the neutral axis after
deformation.

Perfect bond between steel bars and concrete.

The properties of the material are linear elastic, homogeneous and isotropic.

Based on the elastic theory, calculating the curvature and plotting the relationship between

the bending moment and curvature.

A

/

figure 8. Linear relationship of stress - strain.

In state 1, the cross section is uncracked and subjects to a bending moment which is lower
than the cracking bending moment, that also means the maximum tensile stress of concrete does
not exceed the mean tensile strength fcum at tension chord.

Calculating the cracking bending moment

o1
Mer = fetm T (2.8)
y
Calculating the curvature corresponding to the cracking bending moment in state 1
1 M
——__T (2.9)

Ty Ecmlom,l

State 2 corresponds to the state when partial transversal section cracked. First of all,
calculating the distance between the upper surface and neutral axis x. with the equation Som,2
=0, it is necessary to do three attempts here to obtain the right position of neutral axis. They are

X >150mm, 100mm <x <150mm and x .<100mm respectively.
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The curvature corresponding to the cracking bending moment in state 2 is
1 M,

—_——=— (2.10)
Tor Ech om,2
Curvature of bending moment at yielding point of bars in tension chord
1 M
= (2.11)

ry Ecmlom,z

Taking the tension — stiffening effect into account, whose contribution is constant based on

Eurocode 2

fctm

Esm = €52 — K¢ (2.12)

PpefrEs

ki is the coefficient of loading duration
k=0.6 for short term loading
k=0.4 for long term loading

P petr is the density of longitudinal reinforcement in the effective area

Therefore, the mean curvature is

LI 2.1
(;)m—— (3)

Ec

€s

figure 9. Strain and stress in the cross section for linear analysis
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Figure 10 and 11 show the generic section of the diagram of bending moment — curvature

with and without the effect of tension-stiffening for the two groups of beams. It is can be seen

the constant tension — stiffening and the flat transition from state 1 to state 2.

Notice that the cracking bending moment here, in fact, is produced by the sum of load and

self — weight.
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Figure 10 Diagram bending moment - curvature of Beam Tr1, Tr3, Tr5.
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Figure 11 Diagram bending moment - curvature of Beam Tr2, Tr4, Tré6
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Comparing the calculated results with the experimental data, the theoretical value under the
cracked state is always small in the symmetrical load condition, and the error becomes larger
as the load increases. However, comparing figure 12 and 13, it can be seen that the error is
smaller with the beam of more steel bars.

The figure 14 shows the comparison of the theoretical model and experimental data of beam
3 innode A, the result is similar with beam 1 and 2, the theoretical model tends to underestimate
the real behavior of the beam after cracking.

While in the condition of asymmetric concentrated load, as shown in figure 15 and 16, the

theoretical curves are consistent roughly with the experiment.
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Figure 12. Diagram of bending moment - mean curvature of beam 1, node C

13



M [kNm]

M (kNm)

300

250

200

150

experimental

theoretical

100

50

0
0.00E+00 1.00E-06 2.00E-06 3.00E-06 4.00E-06 5.00E-06

(1/r)m

Figure 13. Diagram of bending moment - mean curvature of beam 2, node C
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Figure 14. Diagram of bending moment - mean curvature beam 3, node A
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Figure 15. Diagram of bending moment - mean curvature of beam 5, node C
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Figure 16. Diagram of bending moment - mean curvature of beam 6, node C
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2.5 Non-linear analysis method

Considering the non-linear behavior of the material, equilibrium and compatibility still
should be satisfied, the non-linear analysis method removes the assumption of linear relation of
stress-strain and takes parabola of Sargin into account. In this condition, the elastic modulus is
no longer a constant, but decreases as the stress increases. The stress-strain relation is shown

below:
=

fem

0,4 fem

I
i
I
I
'
I
I
|
|
|
!
!
I
[
[
I
I

() - .
&,

£ c

l'-'1:1 8cu1

figure 17. Schematic representation of the stress-strain relation for structural analysis.
From Eurocode 2

As shown in the following figure, it is can be seen the acting force and bending moment on
the cross section and the distribution of compressed and tensed strain. The compressed strain is

parabolic.

€s

figure 18. Strain and stress in the cross section for non-linear analysis
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2.51 Calculation of mean curvature

Dividing the cross section into 601 strips, each strip has thickness 1mm, thickness of the top
and bottom slice is 0.5mm, the total height is 600mm. And the reference point for every strip
on y axis is in middle, except that the starting and ending point are in the edge, therefore, the
spacing is always 1mm for reference point on coordinate. For calculating of curvature, with a
discrete way, calculating the compression strain and bending moment for each element, and
making sure that every strip satisfies the equilibrium and congruence condition.

As shows in the following figure the half cross section as it is symmetric geometrically:

X

0.5mm
mm b
Tmm J

y

figure 19. Strips and referencing point in the cross section

1. Assuming the value of px (1/r) and A. Notice that the value of pix should be positive while
A 1s always negative. Calculating the compressed strain of concrete:
Ec=A+ Wy (2.14)

A 1s the compressed strain of concrete at the top chord in the section

2. Calculating the coefficient n with the relation below proposed by Eurocode?2:

SC
n=— (2.15)
€c1
where
gc1(%0) = 0.7 % £531 (2.16)

17



Then obtain the compression of concrete o, by the following formula

o kn —n?
J%_; =T +T2k —n2)n (2.17a)
Where
k =1.05*E,, * @ (2.17b)
fem
Here, it is necessary to set its value by condition
if . < 0, using the expression (2.17a).
else, considering the relationship (o. - &) is linear, as it is in tension state.
0, = & *Eqp, (2.18)

And I:f‘o-c<fétm, O-c = O-C

else o. =0.

Calculating the compression force F. of concrete, the tension force Fs of bottom bars.

F.i=o0.%Ag (2.19qa)

Fs = o5 * Aq (2.19b)
Where

o, = E x g (2.20)

€ = A+ Wy Vs (2.21)

And the same way to calculate the force Fs of upper bars.
With changing the A value, verifying the equilibrium condition.

ZFC-I_ZFS=O (2.22)

Calculation of the sum of bending moment for every strip and bars

M,,, = Z M, + Z M, (2.23)

At the end, plotting the relationship moment — curvature with and without taking the

tension — stiffening effect into consideration.
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The relationship of bending moment and curvature with constant tension — stiffening effect
is shown below. In addition, the change due to varying elastic modulus is not distinct. Therefore,
the non — linear analysis method is not necessary, at least in some cases, because the accuracy

of the theoretical result does not improve much while the calculation is a lot more complicated.
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Figure 20. Diagram bending moment - curvature of Beam Tr1, Tr3, Tr5.
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Figure 21. Diagram bending moment - curvature of Beam Tr2, Tr4, Tr6
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The comparison between the theoretical values and experimental data is similar to the
analysis of linear elastic method. As shown in the following figures, for beam 1, 2 and 3, the
calculation becomes less precise as the load increases comparing to the real behavior.
Analogously, the theoretical model can describe the performance in cases of beam 5 and 6

relatively well.
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Figure 22. Diagram of bending moment - mean curvature of Beam 1, node C
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Figure 23. Diagram of bending moment - mean curvature of Beam 2, node C
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Figure 24. Diagram of bending moment - mean curvature of Beam 3, node A
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Figure 25. Diagram of bending moment - mean curvature of Beam 5, node C
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Figure 26. Diagram of bending moment - mean curvature of Beam 6, node C

22



2.52 Calculating the deflection

Dividing the beam into hundreds of sections, with each slice has a thickness of 10 mm except
the first and last sections which are Smm thick. The reference point on each section of the z

axis is starting from 0 with spacing 10mm.

Smm

10mm
10mm
10mm

figure 27. Slices and referencing points in the front view of beam

The model also needs to specify the load condition. Real concentrated load does not exist.
Therefore, it is necessary to set up the load model in an appropriate way, which shows at
following two figures that equally distributes the concentrated force on the neutral axis.

TR1, TR2 beams
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Figure 28.b The distributed load
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The calculation of deflection is performed on the basis of virtual work method which affirms
that the external virtual work corresponding to the load equals the internal virtual work which
corresponds to the stress. Calculating the bending moment and curvature of every element,
getting the displacement of measuring node produced by the intern stress of elements and then
sum them up. It should be noted that the calculation proceeds discretely, hence the calculation
should be done respectively based on if the cross section is cracked or not. The procedure is the

same with all beams. Here, only performed once with beam 1 as an example.

1. Calculating the bending moment, of which calculation is divided into three segments.
Because of symmetric model and distribution of load, only need to consider half of the beam,

then multiply two when calculating the deflection.

Real system

for z <2100mm

M, = % * P * z; (2.24a)
for 2100 <z <2900mm
1 z?
szz*P*zl-—q*? (2.24b)
for 2900mm < z <3500 mm
szé*P*zi—%*P*(zi—ZSOO) (2.24¢)

J‘PIZ JP:’ 2

Figure 29. Bending moment in real system of beam 1

24



Virtual system

MaZE*Z

Figure 30. Bending moment in virtual system of beam 1

My pp = 5 * Qpp * Leot *Z = qpp *

2. Calculation of curvature.
lf]\/[tot < Mcr

lf]\/[tot > Mcr

3. Calculating the deflection.

2

Moy = My + Mb,pp

1 Mot
(;) tot — Ecmlom'l

1 Mot
(;) tot — Ecmlom'z

L 1
1*f=fMa*—dx
0 r

1
1*f=2Mai*;*Li

Z2

2

(2.25)

(2.26)

(2.27)

(2.28a)

(2.28b)

(2.29a)

(2.29b)
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4. Removing the effect produced by self — weight, and plotting the diagram of relation load —

deflection.
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Figure 31. Diagram load - deflection of beam 1

In the end, comparing the calculation with experimental data. It can be seen that the
theoretical curve is very close to the real behavior in uncracked state, even at the initial of state
2. But as the load increases, the error gets bigger and bigger. when P reaches 200 kN, the error
even closes to 50% in the case of beam 1. Analogously, figure 30 shows the comparison of
calculated deflection and experimental one of beam 2, the error is relatively small but still, it

cannot be ignored.
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Figure 32.Diagram load - deflection with experimental data of beam 1
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Figure 33. Diagram load - deflection with experimental data of beam 2
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The following figures show the bending moment in real and virtual system for beam 3, and

comparison of deflection with experimental data of beam 3. The calculation procedure is same

with beam 1.

|
|
l
|

Figure 34. Bending moment in real system of beam 3

1
l

Figure 35. Bending moment in virtual system of beam 3
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Figure 36.Diagram load - deflection with experimental data of beam 3
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For beam 5 and 6, the model is no longer symmetric and it changes to a beam with cantilever
subjected an asymmetric concentrated load. By the influence of self — weight, the max
deflection is not at the node where applies the load, but with load increasing, it will slip to the
node. Considering that the influence is not big, it is neglected in the discussion.

As the following two figures illustrate the calculation of bending moment in real and

virtual system.

Figure 37. Bending moment in real system of beam 5

Figure 38. Bending moment in virtual system of beam 5
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Comparison of theoretical deflection and experimental data of beam 5 and 6, as shown in

the following figures.
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Figure 39. Diagram load - deflection with experimental data of beam 5
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Figure 40. Diagram load - deflection with experimental data of beam 6



From the comparison of theoretical results of deflection and experimental data, it can be seen
that for all beams with any load conditions, the deflection calculated is consistent roughly with
the experiment when the load under a certain value, the value will be affected by the amount of
longitudinal reinforcement, but then with the load increases, the gap between the theoretical

value and experimental becomes larger and larger.
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2.6 Bi-linear method

According to the EC2, there is an intermediate state between uncracked and fully cracked
condition of the cross section, it can be described that the mean curvature or deformation is a
combination of it in state 1 and 2:

a=0-a, +{a, (2.30)

Where
a is deformation parameter and it can be deflection or curvature.
a1 is the value of the parameter in uncracked state

ao is the value of the parameter in fully cracked state

As it for curvature

Om=rA=+2¢ (2:31)
For deflection
f=H0-0+f< (2.32)
O—CT 2
(=1-8 (7) (2.33)

€ is a distributing coefficient with the consideration of tension-stiffening effect, and
obviously it is zero for un-cracked section.
B is loading duration factor
B=1 for short term loading
B=0.5 for long term loading

Pay attention that the ratio of cracking stress and stress in calculation of coefficient {, it

can be replaced by terms of bending moment or tension. Therefore, it can be expressed as:

(2.34)

Mcr)z
M

¢=1-p(
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2.61 Calculation of mean curvature

1. Calculating the curvature corresponding to the cross section uncracked and fully cracked.

1 Mo
-y, ="t (2.35a)
(Tl)tOt Ecmlom,1
1 Mot
—tot = 5 2.35b
( rz)tot Eorloms ( )
2. Removing the influence of self — weight
1 1 1
1_ (_) _ (_> (2.36a)
n "7 ot "pp
1 1 1
. <_) - <_> (2.36b)
2 "2/ tot "/ pp
The curvature produced by self — weight is calculating in uncracked state.
1 M, ,
Vpp = —F (2.37)
(r)pp Ecmlom,l

3. Calculating the coefficient C with the formula (3.34), and obtain the mean curvature with
calculation (3.31a).
4. Plotting the relationship of the bending moment and mean curvature, comparing with

experimental data.
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Figure 41.Diagram bending moment - mean curvature of beam 1 node C
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For beam 1, the following two figures illustrate the comparison between calculation and
experimental data in node C and A, where node C is in the midpoint which represent point of
max bending moment, and node A is a random point except max bending moment points. It can
be seen that the error is much bigger in node C than it in node A, which indicates that for a
same theoretical model, the accuracy varies as the changing of section.

Comparing figure 42 and 44, increasing the number of reinforcing bars reduces the error
between the calculation results and the experiment.

In the condition of concentrated load at midpoint, the accuracy is poor in state 2 and the gap
between theoretical curve and experiment is approximately changeless.

The theoretical model performs well under the condition of an asymmetric concentrated load
while measuring the node C subjected to the concentrated load. As they are shown in figure 46

and 47.
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Figure 42. Diagram of bending moment - mean curvature of beam 1, node C
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Figure 43. Diagram of bending moment - mean curvature of beam 1, node A
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Figure 44. Diagram of bending moment - mean curvature of beam 2, node C
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Figure 45. Diagram of bending moment - mean curvature of beam 3, node A
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Figure 46. Diagram of bending moment - mean curvature of beam 5, node C
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Figure 47. Diagram of bending moment - mean curvature of beam 6, node C
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2.62 Calculation of deflection

As described before, the calculation of deflection is based on the principle of virtual work.
With the linear analysis method, the deflection is calculated in a discrete way that means
dividing the beam into hundreds of elements, here it uses the integration way instead.

As in the case of the calculation of mean curvature, calculating the deflection that
corresponding to the curvature in state 1 and 2 as expressed in the previous calculations. Then
obtain the deflection with the formula (2.32).

For example, with beam 1, the real system and virtual system are shown in following figures.

JF’J’Z

| |
| |
I |
| |
I I

L2

Figure 48.The bending moment in real system of beam 1

W WW
:

Figure 49. The bending moment in virtual system of beam 1
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The deflection in uncracked state:

L
1
fi=| Mgx—dz (2.38a)
0 &1
. M, /2 M,
f1=2*f My ———dz+ 2 M, * — dz (2.38b)
0 Ecmloml a Ecmlom,l
The deflection in fully cracked state:
L 1
f2 = f My *— dz (2.39a)
0 2
a Ly
M, 2 M,
f2=2*f Ma*—dz+2*j M, x — dz (2.39b)
0 Ecmlom,z a Ecmlom,z

The calculation procedure of other beams is mainly the same, only the distribution of
bending moment needs to change with varying load conditions. The following figures illustrate
the comparison between the theoretical deflection and experimental data. The result is similar
to previous calculation, as the load increases, the theoretical values are smaller and smaller

comparing to the experiment.
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Figure 50. Diagram of load - deflection of beam 1
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Figure 51.Diagram of load - deflection of beam 2
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Figure 52. Diagram of load - deflection of beam 3
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Figure 53. Diagram of load - deflection of beam 5
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Figure 54.Diagram of load - deflection of beam 6
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2.7 Method with coefficient n

The method introduces a coefficient n to improve the calculation of relative mean strain
proposed by Model code 2010 and Euro code 2. On the base of assumption of linear distributed
bond stress along the transmission length, the coefficient is only a function of acting axial force
—to — cracking force ratio, which indicates the influence of internal secondary crack on tension
— stiffening effect.

This method can be seen as the combination of the linear analysis method and bi — linear
analysis method, and at the same time, it covered the characteristics of these two methods which
are the flat transition from state 1 to state 2 and linear variation of tension — stiffening effect.

The coefficient 1 is actually the ratio of length of reduced bond lsc and transmission length
Ls. As shown in the following formula, it can be expressed as a function of the ratio of acting
axial force-to-cracking force, or the ratio of steel stress and cracking steel stress which

calculated in the cracking moment on the cross section.

. [3 E 1 9 F
e 2,5 A 2. B2 2.40
=1, " 127E, 2 \/f E. >+ (2:40a)
lSC 3 (%) 1 9 Os2
n=-"5=|[Zx« —— = |=% -1)2+1 (2.40b)
LS 2 0—51"2 2 4 (O-ST'Z )

For the second expression, if it can be considered linear relation between bending moment

and steel stress as following:

M
o= T*y (2.41)
Therefore, it is equivalent to:
lge 3 M 1 9 M
—sc_ |2 I I —1)2+1 2.42
== \]4* M, T (242

The coefficient discusses behavior of concrete reinforcement beam in the cracking state,
which equals to zero at the moment of the crack formed. With the action increases, it will be

infinitely close to 1.
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2.71 Calculation of mean curvature

The two formulae mentioned before are both used here for calculating coefficient n, to
compare advantages and disadvantages to each other.

The calculation of cracking force is

* Ys * As,inf (2-4‘3)

Meanwhile, the cracking bending moment has been obtained from the formula (1.1).

The compression and tension strain calculate as:

If Mot < M,
M
& = Qo * Vg (2.44a)
Iom,lEcm
M
E,=———* Y, (2.44b)
Iom,lEcm
Ij{Mtot > Mcr
M
€ = Qe * Vs2 (2.45a)
Iom,ZEcm
M
Ec =T *Ve2 (2.45b)
Iom,ZEcm

The method is a linear elastic analysis with considering the coefficient 1. Therefore, the
distribution of stress on the cross section is like figure 9, and the mean curvature is calculated
in the same way:

Esm — &¢

! = 2.46
(;)m—T (2.46)

However, due to the varying of tension — stiffening effect which is now a function of

coefficient 1, the mean strain of steel bars in tension chord is changed.

f ctm

*(1—mn) (2.47)
pp,effEs

Esm = €2 — k¢

In addition, the effect of self — weight should be removed. As the require of highlighting the

transition from state 1 to state 2, it is necessary to thicken the calculating point in the interval.
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The following figures illustrate the bending moment — mean curvature relationship of
theoretical and experimental data.

Firstly, by comparing the results of calculation, obviously, it can be seen that calculation
with the coefficient n corresponding to the bending moment, the transition part is shorter and
then rises faster than it with coefficient n corresponding to the force. And with increasing of
the bending moment, they tend to coincident with each other in the diagram of bending moment
— curvature.

Comparing with the experimental data, with the bending moment rises, the gap between
calculation and experiment for beam land 2 becomes larger.

For beaml and 2, the node calculated is in the midpoint, they have the same loading
condition with different amount reinforcement, the result of beam with more reinforcement is
more precise.

While the theoretical model performs well in the condition of beam 3,5 and 6. But as figure

58 shows, the theoretical calculation overestimates the real behavior of beam 5.
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Figure 55. Diagram of bending moment and mean curvature of beam 1, node C
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Figure 56. Diagram of bending moment and mean curvature of beam 2, node C
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Figure 57. Diagram of bending moment and mean curvature of beam 3, node A
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Figure 58. Diagram of bending moment and mean curvature of beam 5, node C
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Figure 59. Diagram of bending moment and mean curvature of beam 6, node C
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2.72 Calculation of deflection

As in the case of the deflection calculation in non — linear method, except that the mean
curvature changed due to introducing of coefficient 1 in state 2, in state 1 the deflection remains
the same as always.

Here the two curves that correspond to the two calculations of coefficient 1 are both plotted
in the diagram of load — deflection. Comparing to each other, it can be seen that as same as in
the calculation of curvature, there is a small gap at the transition, but as the increasing of load,
it tends to disappear.

Comparing the calculation with the experiment, the theoretical model performs good
accuracy when the cross section is uncracked. While at the beginning of state 2, the calculation
corresponding to the coefficient n(F/F;) is bigger than the experimental value. But after that,
the theoretical deflection for both becomes smaller than it in the experimentation, and the
difference gets bigger and bigger with the load increasing. The theoretical model, compared to

the models mentioned above, has not changed much.
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Figure 60. diagram of load - deflection of beam 1
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Figure 61. Diagram of load - deflection of beam 2
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Figure 62. Diagram of load - deflection of beam 3
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Figure 63. Diagram of load - deflection of beam 5
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2.8 CEB - FIP Model Code 90

The theoretical model proposed by MC1990 gives another idea of calculation of mean
curvature. As shown in the following two figures, which the first one shows the relation
between mean curvature and simple bending and the other figure illustrates the relationship of
mean curvature and bending moment combined with compression. For both, there are three

curves which corresponding to state 1, state 2 and state after yielding of steel bars.
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Figure 65. Diagram of mean curvature - simple bending
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Figure 66. Diagram of mean curvature - bending combined with compression

The difference comparing to the model mentioned before is the effect of tension — stiffening.
For taking action due to temperature, shrinkage, and etc. into account, the model gives a
definition of hyperbolic law for calculating the tension — stiffening effect which corresponding

to the curvature in state 1 and 2, in addition of the ratio of bending moment and a reduction

factor Pbp.

50



L (L Ly, (i 248)

Tr  Tir M

Where

1 . . . . .
— s the curvature corresponding to the cracking bending moment in state 1.
ir

L is the curvature corresponding to the cracking bending moment in state 2.

By = B1B> (2.49)

B is the coefficient characterizing the bond quality of reinforcement.
B1 = 1 for high bond bars
f1 = 0.5 for smooth bars
B> is the coefficient which represents the influence of duration of application or repitation
of loading.
B2 = 0.8 at first loading

B> = 0.5 for long — term loading or for a large number of load cycles

Therefore, the mean curvature can be defined as:

for state 1
1 1
o (2.50a)
for state 2
1 1 1 1 1 1 Mg,
?=E_E=E‘(E‘E)ﬁb(7) (2.50b)
for M > M,
r1_1_(Lr_1 M\ | (M-My)
T Ty (rZT T'1r) ﬁb (My) + 2K (ZSOC)
where
M, — M
Ks= =7 (2.50d)

My is the yielding moment
M. is the ultimate moment
1/ry 1s the curvature of yielding moment
1/ry 1s the curvature of ultimate moment
Here the case of bending moment greater than yielding moment is not considered, and only

the first two steps are entered the analysis.
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2.81 Calculation of mean curvature

. Calculating the curvature which corresponding to the cracking bending moment in state

1 and 2 individually.

1 M,
—_— = (2.51a)
Ty Ecmloma

1 M
S L — (2.51b)

Tor Ecmlom,z

. Calculation of the curvature which corresponding to the tension — stiffening effect with

the formula (2.48).

. Calculation of mean curvature with condition

IfMot < M
1 1 M
oottt (2.52a)
r 41 Ecmlom,l
yMot > Mcr
1 1 1 M 1
o _tet (2.52b)
r 1, T Eonloma  Tis

. Pay attention to the self — weight as mentioned before, it should remove the effect of self

B,-+-0),

. Plotting the diagram of bending moment and mean curvature, and comparing it with

— weight in the calculation.

experimental data.

52



The following figures illustrate the comparison of the calculation of mean curvature and
experiment. As it can be seen, the model behaves well in the conditions of beam 2, 5 and 6.
While for beaml and 3, the model tends to underestimate the real mean curvature in the
experiment, especially the error ups to about 30% when the bending moment of beam 1 reaches

182.5 kNm.
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Figure 67. Diagram of the bending moment - mean curvature of beam 1, node C
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Figure 68. Diagram of the bending moment - mean curvature of beam 2, node C
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Figure 69. Diagram of the bending moment - mean curvature of beam 3, node A
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Figure 70. Diagram of the bending moment - mean curvature of beam 5, node C
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Figure 71. Diagram of the bending moment - mean curvature of beam 6, node C
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2.82 Calculation of deflection

The calculation procedure is the same as previously mentioned in chapter 3.52, the difference
is only the mean curvature calculated with the theoretical model of CEB — FIP here.

The result of comparison is also similar to others model, which is that the theoretical model
behaves well in the condition of low load. As shown in the following figures, the error could
be different with the different load condition and number of reinforced bars, but the same point

is that the error becomes larger in all cases as the load increases.
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Figure 72. Diagram of load - deflection of beam 1
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Figure 73. Diagram of load - deflection of beam 2
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Figure 74. Diagram of load - deflection of beam 3
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Figure 75. Diagram of load - deflection of beam 5
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2.9 Conclusion

In the analysis of mean curvature, the theoretical model of coefficient n and CEB perform
well relatively in general. But in the load condition of asymmetric concentrated load, for the
beam 5, the two models tend to overestimate the real behavior though the error is not big. But
for beam 6, the mean curvature calculated by all models is consistent to the experiment.

While for the deflection, all the results are similar comparing to the experimental data. No
matter for different load condition or number of reinforced bars, in state 2, the models are all
precise under a certain value of the load. As the load increases, the theoretical values tend to
underestimate the behavior of beams, and the gap between the theoretical and experimental data
is getting bigger and bigger. One of the important reasons is none of those models above
consider the effect of shear. Therefore, in the following chapter discussing the influence of

shear is necessary.
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3. THEORETICAL MODEL WITH SHEAR EFFECT IN THE
DEFORMATION

The shear effect is neglected for many cases while calculating the mean curvature and
deflection, as illustrated in the previous chapter. And it is reasonable not only because it is
difficult to find a reliable theoretical model, but the complex calculation procedure is also a big
barrier. Therefore, many researchers have proposed various theoretical models, all of which
have their own advantages and disadvantages. This chapter introduces the simplified model
which corresponding to the mixed model proposed by M. Taliano and P.G. Debernardi. The
model takes shear effect into consideration and simplifies the calculation procedure of the

mixed model.

Mixed model

Traditionally, there are two methods to solve the problem of shear effect, one is the “lattice
— like model” proposed by Ritter and Morsch, the other one is “smeared model” offered by
Vecchio and Collins.

The lattice — like model assume that the compression truss element is parallel to the crack in
the web and the tension truss element which made up of stirrups has an inclination angle of 45
degrees to concrete struts. This model takes some favorable effects into consideration such as
aggregate interlock, Dowel effect. Its results are relatively conservative but less precise in the
calculation under serviceability condition.

The smeared model is based on the modified compression field theory (MCFT) which
considers the average stresses and average strains on equilibrium conditions and compatibility
conditions, besides of constitutive laws of concrete. The model treats the cracked concrete with
reinforcement as a new material with its own stress — strain characteristics. It can describe the
behavior of reinforced concrete beam accurately but with a very complex calculation.

The mixed model is proposed to the basis of experimental results, it can be seen as a modified
smeared model. By reference to MCFT, it takes the interaction between the web and chords
into account. The model takes the equilibrium scheme based on lattice — like model but with
the variability of the inclined angle. In the calculation of concrete contribution, the results

obtained are highly consistent with the values provided by the Model Code 1990.
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Because there are two iterative procedures corresponding to the mixed model that increased
the difficulty of calculation, it is offered the simplified model. Mainly, it is simplified the

determinations of inclined angle 9 and concrete contribution V..
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Simplified model
In state 1, the behavior of the beam is considered fully keep to the elastic theory, therefore
the calculation of curvature is shown as before, and the shear strain calculated by following

formula:

(3.1)

Where
G is the shear modulus of concrete.

Aomis effective area of the cross section as shown in the following figure.

=

7

e

.

ﬁ
¢

R RO

s

e

R
i
&
&

o

R RO

-

i
/AA,_;:E;;,'-' d g
T

Figure 77. Effective area of the cross section

When the bending moment surpasses its critical value Mc, the cross section cracks because
of bending. Under this condition, if the acting shear is smaller than the cracking shear force Vr,
it means that the web remains integer and only flange cracks, otherwise, both the web and flange
crack.

There is also another situation that needs to pay attention, when the acting shear is greater
than V. with the value of bending moment under Mc;, which means the web cracks with an
inclined angle but the flange stays intact.

But whenever one of these two conditions is satisfied, it will pass into state 2.
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3.1 Mean curvature and shear strain

1. Calculation of concrete contribution V.
According to the mixed model, the condition of vertical equilibrium is shown in the

following figure.

Figure 78. Stress in the cross section inclined 9 angle

There are two contributions of resistance in the vertical direction which provided by the
concrete and transversal reinforcement respectively.

V=V+Vy (3.2a)

VZAﬂ*O'SW*Z*C0t9+0'cl*bW*Z*C0t9 (3.2b)

Sw

In state 1, when there is no crack formed, the concrete contribution offers all shear resistance
which means that Vi equals to zero. However, with the load increasing, inclined cracks begin,
the concrete contribution remains roughly constant.

Therefore, in the simplified model, it is assumed that the concrete contribution is constant
which equals the cracking shear force V. in state 2. As shown in the following figure, taking
beam 6 as an example, comparing the value of V. calculated by the formula (3.3) and obtained

from the mixed model for different shear length.
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Figure 79. Example of beam 6. (a) geometry. (b) diagram of shear - shear of concrete
contribution with various shear lengths

According to the Model Code 1990, the calculation of concrete contribution after web
cracking (which takes into account dowel effect, aggregate interlock and the contribution of the

compressed concrete zone) is expressed as:

1 1
3+d) /3 200 100%Ag /3 by*d _ Jx1*bw
Ve=Cx (M/V) * <1 I \/ d > * ( byed |ka|) *Tooo = Ts‘x * fetm (3:3)

Where

C is a coefficient that varies with reference to the mean value of V. between 0.13 and
0.18 when ay/d varies from 4 to 8. According to Model Code 1990, it is assumed as 0.15.

d is the depth of the cross section.

As is the area of the longitudinal tensile reinforcement.

bw 1s the width of the web.

Jx,1 1s the second moment of area in uncracked state.

Sx is the first moment of area above and about the centroidal axis (uncracked section).

ay is the shear length which corresponding to the distance between load point and support,

and it equals M/V.

2. Calculation of normalized shear stress t/feun.
T _ Viot = V¢
fetm  bw *d * form

(3.4)

It is easy to know that the ratio is zero when the cross section of the web is uncracked.
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3. The calculation of angle 9.

The angle 0 is the second calculation that needs to be simplified. It is related to a lot of
parameters in the mixed model such as geometrical properties, loading effect, reinforcement
ratios, material, therefore it is carried out a parametric analysis to study the relationship
between the angle and these variables. Then finding out that the angle 0 is a function of
these four variables: ¢z, T/fctm, pw, fek.

1) The approximate relation between normalized shear stress and angle 6o.

‘ )b (3.5)

Oy =ax (
ctm
The coefficient ¢ and b are introduced by parameter analysis, and they are a
function of transversal reinforcement ratio pyw. Where
a=30+p, *1150 (3.6a)
b=5=xp, —0.125 (3.6b)

2) Calculation of angle 0y, which corresponds to the correction of 0 when the

concrete compressive strength fx is different to 25 N/mm?.

0, = 6, * [1 +01% (%)] 3.7)

4. Calculation tensile strain of steel bars in the cracked state.
d—x
]x,z * Es

Vtot - Vc
2

€s2 = {Mtot + * Z * COt(Q(l))} * * Qe (3.8)

5. Calculation of the mean strain of tensed reinforcement with considering the tension —
stiffening effect according to EN1992 1-1.

fctm
pp,effEs

(3.9)

Esm = €52 — K¢

6. Calculating the mean strain of compressed chord with assuming the lever arm equals 0.9*d.
x—0.1d

Viot = V. ’
£, = — {Mtot — % % 7 % COt(QO)} *]xZ*—Ecm (3.10)
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7. Calculation of mean axial strain gc;.

8. The correction of angle due to possibly varying mean axial strain &,.

0=6,*y

Where

Y = 0.64 + (960 * &.,) — (6 = 10° * £2)

9. Calculation of principal mean compressive strain in the web.

0, 1 V.xsin?(8) =V

E€cp = = *
2" Eun  Eem 2% b, *cos(8)

10. Calculation of mean curvature and mean shear strain.

1 €m — €m

r 09xd

_ 2 * (8¢, — €c2)
tan(@)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

11. Removing the self — weight effect, and plotting the diagram of bending moment — mean

curvature and shear — shear strain.
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Figure 80. Diagram of shear - shear strain of beam 1,node A
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12. Comparison of the calculation of mean curvature with experimental data.
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Figure 81. Diagram of bending moment - curvature of beam 1, node A

As shown in the two figures above, figure 80 illustrates the relationship of shear and shear
strain of beam 1 in node A, while the figure 81 shows the comparison of theoretical value and
experimental value. It is possible to observe that the shear strain is relatively small in the
uncracked state, but after the section cracked, the shear strain rises very fast as the shear
increases. Moreover, the result of comparison does not verify the accuracy of the theoretical
model, it can be seen from figure 81, the theoretical values are much smaller than the
experiment at around cracking bending moment, but after that, the theoretical curve rises faster.
So that when the bending moment reaches 100kNm, the theoretical mean curvature exceeds 1.2

times the actual value.
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If compares the “simplified model” with a classical model mentioned before, the shear
contribution can be observed in the calculation of mean curvature as shown in the following
figure. Due to the increase of the mean strain of tension chord and decrease of the mean strain

of the compression chord by shear, the mean curvature increases.
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Figure 82. Comparison between simplified model and bi-linear method with experimental curve

The following figures illustrate diagrams of shear and shear strain and comparison of
theoretical mean curvature and experimental data of other beams. It can be seen from following
figures, as the bending moment increases, the theoretical mean curvature is always smaller than
the experimental value, the consideration of shear effect does improve the result of calculation,

but not much comparing to the classical model.
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Figure 83. Diagram of shear - shear strain of beam 2, node A
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Figure 84. Diagram of bending moment - mean curvature of beam 2, node A
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Figure 85. Diagram of shear - shear strain of beam 3, node A
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Figure 86. Diagram of bending moment - mean curvature of beam 3, node A

70



100

90

80

70

60

50

V (kN)

40
30
20
10

0
0.00E+00  2.00E-04 4.00E-04 6.00E-04 8.00E-04 1.00E-03 1.20E-03 1.40E-03

Figure 87. Diagram of shear - shear strain of beam 5, node A
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Figure 88. Diagram of bending moment - mean curvature of beam 5, node A
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Figure 89. Diagram of shear - shear strain of beam 6, node A
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Figure 90. Diagram of bending moment - mean curvature of beam 6, node A
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3.2 Calculation of the deflection

As mentioned in the chapter 3, the calculation of deflection is based on the principle of
virtual work, here with considering shear effect, there are two contributions in the calculation.

Hence the formula becomes:

L 1 L
f=f Ma*r—dz+ft*l/;l*ydz (3.17)
0 b 0

Where

t is shear factor, in the case of double T beam with thin web t=1.60.

The calculation procedure is similar as before, except the involvement of shear. Therefore,
through the previous calculation, calculating the mean curvature and shear strain for every piece
of element. Then it can be obtained the contribution of bending moment and shear to the

deflection by following formulas:

1
fu= z M, * ™ * L (3.18a)
fr=) tsVyry <L, (3.18)

frot =fu+ fv (3.18¢)

For example, the following figures illustrate the bending moment and shear in real system

and virtual system of beam 1.

JP!Z lP.r’Z

Figure 91. The bending moment of beam 1 in real system
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Figure 92. The shear of beam 1 in real system

Figure 93. Bending moment and shear of beam 1 in virtual sysytem

In the end, removing the effect of self — weight and plotting the diagram of load and
deflection which includes the contribution of bending moment and shear, besides the total
deflection.

For other beams, the calculation is exactly the same as above, except for the change of load

conditions.
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The shear contribution can be considered in two part. One part is the shear strain part, as you
can see from the figures. The other part is in the bending deflection, due to the shear increases
the mean curvature, which means it increases the bending deflection indirectly. The following
two figures show the comparison of theoretical value of total deflection and experimental curve
of beam 1 and 2. It is possible to observe that the contribution of shear and bending moment in
the total deflection. In the condition of under a certain value of the load, the shear deflection is
so small that can be ignored, but as load increases, the shear contribution is getting bigger. For
beam 1, the shear contribution takes around 20% when the load reaches 150kN.

Comparing the total deflection with the experimental value, taking the shear effect into
consideration significantly improves the accuracy of the description of the behavior of the r.c.
beam. When the load ups to 200kN, the addition of shear deflection reduces the error from 27%
to 9% for beam 2.
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Figure 94. Diagram of load - deflection of beam 1
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Figure 95. Diagram of load - deflection of beam 2
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As shown in the figure 96, for beam 3, the contribution of shear to total deflection is around
30% when the load ups to 130kN.

The figure 97 and 98 illustrate the comparison of the theoretical deflection and experiment
data of beam 5 and 6, which also prove the importance of the shear contribution to the total
deflection. Especially, the theoretical model of beam 6 is perfectly consistent with its

experimental curve.
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Figure 96. Diagram of load - deflection of beam 3
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Figure 97. Diagram of load - deflection of beam 5
250
200
150
= experimental
=<
a bending
100 shear
total
50
0

5 10 15 20

f(mm)

Figure 98. Diagram of load - deflection of beam 6
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4.CONCLUSIONS

This thesis mainly evaluates the behavior of reinforced concrete beams with thin web in two
aspects, one of which is mean curvature, and the other one is deflection. The load conditions
are set up with three types including two symmetric concentrated load, single concentrated load
at the central node, and single asymmetric concentrated load. It compares several theoretical
models with experimental data to identify the accuracy of the theoretical models and the
influence of shear effect.

In the analysis of mean curvature, according to the elastic modulus, two analysis methods
are proposed, one is linear analysis method based on the assumption of constant elastic modulus,
while the other one is non — linear analysis method, in which removed the assumption. The
results of comparison between these two methods with experimental values do not have much
difference, although the calculation of non — linear analysis method is more complex than the
linear method. Then according to the various tension — stiffening effect, the bi — linear method,
method with coefficient n and CEB model are taken into analysis. These methods do improve
the calculational accuracy of the mean curvature, but the degree of improvement varies
depending on the amount of reinforcement and the position of reference node.

While in the analysis of deflection, for every theoretical model mentioned before, the
calculation is on the basis of the virtual work’s principle. The results fluctuate slightly due to
the variety of values of mean curvature. Compared with experimental values, it is possible to
observe that under a certain value of load condition, the calculations are precise relatively.
However, when the load exceeds the certain value, the theoretical values are smaller than the
experimental values, and the gap between the theoretical curve and experimental curve becomes
larger and larger.

Form the previous analysis, it can be seen that the shear effect is not negligible in the
considered cases. Therefore, the mixed model has been set up, which is based on the modified
compression field theory. However, due to the complexity of its calculation, the simplified
model has been proposed to avoid the iterative calculation procedure. The shear effect makes
the strain of tension chord increase but decreases the strain of compression chord. Therefore, it
increases the value of mean curvature, but comparing with traditional theoretical models to the
experimental data, it doesn't have much improvement in calculation results. While for the

deflection, through the comparison of theoretical calculation and experimental values, it is
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observed that the contribution of shear to total deflection it is obvious that the shear effect has
a significant improvement to the description of the real behavior of reinforced concrete beams.
In the three mentioned load conditions, the shear contribution is greater than 20% to the total

deflection.
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NOTATION

(1/1)m Mean curvature

1/t Curvature in state 1

1/t Curvature corresponding to cracking bending moment in state 1
1/r2 Curvature in state 2

1/12r Curvature corresponding to cracking bending moment in state 2
1/t Curvature of tension — stiffening

Aom Homogenized area

As inf Area of longitudinal tensile reinforcement;

Assup Area of longitudinal compressive reinforcement;

Asw Shear reinforcement area

ay Shear length

bw Width of the web

d Effective height of cross section

Ecm Mean value of elastic modulus of concrete

Es Elastic modulus of steel bars

f Deflection

fi Deflection in state 1

i) Deflection in state 2

fek,cube Characteristic compressive cube strength

fekseylinder  Characteristic compressive cylinder strength

fem Mean compressive strength of concrete
Fer Cracking force

fetm Mean value of tensile strength of concrete
G Shear modulus

Tom,1 Moment of inertia homogenized in state 1
Tom,2 Moment of inertia homogenized in state 2
lsc Length of reduced bond

Ls Transmission length

My Bending moment due to load

Mb pp Bending moment due to self — weight



Mcr
M.

M4
Sw
Ve
Ver
Viw

Ec
Ecl

€c2

Ecz
€s2

Esm

Hx
Pp.eff
Pw
Oc
Ocl
Os2
Osr2

Osw

Cracking bending moment

The ultimate bending moment

The bending moment of yielding od tensed bars
Yielding moment

Spacing of shear reinforcement

Shear of concrete contribution

Cracking shear

Shear of stirrups cntribution

Vertical axis at reference system

Horizontal axis of the reference system

Ratio of modulus

Mean shear strain

Strain in compression chord

The strain at the peak stress

Principal mean compressive strain

Mean strain in compression chord

Mean axial strain

Steel strain in state 2

Mean strain of tensile chord

Inclination of the principal compressive strain axis
Curvature

Ratio of longitudinal reinforcement in the effective area
Transversal reinforcement ratio

Compressive stress

Principle tensile stress

Tensile stress in state 2

Tensile stress corresponding to the cracking bending moment
Stress in the y-direction acting on the web reinforcement;
Mean shear stress

Coefficient of Poisson
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