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Abstract: This research was aimed at deriving average stress-average strain tension-stiffening relationships in accordance with
the provisions of design codes for reinforced concrete (RC) members. Using a proposed inverse technique, the tension-stiffening
relationships were derived from moment-curvature diagrams of RC beams calculated by different code methods, namely Eurocode
2, ACI 318, and the Chinese standard GB 50010-2002. The derived tension-stiffening laws were applied in a numerical study using
the nonlinear finite element software ATENA. The curvatures calculated by ATENA and the code methods were in good

agreement.
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1 Introduction

Worldwide, the strength analysis of reinforced
concrete (RC) members subjected to bending moment
is based on a unified approach. In contrast, for
cracking and stiffness analysis, the design codes of
different countries use various approaches and mod-
els, often resulting in conflicting predictions (Kak-
lauskas, 2004; Borosnyo6i and Balazs, 2005; Juoza-
paitis et al., 2010).

The main disadvantage of the design code
methods is their limited application regarding the
structural shape and the loading cases. An alternative
to these methods is numerical techniques. These
techniques can evaluate irregular geometrical shapes
of structures and specific loading conditions and
nonlinear properties of materials (Wu and Gilbert,
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2009; Gribniak et al., 2010a; 2010b; Wang et al.,
2010). But results of numerical analysis have become
dependent on the applied material models. In ser-
viceability problems, modeling of reinforcing steel
and concrete in compression is simple. No significant
difference was observed in deflection predictions of
RC beams assuming alternative constitutive laws for
concrete in compression (Stramandinoli and Rovere,
2008). However, modeling the behavior of cracked
tensile concrete is a much more complicated issue.
Due to bonding with reinforcement, the concrete
between cracks adheres to the reinforcement bars and
contributes to the overall stiffness of the structure.
This phenomenon, called tension-stiffening, has a
significant influence on the numerical results of short-
term deformation analysis. In the present study, the
behavior of an RC member is modeled by a stress-
strain tension-stiffening relationship assumed to be
uniform over the tension area of concrete. Stress in
the concrete is taken as the combined stress due to
tension-stiffening and tension-softening, collectively
called tension-stiffening. A number of stress-strain
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tension-stiffening relationships have been proposed
(Torres et al., 2004; Stramandinoli and Rovere, 2008;
Dede and Ayvaz, 2009; Wu and Gilbert, 2009; Ng et
al., 2010; Bacinskas et al., 2011). Note that most
tension-stiffening relationships were derived using
experimental data on the tension (Hsu, 1993; Fields
and Bischoff, 2004) or shear (Vecchio and Collins,
1986; Collins and Mitchell, 1991) of RC members.
However, application of such laws in bending mem-
bers may not be justified and frequently results in
inaccurate deformation predictions. Kaklauskas and
Ghaboussi (2001) proposed an alternative approach
for deriving tension-stiffening relationships from test
data (moment-curvature diagrams) of flexural RC
members.

The present study aimed to derive average
stress-average strain tension-stiffening relationships
conforming to deformation analysis of RC beams
using well-known design codes. The European (CEN,
2004), American (ACI Committee 318, 2008), and
Chinese (MCPRC, 2004) design code techniques were
considered. Using the algorithm proposed by Kak-
lauskas and Ghaboussi (2001) and modified by Kak-
lauskas and Gribniak (2011), the tension-stiffening
relationships were derived from the moment-curvature
diagrams of RC beams calculated by the codes. The
obtained stress-strain relationships, as the material
models for tensile concrete, were applied in curvature
analysis using the nonlinear finite element software
ATENA.

2 Solution of the inverse problem

Our investigation was aimed at deriving tension-
stiffening models using an inverse technique. The
models obtained allow the simulation of the same

moment-curvature responses as predicted by the code
methods. This section sketches a solution of the in-
verse problem, discussing major aspects only. The
inverse procedure uses a simple iterative technique of
deformation analysis of composite members based on
the layer section model and material diagrams (Kak-
lauskas, 2004). The following assumptions have been
adopted: (1) average strain hypothesis, also called the
smeared crack concept; (2) linear strain distribution
within the depth of the section; (3) perfect bonding
between layers.

Let us consider a doubly RC member subjected
to pure bending. A cross-section for such a member is
shown in Fig. 1a. b and 4 are the width and height of
the section, respectively; Ag; and Ay, are the areas of
tensile and compressive reinforcements, respectively;
d is the effective depth; ay, is the distance from the
compressive edge of the section to the centroid of the
compressive reinforcement. The cross-section is di-
vided into n horizontal layers of thickness #; corre-
sponding to either concrete or reinforcement. Thick-
ness of the reinforcement layer #; (Fig. 1b) is taken
from the condition of the equivalent area. The analy-
sis needs to assume stress-strain (o-g) material laws
for the reinforcement and the concrete in compression
and in tension (Fig. 1¢). o5 and oy, are the stresses in
tensile and compressive reinforcements, respectively.
Curvature x and strain ¢; at any layer i (Fig. 1d) can be
calculated by
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Fig. 1 Layer section model
(a) Reinforced concrete section; (b) Layered section; (c) Stress distribution across the section; (d) and (e) Strain and stress

distributions in layered section
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where M.y is the external bending moment; y. and y;
are the centroid coordinates of the section and the ith
layer, respectively; b; and ¢; are the width and height
(thickness) of the ith layer, respectively; AE, SE, and
IE are the area, the first and the second moments of
the area, respectively, multiplied by the secant
modulus E; sc.

For the given strains ¢; and the assumed consti-
tutive laws (Figs. 1d and 1c¢), the stresses and corre-
sponding secant modulus are calculated. In Fig. 1d, A/
represents the unit length of the member. The analysis
is performed iteratively until convergence of the se-
cant modulus at each layer is reached. Figs. 1d and le
illustrate the strain and the stress distributions re-
spectively, within the layer section model performing
direct deformation analysis.

Unlike the direct analysis, which results in pre-
diction of structural response using a specified con-
stitutive model, the inverse analysis aims to determine
parameters of the model based on the response of the
structure. In the present study, the inverse problem is
solved iteratively with incrementally increasing
bending moment, using the tension-stiffening law
obtained at previous loading stages.

Fig. 2 shows a flow chart of the inverse technique.
Based on geometrical parameters of the cross-section,
the layer section model is composed. Stress-strain
material laws for steel and compressive concrete are
assumed. As noted, computations are performed itera-
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tively for an incrementally increasing bending moment
from the initial M| to the maximum M, values.

At each moment increment M;, an initial value of
the secant deformation modulus of stress-strain rela-
tionship under derivation is assumed to be equal to
zero (E;(=0). The curvature x.,; is calculated by the
direct procedure. If the agreement between the cal-
culated curvature and the experimental curvature xps ;
is not within the assumed tolerance 4, i.e., Condition
1 is not fulfilled (Fig. 2), the analysis is repeated using
the hybrid Newton-Raphson and bisection procedure
(Gribniak, 2009) until Condition 2 is satisfied. At
each iteration &, the secant deformation modulus £
is determined as the ratio of the obtained stress o,
and strain ¢, in the nth layer. If the solution is found,
i.e., Condition 1 is satisfied, the obtained value of £
is fixed and used for the next load increments. If the
limit iteration number is exceeded (k>N=30), the
calculated ;3 is rejected, meaning that the secant
deformation modulus E; is not defined at the moment
increment 7, and the analysis moves to the next load
step. The calculation is terminated when the ultimate
loading step is reached (Condition 3). The analysis
results in the derived tension-stiffening relationship.
Note that the assumed number of layers » might have
an influence on the calculation results. The recom-
mended number, n=200 (Gribniak, 2009), most ef-
fectively secures the computational efficiency in
terms of convergence and accuracy.
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Fig. 2 Flow chart for solving the inverse problem
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3 Tension-stiffening analysis

The tension-stiffening analysis was carried out for
the rectangular RC section shown in Fig. 1a, assuming
h=400 mm, b=200 mm, d=370 mm, and a,=30 mm.
The inverse technique was applied for deriving the
stress-strain relationships using the moment-curvature
diagrams calculated by the Eurocode 2 (CEN, 2004),
the ACI 318 code (ACI Committee 318, 2008) and the
Chinese code GB 50010-2002 (MCPRC, 2004).
These diagrams were calculated for a number of RC
sections having a uniform grade of concrete C30/37
(C47.5 according to the Chinese code), a modulus of
elasticity of steel £~200 GPa and a variable amount
of tensile reinforcement: p=A/(b-d)=0.3%, 0.6%,
1.0%, and 2.0%. The ratio of the area of the com-
pressive reinforcement Ay, and the tensile reinforce-
ment A,; was taken to be 0.25.

The calculated moment-curvature diagrams are
shown in Fig. 3a by grey solid lines, whereas Fig. 3b
shows the derived tension-stiffening relations. The
obtained relations may be approximated by three lines:
linear ascending, sudden linear drop, and a descend-
ing branch. The latter was practically linear for the
ACI 318 and GB 50010-2002 codes and curved for
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the Eurocode 2. Other differences between the ob-
tained stress-strain diagrams were as follows:

1. The tension-stiffening effect expressed in
terms of the ultimate strain was far more pronounced
in the lightly reinforced members. Note that different
scales were applied for strain in Fig. 3b.

2. Differences in the tension-stiffening diagrams
obtained for different codes were most significant for
the lightly reinforced members (p=0.3%). The rela-
tions of the Eurocode 2 and the ACI 318 code were
particularly contrasting. With an increase in rein-
forcement ratio, the tension-stiffening diagrams ap-
proached each other. Due to the sensitivity of the
inverse technique (Kaklauskas and Gribniak, 2011),
some of the diagrams had oscillations.

3. For the ACI 318 code, the maximum stresses
were found to be dependent on the reinforcement ratio
p- Reduction in the maximum stresses with increasing
p could possibly be due to indirect evaluation of the
restrained shrinkage effect on the cracking resistance
(Kaklauskas et al., 2009; Kaklauskas and Gribniak,
2011).

Fig. 4 gives a few well-known tension-stiffening
laws along with the relationships derived from the GB
50010-2002 code. Note that most of the relationships,
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Fig. 3 Moment-curvature diagrams (a) and the obtained tension-stiffening relationships (b)
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Fig. 4 Tension-stiffening relationships for different reinforcement ratios
(a) p=0.3%; (b) p=0.6%; (c) p=1.0%; (d) p=2.0%

except 1 and 6, were independent of the reinforce-
ment ratio. The ultimate strain of the simple linear
tension-stiffening relationship 6 was derived by
Kaklauskas and Ghaboussi (2001) from test data of
flexural RC members:

ctult —

&

32.8—-27.6 7.12 p? 29
%x{ PHTRPL PN )

5, p=2%,

where ¢, represents the cracking strain of the tensile
concrete. Note that the ultimate strain from Eq. (2)
follows the tendency of reducing tension-stiffening
with increasing reinforcement ratio (Fig. 3).
Applicability of the derived tension-stiffening
relationships for deformation analysis of RC beams
was verified using the commercial finite element (FE)
software ATENA. Performing non-linear curvature
analysis, the obtained stress-strain diagrams were
approximated as shown in Fig. 3b and introduced into
ATENA as the constitutive laws for tensile concrete.
Isoparametric quadrilateral finite elements (15 mm in
size) with 8 degrees of freedom and four integration
points were used for modeling of the beams. The
tension-stiffening effect is included in the FE model
through the interaction of reinforcement and concrete
between cracks using the principles of fracture

mechanics (the crack band model). This requires the
characteristic length /., of the crack localization zone
to be specified (Gribniak et al., 2010a; 2010b). In this
study, /., was assumed to be 50 mm. The modeled
responses of RC beams are shown in Fig. 3a by
dashed lines.

In general, good agreement was obtained be-
tween the curvatures predicted by ATENA and the
codes. Some differences could be due to approxima-
tion errors and shear effects which were neglected in
the code techniques.

4 Conclusions

In the present study, based on an inverse tech-
nique proposed by the authors, average stress-average
strain tension-stiffening relationships conforming to
well-known design codes were derived. The tension-
stiffening laws were derived using the moment-
curvature diagrams of RC beams predicted by Euro-
pean, American, and Chinese codes. Significant dif-
ferences were obvious in the tension-stiffening dia-
grams representing different codes and reinforcement
ratios. Unlike earlier proposed tension-stiffening laws,
the shapes of the stress-strain diagrams obtained were
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strongly dependent on the tensile reinforcement ratio.
The tension-stiffening effect was far more pro-
nounced in members with small reinforcement ratios,
particularly in the case of the American code.

The obtained relationships were applied in a
numerical study, using the nonlinear finite element
software ATENA. Good agreement between the cur-
vatures predicted by ATENA and the codes showed
the validity of the proposed approach.
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NUMERICAL DEFORMATION ANALYSIS OF BRIDGE CONCRETE GIRDERS
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Abstract. Present research was aiming at deriving tension stiffening relationship based on EC2 provisions for deformation
analysis of bending RC structures. According to the algorithm proposed by the first author, a tension stiffening relationships
were derived from moment-curvature diagrams of reinforced concrete beams calculated according to EC2 technique. The
obtained tension stiffening relationship was applied in the parametric study, using non-linear finite element software AT-
ENA and layered model. Theoretical results were compared with experimental data of beams reported in the literature. The
defined tension stiffening relationship was also applied for calculation of moment-curvature response of reinforced concrete
bridge girder. The analyses have shown that the deformations calculated using the derived tension stiffening relationship

and the EC2 technique were in good agreement.

Keywords: reinforced concrete, bridge, cracking, tension stiffening, curvature, numerical modelling.

1. Introduction

In many countries, the design of reinforced concrete bridge
structures is based on limit state method. The concrete
bridge girder or another bridge element has to be designed
to satisfy the requirements of ultimate and serviceability
limit states. The longitudinal reinforcement of reinforced
concrete flexural member is defined according to the
strength, cracking and stiffness requirements. In various
design code methods, strength analysis of reinforced con-
crete flexural member is based on similar approaches.

On the contrary, cracking and stiffness techniques of
various design codes are based on different assumptions
and approaches (Borosnydi, Balazs 2005; Kaklauskas 2001;
CEN 2004). The results obtained using different design code
methods can vary several times (Borosnydi, Balazs 2005).
Main disadvantage of design code methods is their limited
application for simple cases of structural shape and loading.

Another alternative for structural engineers is using fi-
nite element methods. This method can evaluate irregular
geometrical shape of the structure, specific loading condi-
tions and non-linear properties of the materials (Zergua,
Naimi 2006). Results of analysis significantly depend on
constitutive models of concrete and reinforcing steel. Mod-
elling the reinforcing steel behaviour is simple. For concrete
in compression, many models were proposed (Popovics
1970). However, modelling of behaviour of cracked tensile
concrete is a complicated issue. Due to bond with reinforce-

ment, the cracked concrete between cracks carries a certain
amount of tensile force normal to the cracked plane. The
concrete adheres to reinforcement bars and contributes to
overall stiffness of the structure. The phenomenon, called
tension stiffening, has significant influence on the results
of short-term deformational analysis. An accurate assess-
ment of the tension stiffening effect is of primary impor-
tance in the cases of lightly reinforced concrete members
(Gilbert 2007), concrete members internally reinforced by
FRP bars (Mota et al. 2006) or externally reinforced by FRP
laminates (Valivonis, Skuturna 2007).

Based on a variety of assumptions, many constitutive
models for cracked concrete in tension have been proposed
for case of short-term loading (Kaklauskas, Ghaboussi
2001; Torres et al. 2004; Nayal, Rasheed 2006; Kaklauskas
et al. 2007). Model proposed by Kaklauskas and Ghaboussi
(2001) was applied in the layered deformational approach
called the flexural model (Kaklauskas 2004). Subsequent-
ly, this model was used by Juozapaitis et al. (2006) for the
analysis of behaviour of suspension pedestrian bridge
structure. Interaction of concrete and reinforcement in RC
bridge decks subjected to monotonic loading history was
also studied by Muttoni and Ruiz (2007).

It should be noted that shrinkage has a significant effect
on cracking of reinforced concrete members (Bischoff and
Johnson 2007). State-of-art review of shrinkage effect on de-
formations of reinforced concrete bridge elements is present-
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ed by Gribniak et al. (2007). The shrinkage effect on cracking
moment is given in reference (Gribniak et al. 2008).

The proposed tension stiffening relationships were
derived from tension, shear or bending tests of reinforced
concrete members. However, there was no tension stiffen-
ing relationship proposed which would conform to the
deformation analysis by EC2 code technique. Therefore,
structural engineers cannot perform the FE analysis based
on design code principles.

In this research, stress-strain relationships for cracked
tensile concrete which satisfies EC2 provisions (CEN 2004)
have been derived. According to the algorithm proposed
by Kaklauskas and Ghaboussi (2001), a tension stiffening
relationship has been derived from moment-curvature di-
agrams of reinforced concrete beams, calculated according
to EC2 technique. The obtained tension stiffening relation-
ship was applied in the numerical experiment, using non-
linear finite element software ATENA and layered mod-
el (Kaklauskas 2004). Theoretical results were compared
with experimental data of beams reported in the literature
(Clark, Speirs 1978). The defined tension stiffening rela-
tionship was also applied for calculating the moment-cur-
vature response of reinforced concrete bridge girder.

2. Moment-curvature behaviour according
to Eurocode 2

Based on Eurocode 2 method, a reinforced concrete bend-
ing member is divided into two regions: region I, un-
cracked, and region II, fully cracked (Fig. 1). In region I,
both the concrete and steel behave elastically, whereas in
region II the reinforcing steel carries all the tensile force on
the member after cracking.

The average strain of cracked reinforced concrete
member can be expressed as:

8m :(I_C)Ssl +C.t8s2’ (1)

where €, and €, are the strains in region I, uncracked
state, and region II, fully cracked state, respectively; C is
distribution coefficient, calculated using the equation:

Bending moment, M
A
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Curvature, k

Fig. 1. Moment-curvature relationship according to the
Eurocode 2

c=1—B(§“J =1—B(%), )

where o,, and 0, are the stresses in the tensile steel, calculat-
ed on the basis of a fully cracked section under the cracking
load M,, and the load considered M, respectively.
Curvature of uncracked and cracked cross-section
of RC member is calculated using classical formulae of
strength of materials, taking into account stiffness of un-
cracked and fully cracked cross-section respectively:
ko= 3)
12)" g ’
<1@)
where k; and k, are the curvatures in uncracked and fully
cracked state, respectively; I; and I, are the moment of in-
ertia of uncracked and fully cracked states respectively; E,
is modulus of elasticity of concrete.
Average curvature of reinforced concrete member
(Fig. 1) can be expressed as:

k,, = (1=C)k, +Ck,. (4)

Cracking moment of reinforced concrete flexural
member is written as:

Mcr =fctvvl’ (5)

where f,, is concrete tensile strength; W is section modu-
lus in region I.

3. Method for deriving o; - ¢; relationships

Tension stiffening relationships most often are defined from
tension or shear tests. Kaklauskas and Ghaboussi (2001)
have proposed a method for determining average stress-av-
erage strain relations for concrete in tension from experi-
mental moment-strain (curvature) diagrams of RC beams.
Curvature of reinforced concrete bending member
can be determined from strains for two different fibres:

e e

h d

(6)

where e, and ¢, are average strains at extreme concrete fibre
in compression and tension respectively; & is average ten-
sile reinforcement strain; 4 and d are the overall depth and
effective depth of the cross-section, respectively.

The location of the neutral axis can be defined by

yo=—te p=_% g %

c N c

and from strain compatibility considerations, the strain at
any fibre can be expressed as:

gi = k)’i, (8)

where y; is the distance of the fibre from the zero strain
surface.
From equilibrium

FCC+FSC+Fct+Fst:O’ (9)
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M, +M, +M,+M,—M,=0, (10)

where F are internal forces, M are internal moments with
respect to the neutral axis, and M, is the external bend-
ing moment. The first subscript corresponds to either ¢ for
concrete or s for steel and the second subscript refers to
compression (c) and tension ().

Consider a case when M - k relationships are avail-
able. Then, the position of the neutral axis and average
strains at any fibre for all loading stages can be determined
from Egs (5)-(7). Two equilibrium equations (8) and (9)
can be solved for any loading stage yielding a solution for
two unknowns.

Layered model (Kaklauskas 2004) was employed for
computation of internal forces in the cross-section. Com-
putation is performed for incrementally increasing load.
During the first load stage, tensile and compressive con-
crete stresses corresponding to the strains in the extreme
fibres are computed. These stresses are then used in the
equilibrium equations for the second load stage, when new
stresses corresponding to larger extreme fibre strains are
determined. In this way, stress-strain curves for the tensile
and compressive concrete are progressively obtained from
all previous stages and used in the next stage.

In this research, the above technique was applied for
deriving o, - ¢, relationships from M - k diagrams calculated
by EC2. For that purpose, a numerical experiment has been
carried out. The moment-curvature diagrams were gener-
ated for a number of reinforced concrete beams according
to EC2 technique. These moment-curvature diagrams were
used for determining stress-strain relationships of cracked
tensile concrete. The latter were applied to a non-linear
calculation using finite element software ATENA and lay-
ered model. Similar analysis for tension reinforced concrete
members was performed by Girdzius ef al. (2007).

4. Parametric analysis

Parametric analysis has been carried out for a bending
reinforced concrete section shown in Fig. 2. Variation in
reinforcement ratio (p = A/bd = 0,2; ... 2,0 %), concrete
grade (C20/25, C30/37 and C35/45) and effective depth
(d = 0,3; 0,325; 0,35; 0,37; 0,39 m) has been assumed. The
ratio of the area of compressive and tensile reinforcement,
A, | A, was taken to be 0,25.

In present investigation, influence of variation of the
above parameters on curvatures of RC beams has been

1 —)I | Ay,

400

—
L 3000 200

Fig. 2. Details of the beams

analysed. Moment-curvature diagrams for varying values
of reinforcement ratio, compressive strength and effective
depth are presented in Figs 3-5. It can be concluded that
short-term curvatures are mostly influenced by the rein-
forcement ratio and effective depth.

100 7 M, kNm
80 1 2,0%
60
1,6%
1,0%
40 A
0,6%
20 0,2%
KX103, m™’
0 } } } } } } } |

0 0,5 1 1,5 2 2,5 3 3,5 4

Fig. 3. Moment-curvature diagrams for ranging reinforcement
ratio. Grade of concrete C30/37
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0 : } } } : : :
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Fig. 4. Moment-curvature diagrams for ranging grade of
concrete. Reinforcement ratio p=0,6%

607 M, kNm
50
40
30 1

20

Fig. 5. Moment-curvature diagrams for ranging normalised
effective depth, d/h. Reinforcement ratio p = 0,6 %, grade of
concrete C30/37
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(o}
12 74
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Fig. 6. Numerically derived O, — €&, relationships for varying
reinforcement ratio
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Fig. 7. Numerically derived O, —¢&, relationships for varying
grade of concrete

The derived stress-strain relationships for tensile con-
crete obtained from the numerical tests are presented in
Figs 6-8.

5. Application of the derived o, - &, relationships for the
analysis of experimental RC members

This section discusses application of the derived stress-
strain relationships in modelling curvature analysis of ex-
perimental RC beams tested by Clark and Speirs (1978).
For that purpose, the o, - €; diagrams were incorporated
into non-linear finite element software ATENA and lay-
ered model (Kaklauskas 2004). The latter is a simplified
numerical method based on classical expressions of me-
chanics of materials and use of material diagrams.

Present investigation employs test data of two beams,
namely 1R and 2 (Clark, Speirs 1978). The beams were
nominally 3,5 m long, 400 mm high and 200 mm wide.
They were tested under a four-point loading system which
gave a constant moment zone of 1,2 m and two shear spans
of 1,0 m. Each beam in tension zone was reinforced with
three bars. However, the specimens had different rein-
forcement diameter and, therefore, different ratio. Main
parameters of the beams are given in Table 1.

o
1,2 fct

0,8 1
0,6 1

" \

0,2

Fig. 8. Numerically derived O, —€, relationships for varying
normalised effective depth, d/h
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0 } } } } } } i
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Fig. 9. Experimental and calculated moment-curvature
diagrams for the beam 1R

Table 1. Main characteristics of beams tested by Clark and
Speirs (1978)

Tensile reinforcement Concrete

Bea Depth, Width, Diameter, Area, cube strength,
mm mm 5 MP
mm mm a
1R 412 202 25 1472 34,7
2 408 203 20 943 33,3

Moment-curvature diagrams calculated by the lay-
ered model and ATENA software are shown in Figs 9 and
10 along with test data. It can be concluded that good
agreement has been achieved between the predictions by
ATENA and the layered model. It can be also noted that
the theoretical results fitted well the test data.

6. Moment-curvature analysis of bridge concrete girder

The derived stress-strain relationships for tensile concrete
were applied for deformation analysis of bridge concrete
girder. A girder shown in Fig. 11 is widely used in Lithuania
and other post Soviet countries. One recent application of
such girder in bridge engineering is a continuous reinforced
concrete overpass in Vilnius. Grade of concrete was C30/37
and reinforcement yield strength, f,, and modulus of elastic-
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ity, E;, were 500 MPa and 200 GPa, respectively. Tensile and
compressive reinforcement of the girder consisted of 1032
(A, = 80,42 cm?) and of 2016 (A, = 4,02 cm?) bars, respec-
tively. All needed for the analysis geometrical and material
characteristics are presented in Fig. 11.

Moment-curvature diagrams for the mid-span sec-
tion were calculated using the EC2 method, ATENA and
the layered model. Analysis results are shown in Fig. 12. It
can be seen that the shape of the calculated load-deflec-
tion diagrams was well captured in the present analysis.
Agreement of the calculations using different techniques
were within reasonable limits, whereas the predictions by
the numerical techniques almost coincided. Taking the
predictions by the EC2 as a reference, it can be concluded
that the curvatures calculated by ATENA and the layered
model were slightly underestimated.

It should be noted that M - k diagrams were obtained
only for the mid-span section of the girder. Analogous
computations can be carried out for other sections. Such
sectional analysis may be used for a general analysis of any
indeterminate bridge structure (continuous beam, frame
etc.), being thus capable to calculate stresses, strains and
deflections at any point of bridge structure.

7. Concluding remarks

Present research aimed at deriving tension stiffening rela-
tionships based on EC2 provisions for deformation analy-
sis of bending RC structures. For that purpose, a paramet-
ric study has been carried out. For a number of reinforced
concrete sections, moment-curvature diagrams were gen-
erated according to EC2 technique. These diagrams were
used for deriving stress-strain relationships of cracked ten-
sile concrete. The obtained constitutive relationships were
applied for curvature analysis of experimental RC beams
reported in the literature. For that purpose, the o, - ¢, di-
agrams were incorporated into non-linear finite element
software ATENA and layered model. Good agreement has
been achieved between the predictions by ATENA and the
layered model. It can be also noted that the theoretical re-
sults fitted well the test data. The defined stress-strain re-
lationships for tensile concrete were also applied for de-
formation analysis of bridge concrete girder. The shape of
the calculated load-deflection diagrams was well captured.
Agreement of the calculations using different techniques
were within reasonable limits whereas the predictions by
the numerical techniques almost coincided.
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Santrauka. Siame straipsnyje nagrinéjamas suplei$éjusiojo lenkiamojo gelzbetoninio elemento tempiamasis
sustandéjimas pagal Europos normy deformacijy apskaiciavimo metodika (1992). Pasidlyta nauja tempia-
mojo sustandéjimo priklausomybé nuo betono klasés, armatiiros tamprumo modulio ir armavimo koefici-
ento. Taip pat pasitlytas nesudétingas lenkiamojo gelzbetoninio elemento, veikiamo trumpalaikés apkrovos,
kreiviy apskai¢iavimo metodas. Statistiné sitlomy modeliy analizé parodé, kad gaunamas geras eksperimen-
tiniy ir apskai¢iuoty kreiviy sutapimas, esant eksploatacinei apkrovai.

Reik$miniai ZodZiai: jtempiai, deformacijos, lenkimas, plei$¢jimas, tempiamasis sustandéjimas.

1. Ivadas

Daugiau kaip prie§ $imtg mety atlikti tempiamuyjy
armuoty elementy bandymai (1899) parodé, kad $iy
bandiniy vidutinés deformacijos buvo kur kas mazes-
nés uz armatiiros strypy (be betono) deformacijas. Sj
rei$kinj buvo bandoma paaigkinti suplei$éjusio betono
gebéjimu atlaikyti tempimo jtempius tarp plysiy, o tai
ir paskatino bendra elemento standumo padidéjima.
Plysio vietoje betonas negali atlaikyti tempimo
jtempiy, todél visg jraza atlaiko armatiira. Kadangi ply-
$yje ir gretimuose pjiviuose armatiira praslysta betono
atzvilgiu, sglyc¢io zonoje atsiranda tangentiniy jtem-
piy. Jie perduodami betonui, todél jis atlaiko tempimo
jtempius. Armatiros ir betono sgveika ruozuose tarp
plysiy standina gelzbetoninj elementa. Suplei$éjusio
betono gebéjimas atlaikyti tempimo jtempius vadina-
mas betono tempiamuoju sustandéjimu (angl. Tension
Stiffening) (Torres et al. 2004). Sis efektas dazniausiai
modeliuojamas suplei$éjusio betono jtempiy ir defor-
macijy diagrama, taikant vidutiniy plysiy koncepcija.
Pagal Europos normy (EC2) (1992) skai¢iavimo
metoda gelZzbetoniniame elemente i$skiriami nesuplei-
$éje ir suplei$éje ruozai. Laikoma, kad nesuplei$éjusio
gelzbetoninio elemento armatira yra absoliudiai suki-

busi su betonu, t. y. armatira ir betonas deformuoja-
si kartu. Suplei$éjusiame elemente plysio vietoje visg
tempimo jégg atlaiko armatira, o tarp ply$iy - arma-
tira ir betonas.

Europos statybos inZinieriai gelzbetoninéms kons-
trukcijoms skaic¢iuoti taikydami Europos normy (1992)
metodg gana tiksliai apskai¢iuoja gelzbetoniniy ele-
menty deformacijas. Deja, normy metodai negali bati
taikomi sudétingy konstrukeijy formos ir apkrovimo
atvejais. Tokiy konstrukcijy analizei taikomi skaitiniai
metodai, kuriais gali buti jvertinti sudétingi gelZbeto-
nio elgsenos aspektai ir netiesinés medziagy savybés.
Europos normos (1992) pateikia gniuzdomojo betono
modelj, taciau neduoda suplei$éjusio tempiamojo be-
tono modelio (dar vadinamo tempiamojo sustandéji-
mo modeliu), kuris turi didele jtakg apskai¢iuotoms
deformacijoms. Todél projektuotojai negali atlikti su-
deétingesniy konstrukcijy jtempiy ir deformacijy bavio
analizés, taikydami Europos normy (1992) nuostatas.
Paprastai tempiamojo sustandéjimo modeliai gaunami
i$ tempiamuyjy gelzbetoniniy elementy eksperimentiniy
tyrimy, o véliau taikomi skai¢iuojant lenkiamuosius
elementus. Taip apskai¢iuojant lenkiamyjy elementy
deformacijas, daznai daromos nemazos paklaidos.
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Siame straipsnyje tempiamojo sustandéjimo mo-
delis nuo betono klasés, betono bei armatiros tam-
prumo moduliy santykio ir armavimo koeficiento,
atitinkantis Europos normy (1992) nuostatas, buvo
gautas i$§ lenkiamyjy elementy. Straipsnyje, remiantis
EC2 (1992) lenkiamojo gelzbetoninio elemento kreiviy
skai¢iavimo metodika, pasialytas naujas nesudétingas
lenkiamyjy gelZzbetoniniy elementy, veikiamy trumpa-
laike apkrova, kreiviy skai¢iavimo metodas.

2. Lenkiamojo suplei$éjusio gelzbetoninio
elemento apkrovos ir kreivio nustatymas
pagal EC2 skaiciavimo metoda (1992)

Pagal EC2 (1992) suplei$éjusio lenkiamojo gelzbeto-
ninio elemento vidutinis kreivis apskaic¢iuojamas taip:

K =(1-8) 1, + &y, (1)
¢ia K, ir x, - atitinkamai nesuplei$éjusio ir supleiSéju-
sio lenkiamojo gelzbetoninio elemento kreiviai; § - pa-
siskirstymo koeficientas nustatomas taip:

2
M,
§=1—5£ MJ , 2)

¢ia B - koeficientas, kuriuo jvertinama apkrovos tru-

kmé ir pobudis (1 - esant trumpalaikei apkrovai, 0,5 —
esant ilgalaikei arba ciklinei apkrovai); M ir M, -
veikiantis ir pleid¢jimo momentas; kreiviai k; ir «,
apskaiciuojami pagal $ias formules:

CIl
ECIZ

¢ia E, - betono tamprumo modulis; I, ir I, - atitin-
kamai nesuplei$éjusio ir suplei$éjusio lenkiamojo gelz-
betoninio elemento redukuoti skerspjavio inercijos
momentai.

Lenkiamojo gelzbetoninio elemento plei§éjimo
momentas M_ pagal EC2 metodika (1992) apskai-
¢iuojamas taip:

Mcr = vvlfct ’ (5)

¢ia W, - elemento skerspjiivio atsparumo momentas
esant tampriai stadijai; f., — betono tempiamasis stipris
(vidutinis).

3. Betono tempiamojo sustandéjimo modelis

Siame skyriuje pateikiamas betono tempiamojo su-
standéjimo modelis lenkiamyjy gelzbetoniniy elemen-
ty jtempiams ir deformacijoms apskaiciuoti.
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Betono tempiamojo sustandéjimo priklausomy-
bei gauti buvo atliktas skaitinis eksperimentas, kurio
metu apskaiciuotos elementy momenty ir kreiviy di-
agramos, taikant EC2 kreiviy skai¢iavimo metodika
(1992). Véliau, taikant sluoksniy metoda (Kaklauskas,
Ghaboussi 2001), gautosioms momenty ir kreiviy di-
agramoms buvo apskai¢iuotos tempiamojo betono vi-
dutiniy jtempiy ir vidutiniy deformacijy kreivés. Re-
miantis skaitinio eksperimento rezultatais gauta nauja
betono tempiamojo sustandéjimo kreiveé.

3.1. Skaitinis eksperimentas

Atliekant skaitinj eksperimentg buvo i$nagrinéta 450
lenkiamuyjy gelZbetoniniy elementy, kuriy skerspjavio
geometriniai rodikliai buvo tokie: plotis — 200 mm,
aukstis — 400 mm. Analizuojamy elementy armavimo
koeficientas (p = 0,2-2,0 %), betono klasé (C20/25,
C40/50, C60/75), armatiiros tamprumo modulis (E; =
170, 200, 210 GPa) bei naudingasis skerspjavio aukstis
(d = 0,30-0,39 m) buvo skirtingi. Sie parametrai buvo
pagrindiniai rodikliai skai¢iuojant elementy momenty
ir kreiviy diagramas. Nagrinétas dviatramés sijos, ap-
krautos dviem koncentruotomis apkrovomis, grynojo
lenkimo ruozas.

Skaitinio eksperimento metu buvo atliktos anali-
zés, keiciant elementy medziagy fizinius mechaninius
ir geometrinius rodiklius (1 lentelé).

1 lentelé. Pagrindiniai gelzbetoniniy sijy parametrai
Table 1. The main parameters of RC beams

Elementy | Elementy Betono | E, | d, _ d
. P % . S p=—
grupé | pogrupis klasé GPa | m h
1 0,6 | C20/25
I 1,0 210 | 0,37 | 0,925
2 2,0 | C40/50
1 1,0 | C20/25
I C40/50 | 210 | 0,37 | 0,925
2 2,0 | C60/75
1 1,0 0,30 | 0,75
111 C20/25 | 210 | 0,35 | 0,875
2 2,0 0,39 | 0,975
1 1,0 170
v C20/25 | 195 | 0,37 | 0,925
2 2,0 210
Pastabos:

— skai¢iuojant imti pastovis dydziai;
— dydziai, pagal kuriuos sudaryti elementy pogrupiai;
— skaiciuojant imti kintami dydziai.



114

Atliekant skai¢iavimus buvo sudarytos keturios
elementy grupés, kurios skyrési vienu i§ nagrinéjamy
parametry (1 lentelé). Papildomai analizei atlikti kie-
kviena grupé buvo padalyta j du pogrupius, naudojant
nauja kintamajj dydj (1 lentelé).

Ivairiy parametry jtaka lenkiamuyjy gelzbetoni-
niy elementy jtempiy ir deformacijy baviui pateikta
1-4 pav.

Pirmoji analizé buvo atlikta dviem skirtingy beto-
no klasiy elementy pogrupiams imant, kad armataros
tamprumo modulis E; ir efektyvusis skerspjavio auks-
tis d yra pastovis (1 lentelé).

Atliekant skai¢iavimus, kiekvienam elementy po-
grupiui papildomai buvo imti skirtingi armavimo ko-
eficientai p (1 lentelé). Gautosios elementy momenty

a)

150
\ .
L4
— o, l"
1204—— ——P=06% >
—p=1,0% ‘.'
90 =——— o p=2)0% "'

M, KNm
‘.
S

o’
0 4
0 0,0015 0,003 0,0045 0,006 0,0075
k, 1/m
b)
150 .
,
‘ .
'
*
1204—— —pP=06% ','
—p =1,0% ’
—eeep=2,0%  ,*
90 —— ’
g e
Z ¢
¥ 'l /
E 60 " i
’
. /
L.
'0
30 T
O L L)
0 0,0015 0,003 0,0045 0,006 0,0075
k, 1/m

1 pav. Momenty ir kreiviy diagramos, esant skirtingiems
armavimo koeficientams: a — betono klasé C20/25;
b — betono klasé C40/50

Fig. 1. Moment-curvature diagrams of ranging reinforcement
ratio: a — grade of concrete C20/25;
b — grade of concrete C40/50
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ir kreiviy diagramos, esant skirtingiems armavimo ko-
eficientams p, pateiktos 1 pav.

I§ gautyjy rezultaty (1 pav.) matyti, kad armavimo
koeficientas p turi didele jtaka suplei$éjusiy lenkiamy-
jy gelzbetoniniy elementy standumui ir beveik neturi
jtakos pleiséjimo momentui.

Kiti du analizuojamy elementy pogrupiai skyrési
armavimo koeficientu p, ta¢iau turéjo nekintama ar-
matiros tamprumo modulj E_ ir efektyvyjj skerspjivio
aukstj d (1 lentelé). Kiekvienam i$ elementy pogrupiy
buvo atlikti atskiri skai¢iavimai, imant kintamas betono
klases (1 lentelé). Skai¢iavimy rezultatai pateikti 2 pav.

I§ gautyjy momenty ir kreiviy diagramy (2 pav.)
matyti, kad betono klasé turi didele jtaka lenkiamy-
jy gelzbetoniniy elementy deformacijoms. Elementy,
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2 pav. Momenty ir kreiviy diagramos kintant betono klasei:
a-p=L0%b-p=2,0%
Fig. 2. Moment-curvature diagrams of ranging the grade of
concrete:a—p=10%;b—p=2,0%
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kuriy armavimo koeficientas p=1,0 %, betono klasei
mazéjant nuo C60/75 iki C20/25, atitinkamai iki 41 %
gali sumazeéti pleiséjimo momentas. Stipriau armuo-
tuose elementuose, kai p=2,0 %, betono klasei kin-
tant nuo C60/75 iki C20/25, pleisé¢jimo momentas gali
sumazéti iki 29 %.

Taip pat buvo iSanalizuoti elementy pogrupiai,
kuriy armavimo koeficientai p buvo skirtingi, bet pa-
stoviis medziagy fiziniai ir mechaniniai rodikliai, t. y.
betono klasé bei armatiiros tamprumo modulis E,
(1 lentelé). Sios analizés metu buvo atlikti papildomi
skirtingy elementy skai¢iavimai, kei¢iant efektyvuyjj
skerspjuvio aukstj d (1 lentelé). Apskaic¢iuotosios ele-
menty momenty ir kreiviy diagramos, kintant nau-
dingajam elemento skerspjivio auk$c¢iui d, pateiktos
3 pav.
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3 pav. Momenty ir kreiviy diagramos kintant naudingajam
skerspjavio auksciui:a—p=1,0%;b-p=2,0%
Fig. 3. Moment-curvature diagrams of ranging normalised
effective depth:a—p=1,0%;b-p=2,0%
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Remiantis gautosiomis kreivémis (3 pav.) galima
teigti, kad efektyvus skerspjuvio aukstis d turi jtakos
lenkiamujy gelzbetoniniy elementy standumui, bet ne-
turi jtakos pleiséjimo apkrovai.

Paskutiné analizé buvo atlikta elementy, turin-
¢iy skirtingus armavimo koeficientus p, pogrupiy,
imant nekintamg betono klase ir pastovy efektyvyji
skerspjavio aukstj d (1 lentelé). Buvo atlikti papildomi
kiekvieno i§ nagrinéjamy elementy pogrupiy skaicia-
vimai, imant skirtingg armattiros tamprumo modulj E_
(1 lentelé). Gautieji rezultatai pateikti 4 pav.

I§ momenty ir kreiviy diagramy (4 pav.) matyti,
kad didéjant armattiros tamprumo moduliui E_ supleidé-
jusio lenkiamojo gelzbetoninio elemento standumas di-
déja. Pazymetina, kad armatiiros tamprumo modulis E_
praktiskai neturi jtakos elemento plei$éjimo momentui.

a)
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4 pav. Momenty ir kreiviy diagramos kintant armattros
tamprumo moduliui: a —p =1,0%;b—-p =2,0%
Fig. 4. Moment-curvature diagrams of ranging an elastic
modulus of reiforcement: a —p = 1,0 %; b —p =2,0%
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Atlikus regresine analize nustatyta, kad didziausig
jtaka betono tempiamajam sustandéjimui turi armavi-
mo koeficientas p bei medziagy mechaniniai ir fiziniai
parametrai, t. y. armatiros E_ ir betono E, tamprumo
moduliai. Gautosioms elementy momenty ir kreiviy
diagramoms (1-4 pav.) taikant sluoksniy metoda (Ka-
klauskas, Ghaboussi 2001), buvo apskai¢iuotos tempia-
mojo betono vidutiniy jtempiy ir vidutiniy deformaci-
jy kreivés. Skai¢iavimai atlikti toms pacioms elementy
grupéms (1 lentelé), kei¢iant parametrus, turincius
jtakos betono tempiamajam sustandéjimui.

Gautosios vidutiniy jtempiy ir vidutiniy defor-
macijy diagramos iSreiskiamos santykiniais dydziais
o/ f, ir €/¢€,, bei pateikiamos 5-8 pav.

Pirmosios vidutiniy jtempiy ir vidutiniy deforma-
cijy diagramos (5 pav.) gautos dviem skirtingy betono

a)

1,0 i |
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5 pav. Skaitiskai nustatytos betono tempiamojo sustandéjimo
diagramos, kintant armavimo koeficientui:
a— C20/25; b — C60/75

Fig. 5. Numerically derived tension stiffening diagrams
of varying reinforcement ratio:
a— C20/25; b — C60/75
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klasiy elementy pogrupiams tarus, kad armatiros tam-
prumo modulis E; ir efektyvusis elemento skerspjavio
aukstis d yra pastovis (1 lentelé). Atliekant skaiciavi-
mus, kiekvienam elementy pogrupiui buvo imti skir-
tingi armavimo koeficientai p (1 lentele).

Kaip matyti i§ 5 pav., stipriai armuoty elementy
(p=2,0 %) betono tempiamasis sustandéjimas yra ge-
rokai mazesnis, lyginant su mazai ir vidutiniskai ar-
muotais elementais (p<1,0 %).

Antroji analizé buvo atlikta dviem skirtingy beto-
no klasiy elementy pogrupiams tarus, kad armatiiros
tamprumo modulis E_ ir efektyvusis elemento skers-
pjavio aukstis d yra pastovas (1 lentelé). Buvo atlikti
papildomi kiekvieno i$ elementy pogrupiy skaic¢iavi-
mai, imant skirtingas betono klases (1 lentelé¢). Gauto-
sios tempiamojo betono vidutiniy jtempiy ir vidutiniy
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6 pav. Skaiti$kai nustatytos betono tempiamojo sustandéjimo
diagramos, kintant betono klasei:a—p =1,0 %;b—p =2,0 %

Fig. 6. Numerically derived tension stiffening diagrams for a
varying grade of concrete:a—p=1,0%,b—-p=2,0%
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deformacijy diagramos, kintant betono klaséms, pa-
teiktos 6 pav. Kaip matyti, diagramos, iSreikstos san-
tykiniais jtempiais o/ f,,, praktiSkai sutapo. Analizés
metu nustatyta, kad didéjant betono tempiamajam sti-
priui, didéja tempimo jtempiai betone.

Trecios analizés metu gautosios vidutiniy jtempiy
ir vidutiniy deformacijy diagramos pateiktos 7 pav.

Sios diagramos buvo apskai¢iuotos elementy,
turin¢iy skirtingus armavimo koeficientus p, pogru-
piams, imant nekintama armatiiros tamprumo modulj
E_ ir pastovig betono klase (1 lentele).

Buvo atlikti papildomi kiekvieno i§ nagrinéjamy
elementy pogrupiy skaic¢iavimai, imant skirtingg ele-
mento efektyvyji skerspjavio aukstj d (1 lentelé).

Gautieji rezultatai (7 pav.) rodo, kad elemento
efektyviojo skerspjavio aukscio d jtaka betono tem-
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7 pav. Skaitiskai nustatytos betono tempiamojo sustandéjimo
diagramos, kintant naudingajam skerspjtvio auksciui:
a-p=10%b-p=2,0%

Fig. 7. Numerically derived tension stiffening diagrams of
varying normalised effective depth:
a-p=10%b-p=2,0%
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piamojo sustandéjimo diagramos formai yra nedidelé.

Paskutiné analizé buvo atlikta elementy, turéjusiy
skirtingus armavimo koeficientus p, pogrupiy, imant
nekintamg betono klase ir pastovy skerspjavio efekty-
vyji aukstj d (1 lentelé).

Sios analizés metu buvo atlikti skirtingy elementy
pogrupiy skai¢iavimai kei¢iant armatiiros tamprumo
modulj E_ (1 lentele). Apskaiciuotosios vidutiniy jtem-
piy ir vidutiniy deformacijy diagramos, kintant arma-
tiros tamprumo moduliui E, pateiktos 8 pav.

Atlikta analizé (8 pav.) rodo, kad armataros tam-
prumo modulio E_ jtaka betono tempiamojo sustande-
jimo diagramos formai nedidelé.

a)
1,0 =
— E, =170 GPa
0.8 ~— E, =195 GPa
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olfy

ele,,
b)
1,0 =
—E,=170GPa
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olf,

ele,
8 pav. Skaitiskai nustatytos betono tempiamojo sustandéjimo
diagramos, kintant armatiiros tamprumo moduliui:
a-p=10%b-p=2,0%
Fig. 8. Numerically derived tension stiffening diagrams
of varying an elastic modulus of reiforcement:
a-p=10%b-p=2,0%
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3.2. Betono tempiamojo sustandéjimo
priklausomybé

Jvertinant suplei$éjusio elemento darbg tarp plysiy,
svarbu, kad jo deformacijy apskaic¢iavimo metodas
buty tikslus ir paprastas. Kaip buvo minéta, didziausia
jtakg betono tempiamajam sustandéjimui turi armavi-
mo koeficientas p bei medziagy mechaniniai ir fiziniai
parametrai, t. y. armatiros E_ ir betono E, tamprumo
moduliai.

Pasitilytame modelyje imtas vienas nepriklauso-
mas kintamasis — armavimo koeficiento p ir armata-
ros E_ bei betono E, tamprumo moduliy santykio n
sandauga pn.

Atlikus skaitinio eksperimento rezultaty analize
nustatyta, kad betono tempiamajj sustandéjimg galima
aprasyti tokia formule:

fct (6)

0,5’
1+A-(8—1J
SCT'

¢ia A - koeficientas, apskai¢iuojamas taip:

Gt:

A=0,76+0,165pn. (7)

Apskaiciuota, kad parametro p#n koreliacijos koe-
ficientas lygus 0,921, o pasiilytojo modelio determina-
cijos koeficientas - r2 =0,943.

Paminétina, kad jei elementas néra armuotas, t. y.
p=0, (6) priklausomybé betono tempiamojo sustan-
déjimo neapima.

Butina pazyméti, kad pasialytoji (6) formulé tin-
kama taikyti lenkiamyjy gelzbetoniniy elementy de-
formacijy intervale.

Skaitinio eksperimento (istisiné linija) ir siilomos
priklausomybés (punktyriné linija) (6) betono tem-
piamojo sustandéjimo kreiviy lyginimo grafikai, esant
skirtingiems armavimo koeficientams p, parodyti
9 pav., a. Apskaiciuotos momenty ir kreiviy diagramos,
esant skirtingiems armavimo koeficientams p, taikant
pagal pasitlytajj modelj gautas betono tempiamojo su-
standéjimo kreives, ir momenty bei kreiviy diagramos,
apskaiciuotos pagal EC2 metoda (1992), atitinkamai
punktyrine bei istisine linijomis pateiktos 9 pav., b.

Grafiné analizé (9 pav., a) rodo, kad esant skirtin-
giems armavimo koeficientams p, gauta gera skaitiniy
eksperimenty bei sitllomos lenkiamojo gelzbetoninio
elemento betono tempiamojo sustandéjimo priklauso-
mybés (6) atitiktis.

9 pav., b, rodo, kad esant skirtingiems armavimo
koeficientams p, gautas geras EC2 metodo (1992) ir pa-
sitilytojo modelio (6) skai¢iavimo rezultaty sutapimas.
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9 pav. Betono tempiamojo sustandéjimo kreivés (a),
apskaiciuotos M ir k diagramos (b)

Fig. 9. Tension stiffening curves (a),
calculated M - k diagrams (b)

4. Lenkiamojo gelzbetoninio elemento,
veikiamo trumpalaike apkrova,
kreiviy apskai¢iavimo metodas

Siame skyriuje pateikiamas pasiiilytas nesudétingas
lenkiamyjy gelzbetoniniy elementy kreiviy apskaicia-
vimo metodas.

Kaip parodyta 10 pav., momenty ir kreiviy diagra-
ma sudalijama j dvi tiesines dalis: nesupleiséjusio ir su-
pleidéjusio elemento stadijas. Esant tampriajai stadijai
kreiviai «, apskai¢iuojami pagal formule:

Ky = M ,
¢ EcI el

(8)

¢ia I,; — nesupleiséjusio lenkiamojo gelzbetoninio ele-
mento inercijos momentas.

I§ pateiktos diagramos (10 pav.) dydis y nustato-
mas remiantis EC2 kreiviy skai¢iavimo metodu (1992),
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10 pav. Lenkiamojo gelzbetoninio elemento M ir k diagrama

Fig. 10. M —« diagram of the RC element in bending

esant 0,6 M,, apkrovos intensyvumo lygiui, ir apskai-
¢iuojamas taip:

tga 1
Y= ket arba y=il, (9)
tga el
Cia
tga=E.1,, (10)
tga1=Eprl’ (11)

I, - supleisé¢jusio lenkiamojo gelzbetoninio elemento
inercijos momentas.

Tada suplei$éjusio lenkiamojo gelzbetoninio ele-
mento kreiviai k nustatomi taip:
— M, M-M,

= (12)
EcIel EcIely

K

Remiantis skaitinio eksperimento metu gautosio-
mis momenty ir kreiviy diagramomis, esant 0,6 M,
apkrovos intensyvumo lygiui, buvo atlikta regresiné
analizé koeficientui y nustatyti:

,354
y=—0,033— 232 d_

0,0921n(%j + 0’4;6‘1 (pn)"".

(13)

1,2 =
1,15+
1,14

1,05

ycalc/ Yobs
1

0,954

0,91

0,85 =

0,8 T T T T T T T T
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p

11 pav. v, / Y5, Kintant armavimo koeficientui p

Fig. 11. v, /v, for varying reinforcement ratio p
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Apskaiciuoti elementy, turinéiy skirtingus arma-
vimo koeficientus p, kreiviai, atitinkantys 0,6M,, ap-
krovos intensyvumo lygj, taikant pasitlytajj bei EC2
(1992) metodus, pateikti 11 pav.

Gautieji rezultatai iSreiksti santykiniais dydziais
Y cale / Y obs-

Kaip matyti i§ 11 pav., pasidlytas lenkiamyjy
gelzbetoniniy elementy kreiviy skai¢iavimo metodas
(12 priklausomybé) gerai atitinka EC2 metodo (1992)
skai¢iavimo rezultatus.

5. Eksperimentiniy lenkiamyjy suplei$éjusiy
gelZzbetoniniy elementy deformacijy skirtingais
skaic¢iavimo metodais analizé

Siame skyriuje pateikiama lenkiamyjy gelZbetoniniy
elementy kreiviy skai¢iavimo metody tikslumo analizé.

Be pasialyty suplei$éjusio betono tempiamojo
sustandéjimo modelio (6 priklausomybé) ir metodo
apskaiciuoti lenkiamojo gelzbetoninio elemento krei-
vi (12 priklausomybé), buvo analizuojami $ie normy
metodai ir betono tempiamojo sustandéjimo modeliai:
EC2 (1992), SP 52-101 (2003), CEB-FIP (1993), STR
2.05.05:2005 (2005), Collins, Mitchell (1991), Fields,
Bischoff (2004), Hsu (1993).

Analizés metu buvo panaudoti $esiy autoriy eks-
perimentiniai duomenys (i§ viso 40 gelzbetoniniy
sijy). Visos sijos buvo staciakampio skerspjivio. Clark,
Speirs (1978), Ashour (2000) ir kt. i$bandytus elemen-
tus galima charakterizuoti kaip vidutiniskai ir stipriai
armuotus, o dauguma Figarovskio (1962), Gushcha
(1967), Kaklausko, Gribniak (2005) nagrinéty sijy
buvo silpnai armuotos. Pagrindinés eksperimentiniy
duomeny geometrinés ir medziagy charakteristikos
pateiktos 2 lenteléje. Kaip matyti, sijy armavimo koe-
ficientas ir betono stipris kito gan placiai.

Sijy kreiviai buvo apskaiciuoti deSimtyje apkrovos
lygiy, t.y. M'={0,150,2;..;0,9; 1}, &ia M" apskaiciuo-
jamas pagal formule:

M'=(M-M,)/(M,-M,,), (14)

¢ia M,, - lenkiamojo gelzbetoninio elemento laikomo-
ji galia, esant armataros takumo ribai f,; =400 MPa;
M,, - pleiséjimo momentas, apskaiciuotas pagal EC2
(1992).

Deformacijy skai¢iavimo tikslumas buvo jvertin-
tas santykinémis paklaidomis A, :

A [ Xy i=1; 25 3..10, n=40, (15)

im = Xcale

¢ia x,, ir x,,, — atitinkamai apskaiciuotos ir ekspe-
rimentiniu bidu nustatytos lenkiamujy gelzbetoniniy

elementy deformacijos; i-tosios apkrovos M' lygis.
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2 lentelé. Pagrindinés gelzbetoniniy sijy charakteristikos
Table 2. The main characteristics of RC beams

Autorius n, vat. Lym h, mm b, mm P % So» MPa
Clark, Speirs (1978) 14 3,2 200-500 200 0,44-1,98 23,0-39,6
Kaklauskas, Gribniak (2005) 7 3,0 300 280 0,30 40,7-54,6
Gushcha (1967) 4 3,6 300 150 0,30-0,80 30,9-42,0
Figarovskij (1962) 7 3,0 250 180 0,40-0,90 29,4-37,1
Ashour (2000) 6 3,08 250 200 1,20-2,40 60,8-98,1
Nejadi (2005) 2 3,5 333-348 250 0,50 45,0
18 viso 40 3,00-3,60 200-500 150-280 0,30-2,40 23,0-98,1

Pastabos: n — elementy kiekis; L — skaic¢iuojamasis elemento ilgis; h ir b — atitinkamai elemento aukstis ir plotis; p — elemento
tempiamosios zonos armavimo koeficientas; ., — betono gniuzdomasis stipris

Vertinant skai¢iavimo metody tikslumg, buvo nu-
statyti santykinés paklaidos A;  vidurkis m, ir vidu-
tinis kvadratinis nuokrypis s3 . Ilinkiy apskai¢iavimo
atitiktis eksperimentiniams duomenims jvertintas tai-
kant pasikliautinyjy intervaly metoda.

Analizé parodé, kad skai¢iavimo tikslumas pri-
klauso nuo tempiamosios zonos armavimo koefici-
ento p. Todél buvo sudaryti trys analizés intervalai:
p<0,5%, 0,5%<p<1,0% ir p>1,0%.

Pazyméta, kad didZiausig jtaka visy metody tiks-
lumui turi elemento tempiamosios zonos armavimo
procentas p ir apkrovimo intensyvumas. DidZiausios
paklaidos nustatytos mazai armuoty eksperimentiniy
duomeny (p<0,5 %) intervale.

Santykinés paklaidos vidurkis ir vidutinis kvadra-
tinis nuokrypis atskiriems metodams atitinkamai kito
taip: 0,97-1,74 ir 0,082-0,553 (EC2, 1992), 0,93-2,32
ir 0,736—-0,539 (SP 52-101, 2003), 0,94-1,90 ir 0,115—
0,984 (STR 2.05.05:2005, 2005), 0,64-1,27 ir 0,097—
0,390 (CEB-FIP, 1993), 0,81-1,33 ir 0,086—0,405 (Col-
lins, Mitchell 1991), 0,66-1,90 ir 0,079—0,721 (Fields,
Bischoff 2004), 0,92-1,26 ir 0,074—0,280 (Hsu 1993),
0,96-1,75 ir 0,075-0,541 (6 priklausomybé), 1,05-1,69
ir 0,102—-0,448 (12 priklausomybeé).

Vidutiniskai ir stipriai armuoty lenkiamyjy gelz-
betoniniy elementy (p>1,0 %) santykinés paklaidos
vidurkis ir vidutinis kvadratinis nuokrypis atitinkamai
buvo: 0,88-1,05 ir 0,066—0,146 (EC2, 1992), 0,86-1,07
ir 0,066—0,170 (SP 52-101, 2003), 0,97-1,03 ir 0,057—
0,219 (STR 2.05.05:2005, 2005), 0,83-0,87 ir 0,032—
0,112 (CEB-FIP, 1993), 0,86-0,90 ir 0,037-0,108 (Col-
lins, Mitchell 1991), 0,91-1,03 ir 0,059—0,164 (Fields,
Bischoft 2004), 0,89-0,90 ir 0,048—0,107 (Hsu 1993),
0,91-1,08 ir 0,050-0,146 (6 priklausomybé), 0,91-0,94
ir 0,068—0,148 (12 priklausomybé).

Nustatyta, kad, taikant pasialytajj betono tempia-
mojo sustandéjimo modelj, gauta i§ lenkiamujy gelz-
betoniniy elementy (6 priklausomybé), apskaic¢iuotieji
kreiviai gerai atitinka EC2 skai¢iavimo metodikos
(1992) rezultatus.

6. Isvados

1. Europos statybos inzinieriai gelzbetoniniy kons-
trukcijy skai¢iavimams taikydami Europos normy
(EC2) metoda gana tiksliai apskai¢iuoja gelzbeto-
niniy elementy deformacijas. Deja, normy metodai
negali buti taikomi sudétingy konstrukcijy formos
ir apkrovimo atvejais. Tokiy konstrukecijy analizei
taikomi skaitiniai metodai, kuriais gali bati jvertinti
sudétingi gelzbetonio elgsenos aspektai bei netie-
sinés medziagy savybés. Europos normos pateikia
gniuzdomojo betono modelj, ta¢iau neduoda suplei-
$éjusio tempiamojo betono modelio (dar vadinamo
tempiamojo sustandéjimo modeliu), kuris turi dide-
le jtaka apskai¢iuotoms deformacijoms. Todél pro-
jektuotojai negali atlikti sudétingesniy konstrukeijy
jtempiy ir deformacijy bavio analizés, taikydami
Europos normy nuostatas.

2. Paprastai tempiamojo sustandéjimo modeliai gau-
nami i§ tempiamyjy gelzbetoniniy elementy eks-
perimentiniy tyrimy, o véliau taikomi skaic¢iuojant
lenkiamuosius elementus. Taip apskaic¢iuojant len-
kiamyjy elementy deformacijas, daznai daromos
nemazos paklaidos. Siame straipsnyje tempiamojo
sustandéjimo modelis, atitinkantis Europos normy
nuostatas, buvo gautas i$ lenkiamyjy elementy.

3. Tempiamojo sustandéjimo modelis gautas taikant
skaitinj eksperimentg i§ momenty ir kreiviy dia-
gramy, apskaiciuoty pagal Europos normas. Gauta-
sis tempiamojo betono modelis sudarytas i§ dviejy
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daliy: kylancios tampriosios ir krintancios, atitin-
kancios suplei$éjusio betono elgseng. Krintancios
diagramos dalies forma labiausiai priklauso nuo tem-
piamojo betono stiprio, armavimo koeficiento bei
armatiros ir betono tamprumo moduliy santykio.

4. Pasitlyta suplei$éjusio betono tempiamojo sustan-
déjimo priklausomybé gerai atitinka EC2 skaicia-
vimo rezultatus (mazai armuoty elementy atveju
p<0,5 % skai¢iavimo paklaida apie 1 %; kitu atve-
ju, kai armavimo koeficientas p>1,0 %, skaiciavi-
mo paklaida — iki 2 %).

5. Pasitlytas supaprastintas suplei$éjusio lenkiamojo
gelzbetoninio elemento, veikiamo trumpalaikés ap-
krovos, kreiviy apskaic¢iavimo metodas.

6. Pasitlytas suplei$éjusio lenkiamojo gelzbetoninio
elemento, veikiamo trumpalaikés apkrovos, krei-
viy nustatymo metodas gerai atitinka EC2 skaicia-
vimo rezultatus (mazai armuoty elementy atveju
p <0,5 %, skai¢iavimo paklaida apie 1 %; kitu atve-
ju, kai armavimo koeficientas p>1,0 %, skaic¢iavi-
mo paklaida — iki 2 %).

Literatiira

Ashour, S. A. 2000. Effect of compressive strength and tensile
reinforcement ratio on flexural behaviour of high-strength
concrete beams, Engineering Structures 22(5): 413-423.
doi:10.1016/S0141-0296(98)00135-7

CEB-FIP Model Code 90. 1993. Comite Euro—International du
Beton—Federation Internationale de la Precontrainte, Ed.
Telford, T. London.

Clark, L. A.; Speirs, D. M. 1978. Tension Stiffening in Reinforced
Concrete Beams and Slabs under Short-Term Load. Technical
Report 42.521, Cement and Concrete Association. 19 p.

Collins, M. P,; Mitchell, D. 1991. Prestressed Concrete Structures.
Prentice-Hall Inc., Englewood Cliffs, N. J. 766 p.

Considere. 1899. Influence des Armatures Metalliques sur le
Properietes des Mortiers et Beton (Influence of metal re-
inforcement on the properties of mortar and concrete), Le
Genie Civil 34(15): 229-233.

121

Eurocode No. 2 (EC2). Design of Concrete Structures, Part
General Rules and Rules for Buildings. Brussels, Belgium.
1992. 230 p.

Fields, K.; Bischoff, P. H. 2004. Tension stiffening and cracking
of high-strenght reinforced concrete tension members, ACI
Structural Journal 101(4): 447-456.

Figarovskij, V. V. 1962. Experimental Investigation of Stiffness
and Cracking of Reinforced Concrete Flexural Members
Subjected to Short-Term and Long-Term Loading
[OKcrepuMeHTaIPHOE UCCTeTOBaHNME KECTKOCTH U TPeLH-
HOCTOVKOCTU I/I3I‘I/168.CMI)IX )KeJIeSO6eTOHHI)IX 3JIEMEHTOB
IIpU KPAaTKOBPEMEHHOM U /INTEJIbBHOM I[eﬁ[CTBMM Harpys—
xu): PhD dissertation. Moscow: NIIZhB. 210 p. (in Russian).

Gushcha, Yu. P. 1967. Investigation of Elastic-Plastic Behaviour
of Flexural Concrete Beams Reinforced with Deformed Bars
[MccnemoBanme nsrnbaeMbix >Kee306€TOHHBIX 97IEMEHTOB
mpu paboTe CTEpP)KHEBOII apMaTypsl B YIPYro-IIacTude-
ckoit craguu]: PhD dissertation. Moscow: NIIZhB. 210 p.
(in Russian).

Hsu, T. C. T. 1993. Unified Theory of Reinforced Concrete. CRC
Press, Inc. 336 p.

Kaklauskas, G.; Ghaboussi J. 2001. Stress-strain relations for
cracked tensile concrete from RC beam tests, Journal of
Structural Engineering ASCE 127(1): 64-73.
doi:10.1061/(ASCE)0733-9445(2001)127:1(64)

Kaklauskas, G.; Gribniak, V. 2005. Effects of shrinkage on ten-
sion stiffening in RC members, in Proceedings of the fib
Symposium Structural Concrete and Time, Grafikar Sociedad,
La Plata, 1: 453-460.

Nejadi, S. 2005. Time-Dependent Cracking and Crack Control in
Reinforced Concrete Structures: PhD dissertation. University
of New South Wales. 390 p.

SP 52-101. 2003. Concrete and Reinforced Concrete Structures
Without Prestressing [BeToHHbIe 1 >Ke/le306€TOHHBIE KOH-
CTpyKumu 6e3 peIBapUTEIbHOTO HAIPSDKEHIS apMaTypbi].
Moscow (in Russian).

STR 2.05.05:2005. 2005. Betoniniy ir gelzbetoniniy konstrukcijy
projektavimas. Vilnius: Lietuvos Respublikos aplinkos minis-
terija. 121 p.

Torres, L.; Lopez-Almansa, F; Bozzo, L. M. 2004. Tension-
stiffening model for cracked flexural concrete members,
Journal Structural Engineering 130(8): 145-155.
d0i:10.1061/(ASCE)0733-9445(2004)130:8(1242)


http://dx.doi.org/10.1016/S0141-0296(98)00135-7
http://dx.doi.org/10.1061/(ASCE)0733-9445(2001)127:1(64)
http://dx.doi.org/10.1061/(ASCE)0733-9445(2004)130:8(1242)

122 R. GirdZius et al. Naujasis lenkiamojo gelzbetoninio elemento, veikiamo trumpalaikés apkrovos ...

A SHORT-TERM DEFORMATION ANALYSIS METHOD
OF FLEXURAL REINFORCED CONCRETE MEMBERS

R. Girdzius, G. Kaklauskas, R. Zamblauskaité, R. Jakubovskis

Abstract. The deformation analysis of cracked reinforced concrete (RC) members is not straightforward and often contro-
versial. The main difficulties arise from the complex structure of concrete matrix, different mechanical properties of concrete
and reinforcement, the creep and shrinkage of concrete and tension stiffening. The latter effect is related to intact concrete
and reinforcement interaction between cracks. Tension stiffening effect has a significant influence on the results of a short-
term deformation analysis of RC members. The present research is aimed at deriving tension-stiffening relationship in accor-
dance with the provisions of the Eurocode 2 technique. Using the inverse technique proposed by the second author, tensi-
on-stiffening constitutive laws were derived from the moment-curvature diagrams of RC beams calculated by Eurocode 2.
The diagrams were calculated for a number of RC sections having a different amount of tensile reinforcement, the grade of
concrete, effective depth and a modulus of steel elasticity. For the above model parameters, 450 moment-curvature diagrams
were generated. For each of them, tension-stiffening relationships were obtained. The performed regression analysis led to
analytical tension - stiffening relationship, which takes into account the reinforcement ratio, modulus ratio and concrete
grade. A simplified short-term deformation analysis method of flexural RC members has been also proposed. This method
is based on a bi-linear moment-curvature diagram: elastic and cracked parts. For the cracked part of the moment-curvature
diagram, coeflicient y was introduced, which deals with the degradation of stiffness after cracking. An analytical expression
was proposed for calculating coeflicient y, which takes into account the effective depth of the beam, reinforcement ratio and
modulus ratio. A statistical verification of the proposed models has shown that a good agreement between calculated and
experimental results was obtained at service loadings.

Keywords: stress-strain response, bending, cracking, tension-stiffening.
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CENTRISKAI TEMPIAMO GELZBETONINIO ELEMENTO
BETONO ITEMPIU IR DEFORMACIJU PRIKLAUSOMYBE PAGAL EC2

Rokas Girdzius, Gintaris Kaklauskas, Renata Zamblauskaité

Tilty ir specialiyjy statiniy katedra, Vilniaus Gedimino technikos universitetas,
Saulétekio al. 11, LT-10223 Vilnius, Lietuva
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Santrauka. Straipsnyje nagrin¢jama tempiamojo gelzbetoninio elemento apkrovos ir poslinkio priklausomybé pagal
EC2 [1]. Pasitlyta nauja suplei$éjusio tempiamojo betono vidutiniy itempiy ir deformacijy priklausomybé nuo betono
klasés, armatiiros tamprumo modulio ir armavimo koeficiento. Gauti rezultatai palyginti su skaitiniais eksperimentais ir
kity autoriy pasiiilytais skai¢iavimo metodais.

ReikS$miniai ZodZiai: betonas, jtempiai, deformacijos, asiné jéga, pleis¢jimas.

STRESS-STRAIN RESPONSE OF REINFORCED CONCRETE MEMBER
SUBJECTED TO AXIAL TENSION

Rokas Girdzius, Gintaris Kaklauskas, Renata Zamblauskaité

Dept of Bridges and Special Structures, Vilnius Gediminas Technical University,
Saulétekio al. 11, LT-10223 Vilnius, Lithuania
E-mail: bridge@st.vgtu.lt

Received 15 January 2007, accepted 7 June 2007

Abstract. This paper discusses the load and deflection relationship of reinforced concrete members subjected to axial
tension. A new tension stiffening relationship depending on tensile strength of concrete, reinforcement ratio, and the
ratio of modulus of elesticity of steel and concrete has been proposed. The results obtained were compared with the
numerical test data and the formulas proposed by other authors.

Keywords: concrete, stress-strain response, axial force, cracking.

1. [Zanga

Dar devyniolikto Simtmecio pabaigoje atlikti tempia-
muyjy armuoty prizmiy bandymai [2] parodé, kad Siy ban-
diniy vidutinés deformacijos buvo daug mazesnés uz ar-
matiiros strypy (be betono) deformacijas. Tai buvo aiSkina-
ma suplei$éjusio betono gebéjimu atlaikyti tempimo jtem-
pius tarp plysiy. Tas ir 1émé bendrg elemento standumo pa-
didéjima.

Vertinant § reiskinj pagal Euronormy (EC2) [1] skai-
¢iavimo metoda, gelzbetoniniame elemente i$skiriami ne-
suplei$éje ir supleiséje ruozai. Kai yra nesupleiséjes gelz-
betoninis elementas, imama, kad armatiira yra visiskai su-

kibusi su betonu, t. y. armatiira ir betonas deformuojasi kar-
tu. SupleiSéjusiame elemente plySio vietoje visa tempimo
jéga atlaiko armatiira, o tarp plySiy — armatiira ir betonas.
Kadangi armatiira praslysta betone, tai tempimo jéga, ku-
rig ji perima, kinta elemento ilgiu.

Tempiamojo gelzbetoninio elemento poslinkiai skai-
¢iuojami darant priclaida, jog deformacijos tempiamojo ele-
mento ilgiu pasiskirsciusios tolygiai. Jos gaunamos, imant
deformaciju vidurki plySio vietoje ir tarp ju. Toks deforma-
cijy vidurkis jvertinamas viso elemento ilgio atzvilgiu.

Siame straipsnyje, remiantis EC2 [1] tempiamojo gel-
betoninio elemento apkrovos-poslinkio funkcija, pasitilyta
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nauja supleiséjusio tempiamojo betono vidutiniy itempiy
ir deformaciju priklausomybé. Ji gauta, taikant vidutiniy 4:""9 {tempiai pliene
. .« . . . . oy . a
deformac(lijl% m;)dgll, ir palyginta su kity autoriy skaiciavi- d “g i . . p
mo metodais |[3-6]. s2 =
[ ] . - € = T ESAS
| Ec(Ac+oA) |
2. Centriskai tempiamo gelZbetoninio elemento f \'-\/ ’
apkrovos-poslinkio priklausomybé pagal EC2 |
skaic¢iavimo metodg [1] |
f
Pagal EC2 [1] (1 pav.) suplei$¢jusio tempiamojo gelz- |
betoninio elemento vidutiné deformacija apskaic¢iuojama p 452 L | Em ;
taip: I.I .//,
3 i A
em=(1-E)eg +&es, (1) P-0s— szju,(,- : s
o o AETTL T ] 5
Cia: €4 ir £ —atitinkamai tempiamojo gelZbetoninio ele- i et 4 ——— 1 Al=ey
mento nesuplei$éjusio ir supleiséjusio ruozy deformacijos; £ - ' =
Plieno deformacija

1 pav. Apkrovos-deformacijos grafikas pagal EC2 [1]

& — interpoliacijos koeficientas:
Fig 1. A relationship of load versus steel strain according to

P
€=l = T A )
< Ec(Ac+aA)
EC2 [1]
P
€50 =— 3)
2 E 2
P
Py ¥ i
E=1- (g) (kai P> Py), 4 C
¢ia: A; ir Ag — atitinkamai betono bei armatiiros skersp-
juviy plotai; o= Eg/ E. —armatiiros (Eg) ir betono (E) # b
tamprumo moduliy santykis; P — iSoriné apkrova; P, —
pleiséjimo apkrova nustatoma pagal $ig formulg:
€
Por = Tt (A +0As), (5) B' //’
B s
¢ia: fy — tempiamasis betono stipris. < o £
Eer €

2 pav. Tempiamojo elemento elgsena: a — tempiamojo gelzbeto-

3. Centriskai tempiamo gelZbetoninio elemento betono
ninio elemento apkrovos-poslinkio grafikas; b— Gy —&;

priklausomybé

itempiy skaiciavimas
Bet kurioje centriskai tempiamo gelzbetoninio elemen-
to apkrovimo stadijoje iSoring apkrova (P) perima armatii-
ra ir betonas (2 pav.): Fig 2. Behaviour of tensile member: a — load-strain diagram;
- — b— Oy —& curve
P=N s+ N c, (6)
gia: Ng ir N — atitinkamai armatiiros bei betono vidutiné
iraZa: Supleiséjusio elemento betonui tenkanti vidutiné iraza
_ kartais ivertinama taip [3—6]:
Ng = AiEsem, 7)
N = BP, (10)
Nc =P- NS' (®) . . . . . . .
¢ia B — koeficientas, priklausantis nuo tempimo jtempiu
Tuomet vidutiniai tempiamojo betono jtempiai apskai-  supleiSéjusiame betone.
¢iuojami pagal iSraiska: Yra pasiiilyta keletas koeficiento B, charakterizuojan-
¢io tempiamojo betono darba tarp plysiy, priklausomybiy
_P-AEgn [3-6]:
- A )

Gt Ab
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B =(1++/500e )™t (Collins ir Mitchel [7]), (11)

B=(eq /em)®* (Belarbi ir Hsu [6]), (12)

B=e 20 o) (p H. Bischoff [3,4]),  (13)

¢la: g —armatiiros deformacija; €5 — betono pleiséjimo
deformacija.

Priklausomybés (11-13) rodo ©; — € diagramos kin-
tamaja dali (2 pav., a).

4. Skaitinis eksperimentas

Skaitiniame eksperimente iSnagrinéti 135 gelzbetoni-
niai elementai, turintys skirtingag armavimo koeficienta
(p=0.4; ... 3,0 %), betono klasg (C25/30, C40/50 ir
C60/75) bei armatiiros tamprumo modulj (190, 200 ir
210 GPa). Siy elementy apkrovos ir deformacijos diagra-
my pavyzdziai parodyti 3 pav.

a
500 - [P, kN
400
300
200
100 1
o | | | | [ex10?
o 00005 0001 00015 0002 00025 0,003
b
500 - PP, kN| ‘
400 - { | | /
P
300 4 | lce0/75L] [ca40/50] |
200 |
100 -
o . | | | [ex10°]
0 00005 0001 00015 0002 00025 0,003

3 pav. Centriskai tempiamy gelzbetoniniy elementy apkrovos-
poslinkiy priklausomybés nuo: a — armavimo koeficiento;
b — betono klasés

Fig 3. Dependence of load-strain relationships on:
a — reinforcement ratio; b — concrete grade

Supleiséjusio tempiamojo betono darbas tarp plySiy mo-
deliuojamas vidutiniy itempiy-deformaciju diagrama, gau-
ta i$ tempiamuyjy gelzbetoniniy elementy skaitiniy eksperi-
menty. Pritaikius (9) iSraiska, gautos santykiniy itempiy
6/06 ir santykiniy deformaciju €/eq priklausomybés
(4 pav.) nuo armavimo koeficiento, tempiamojo betono stip-
rio bei armatiiros tamprumo modulio.

Atlikus regresing analiz¢ nustatyta, kad didziausig ita-
ka oy —&; priklausomybei turi armavimo koeficientas (p),
tempiamasis betono stipris ( fyy ) bei armatiiros ir betono
tamprumo moduliy santykis (a). Tempiamuyjy gelzbetoniniy
elementy skerspjiivio matmenys rezultatams itakos neturi.

5. Empiriné centriSkai tempiamo gelZbetoninio
elemento G; —¢; priklausomybé pagal EC2 [1]

[vertinant supleiSéjusio tempiamojo gelzbetoninio ele-
mento darba tarp plySiy, svarbu, kad jo deformacijy ap-
skaic¢iavimo metodas biity tikslus ir paprastas. Kaip buvo
minéta, didZiausia jtaka oy —€; priklausomybei turi arma-
vimo koeficientas (p) ir betono charakteringasis stipris
(fe)-

Atlikus skaitinio eksperimento rezultaty analiz¢ nusta-
tyta, kad o —¢&; diagramos (5 pav.) krintanciaja dalj gali-
ma aprasyti tokia priklausomybe:

f
1+ A—)B
€or
¢ia 4 ir B — koeficientai.
Skaiciavimams supaprastinti, koeficiento B reikSmé imta

nekintama, t. y. B = 115. Koeficientas 4 nustatomas taip:

A=0,0022- (2po.—1). (15)

Pateiktame 5 pav. vidutiniy betono itempiy-deformaci-
ju kreive sudaro dvi dalys. Jos kylanéioji dalis apibtidina
nesupleiséjusio tempiamojo betono darba, krintancioji aku-
muliuoja pleiséjimo ir betono darbo tarp plysiy efektus.

Supleiséjusio tempiamojo betono itempiy, nustatyty
skaitiniu budu bei apskaiCiuoty pasitlytaja (14) iSraiska,
priklausomybé nuo deformaciju skirtingoms betono klaséms
bei armavimo koeficientams pateikta 6 pav.

7 pav. parodyta sitilomosios priklausomybés paklaida,
lyginant su gautaja i$ skaitinio eksperimento. Kaip matyti,
imant jvairias armavimo koeficiento ir deformacijy
reik§mes, paklaida nesickia 2 %. 8 pav. sitilomoji
priklausomybé (14), imant p = 1 % ir o = 5,87, palyginta
su kity autoriy kreivémis.

6. ISvados

1. Pasitlyta centriskai tempiamo supleiséjusio gelzbe-
toninio elemento betono jtempiy ir deformacijy priklauso-
mybé pagal EC2 [1].

2. Nustatyta, kad suplei$é¢jusio tempiamojo betono
vidutiniy jtempiy ir deformacijy priklausomybé priklauso
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4 pav. Centriskai tempiamy gelzbetoniniy elementy G/ Gy ir

€/ gy priklausomybés nuo: a — armavimo koeficiento; b —
tempiamojo betono stiprio; ¢ — armatiiros tamprumo modulio

Fig 4. Dependence of derived 6/ Gg and €/ &g relation-
ships on: a — reinforcement ratio; b — tensile strenght of
concrete; ¢ — elasticity modulus of reinforcement

S\

G A

cr

m________
Sl |

5 pav. CentriSkai tempiamy gelzbetoniniy elementy G; — &

priklausomybé pagal pasitlytaja (14) iSraiska

Fig 5. Proposed tenssion stiffening relationship (14)

a
1 -
085
0,7 \
\ C16/20
16720 NP =1,0%
p=3.0% X

0,55 ~ \ \\

0.4 4 iex10'3|

0 10 20 30 40

0,85

0,7

C50/55
=1.0%
0,55
C50/55
P=30%

M Ex10®

0,4 +
| 0 10 20 30 40
6 pav. Skaitiskai nustatyty ( — — — ) ir pagal (14) formulg
(— ) apskaiciuoty betono jtempiy priklausomybé nuo
deformacijy

Fig 6. A dependences of concrete stresses obtained according to
(14) formula and these stresses calculated by numerical method
on strain of axial tension concrete member
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7 pav. Pasitilytosios formulés (14) paklaida kintant deformacijai

Fig 7. Errrors of formula (14) with varying strain

nuo betono stiprio, armavimo koeficiento bei armataros ir
betono tamprumo moduliy santykio.

3. Pasitlytoji supleiSéjusio centriSkai tempiamo

gelzbetoninio elemento betono itempiy ir deformacijy diag-
rama gerai atitinka skaitinio eksperimento rezultatus (pak-
laida nevirsija 2 %).
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6 pav. pavaizduota apkrovos, kurig gali atlaikyti sija, priklausomybé nuo
liaunio. I3 3iame grafike pateikty duomeny matyti, kad didZiausia apkrova
sija atlaiko nebutinai bidama optimalaus liaunio.

5. Isvados

Siame straipsnyje buvo atlikta perforuoty sijy su Seliakampés formos
perforacijomis analizé, naudojant baigtiniy elementy metoda. Siekta nustatyti
koks turéty biti optimalus sijos sienelés liaunis esant sijos ilgiui 12 m ir jos
sienelés storiui 5 mm. Nustatyta, kad:

1. Kuo didesnis sijos liaunis tuo sijos medziaga efektyviau panaudojama.

2.Didziausia apkrova laiko nebiitinai optimalaus liaunio sija.

3. Geriau naudoti optimalaus liaunio sijas tankiau negu sijas, kurios laiko
didesng apkrovg, bet re¢iau.

4.Galima sudaryti daugiau tokiy grafiky kaip 4 pav. ir 5 pav. sijoms su
kitais ilgiais ir sienelés storiais.

5.Tokio tipo grafikai kaip 4 pav. ir 5 pav. gali labai palengvinti
optimaliy plieniniy perforuotujy sijy projektavima.
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BETONO TRAUKIMOSI ITAKA TEMPIAMUJU
GELZBETONINIU ELEMENTU DEFORMACIJOMS

Effects of shrinkage on tension stiffening in RC tensile members
Keywords: Reinforced concrete, shrinkage, tension stiffening.

Abstract. This paper discusses influence of shrinkage of concrete on tension
stiffening effect of tensile reinforced concrete members. A numerical
procedure has been proposed for investigation of this effect.

1. Jvadas

Betono traukimasis — jo laisvas tiirio maZéjimas laike dél kietéjimo metu
vykstangios cemento hidratacijos bei drégnumo kaitos. Sios deformacijos
labiausiai pasirei$kia pirmy mety bégyje: jau po ménesio betonas igauna
40%, o po mety — 90% galutinés traukimosi deformacijos.

Supleid¢jusio tempiamojo betono fiziniai modeliai paprastai yra
klaidingai i§vedami i§ eksperimentiniy tempiamuyjy gelZbetoniniy elementy
rezultaty, i8kraipomy betono traukimosi. Betono traukimosi deformacijy
paveiktame gelZbetoniniame elemente keiliasi jtempimy bivis, maZéja
atsparumas pleidéjimui.
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Sio tyrimo tikslai: 1) nustatyti laisvojo betono susitraukimo jtaka
gelzbetoniniy  elementy  jtempimy-deformacijy  biiviui; 2) pasiilyti
skaitiavimo metodika, kuria eliminuojama betono traukimosi jtaka i§
eksperimentiniy bandymy nustatant tempiamojo betono jtempimy-
deformacijy diagrama.

2. Skaitinio eksperimento bandiniy apraSymas

Skaitinis eksperimentas atliekamas taikant programa ATENA, kuri
skaitiavime naudoja baigtiniy elementy (BE) metoda. Skaitidkai modeliuoto
tempiamojo gelZbetoninio elemento schema pateikta 1 pav. Baigtiniy
elementy tinklas parodytas 2 pav.

Imta, kad elementai buvo armuoti tolygiai i3skirstyta visame
skerspjiivyje armatlira. Armavimo procentas buvo imtas 2 % ir 3 %.
Armatiros fizinis modelis — tampriai-plastinis (f, =210 MPa). Tempiamojo
betono stiprumas — f; = 2,32 MPa. Buvo imtos kelios betono traukimosi
deformacijy reik§més: g, = 0; 1,5 x 107 ir 3,0 x 10™,

26

10 .6 . 10

lsl 10| 4Q | 10 |5

1 pav. Eksperimentinio bandinio geometrines charakteristikos

RRREG W R L

. 610 R e W
SRR SR EEASERISNAREUENRRSEAURE

--------

THH

2 pav. Bandinio BE modelis

3. Skaitinio eksperimento rezultaty analize

Kaip paZyméta [1, 2] betono susitraukimas turi didel¢ itaka pradiniam
betono jtemptajam biiviui: sumaZ¢ja gelZbetoniniy elementy atsparumas
pleis¢jimui, padidéja jy deformacijos.
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Apskaiiuotos apkrovos-poslinkio diagramos parodytos 3 ir 4 pav. 3 pav.
pateikty diagramy atskaitos talkas — traukimosi pradZia. 4 pav. parodyty
apkrovos-poslinkio diagramy atskaitos taikas — apkrovimo pradZia. IS 3iy
grafiky mes matome, kad dél betono traukimosi sumaZ¢jo gelzbetoniniy
elementy atsparumas pleiséjimui, padidéjo jy deformacijos, tatiau laikymo
galia nepasikito.

@

£ ,.=3.0u1E

x10% ¢, m/m

0,6 0,9 1,2

0 ¥————r——r—7r—r T

0 03 06 09 12 1,5

3-4 pav. Apkrovos-poslinkiy diagramos esant skirtingoms traukimosi
deformacijoms (apkrova, kN).

DaZniausiai tempiamojo betono diagramos yra nustatomos i$ centriskai
tempiamuyjy gelZbetoniniy elementy bandymy, nejvertinant betono traukimosi
efekta. Tokiu biidu gautos diagramos parodytos 5 pav. Diagramose, gautose
i§ susitraukusiy elementy, {tempimai pasiekia neigiamas reik¥mes. [vertinant
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traukimosi efekta, tempiamojo betono stiprumo sumaZéjima galima nustatyti
pagal formulg:

f;,.rh = f; -ol,.rh H (l)
kur ¢, — betono jtempimai dél traukimosi, nustatomi pagal formule [2]:
e Ep E A
G, 4 =——t=, n=—, ==, 2
= Vnp E’ P74 @

Cia g4, — betono susitraukimo deformacija; E, ir E, — armatiiros ir betono
tamprumo moduliai; 4, ir 4. — armatiros ir betono plotas, atitinkamai.

E ‘ 3;h=1,5><104
_Llea=0)

h _
j|exh=3,0x10“‘|; F :

5 pav. Betono jtempimy-deformacijy grafikas.

[ 1]

4. I¥vados

Straipsnyje pateikta tempiamyjy gelZbetoniniy elementy skaitinio
modeliavimo analizé, jvertinanti laisvojo betono traukimosi deformacijy

itaka. Atliktas skaitinis eksperimentas parodé, kad dél traukimosi sumaZéja

gelbetoninio elemento atsparumas pleiséjimui bei padidéja deformacijos nuo
i%orinés apkrovos poveikio. Elemento laikymo galia nesikeitia, nes ja
apsprendZia armatiiros stiprumas.

Parodyta, kad eksperimentiniu bidu nustatyta tempiamojo betono
itempimy-deformacijy  diagrama priklauso nuo betono traukimosi
deformacijy, bei armavimo koeficiento. Didéjant armavimo koeficientui,
betono traukimosi jtaka gelzbetoninio elemento deformacijoms didéjo.

Literatura
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BAIGTINIUY ELEMENTU (BE) DYDZIO IR FORMOS
ITAKA TEMPIAMUJU G/B ELEMENTVU
DEFORMACIJU SKAICIAVIMO REZULTATAMS

Mesh dependence on deformations of tensile reinforced concrete members
Keywords: Reinforced concrete, mesh sensitivity, fracture energy.

Abstract. The proper nonlinear 2D calculation of deformation of reinforced
concrete tensile members by FE software ATENA is the subject of this paper.
The fixed smeared crack model in the concrete was used with fracture energy
conception. It will be shown the mesh dependence on the calculation results.
To make these results independence from the mesh changes the relationships
to converse the fracture energy value of tensile concrete were proposed.

1. Jvadas

Sio tyrimo tikslas — BE formos ir dydzZio, bei armatiiros modeliy jtakos
gelzbetoniniy ir betoniniy elementy deformacijy skaitiavimui jvertinimas.
Straipsnyje siiiloma tempiamo betono irimo energijos priklausomybé nuo BE
dydzio ir formos. Nustatant irimo energijos reikme¢ pagal 3ig metodika
gelzbetoniniy elementy deformacijos nepriklauso nuo BE sudalijimo.
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2. Eksperimentiniy bandiniy aprafymas

Skaitinis eksperimentas atlickamas taikant BE programg ATENA.
Tempiamo bandinio geometriniai parametrai pateikti 1 pav. Buvo
analizuojama tiek betoniniy, tiek gelZbetoniniy bandiniy elgsena. Tempiami
elementai buvo armuoti strypine arba tolygiai isskirstyta po visa skerspjiivi
armatira. Abiem atvejais armavimo kiekis buvo priimtas 2 % nuo
skerspjiivio ploto ir priskicti vienodi fiziniai medZfiagy parametrai.
Eksperimentiniy bandiniy armavimo schema pateikta 2 pav.

2 pav. Eksperimentiniy bandiniy armavimo schema (strypiné armatiira -
kairéje, i8skirstyvia — desinéje)

Eksperimentiniai bandiniai suskirstyti | du, skirtingy formy, baigtiniy
elementy tipus — keturkampiai (4 mazgy) ir trikampiai (3 mazgy). Bandiniy
sudalinimas | BE 1,25; 2,5; 5,0; 10,0 ir 21,0 cm dyd#io pateiktas 3 pav.

Skaitinis eksperimentas buvo atliekamas su skirtingomis tempiamo
betono irimo energijos Gp reikimémis. Pirminiai skaiiavimai atlikti su
pastovia Sios energijos reik¥me (R, — betono stiprumas tempiant) [1]:

G, =2,5%10° R . (1

Antras skaidiavimy variantas buvo atliekamas taikant autoriy empiriskai
gautas priklausomybes, jvertinant BE dydZio pasikeitima:

ci(a)=60A"Y, =12 s
MHI} = fh{”f}r‘”; al:--i} :hmf:’,ﬁ[”_ 2)
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o ol . 2 W b i i g o o
Cia ti}'lpj ir G;.J — prading ir pasikeitusi tempiamo betono irimo energijos
reikEmés, atitinkamai; AU _ peréjimo  koeficientas, jvertinantis BE

charakteringo dydZio pasikeitima i5 A/ | 4%,
u =t L]
i T
ey - i a' B
. —- T s ﬂf
: ¥ % ::: v & a
: 3
a =G Ll
Y i
LA - - =t "t By
Y | S5 i
— s e T fat—
J:',:\_' ] [ P R

\

/)
v Ty

A
]

AT Y ATATATA |
CRVAVAVATAVAVAN - oo :

f

3 pav. Eksperimentiniu bandiniy sudalinimas | BE dyd%ius 1,25 (1,75)'; 2.5;
50; 10,0 ir 21,0 cm

! D&l kompiuterio operatyvios atminties nepakankamume (1 GB) minimalus baigtinio
elemento dydis, naudojant teikampius baigtinius elementus, buvo 1,75 em,
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3, Skaitinio eksperimento rezultaty analizé

Kaip buvo pafyméta [2, 3] betoniniy clementy deformacijy skaidiavimas,
taikant BE metodq pagal irimo mechanikos principus, nepriklauso nuo BE
dydfio ir formos. Sio teiginio teisinguma ilivstruoja 4 pav. (lyginant su
armuaty elementy &p reik3meé padidinta 10 karty).

. (2) m - elementai & — elementai
DAMN {1 m- | & i 0.4 MN M-15 i
0.3 MM o, - i S— |
.3 MN - H:I_
0.2 MWH 02 MM 4 -
p = const =
0] MN ff=—2 01 M -
i MM A 0 MM -+
Omm O4mm DEmm 1.2mm Dmm OD4mm 08mm 12 mm
TAMN |-~ 1= 1 Ty T -
0.3 MN A 03 MM
)] 0.2 MM A 0.2 MM
G (a
e (&) 0.0 M 1 0.1 M
O MN -
Omm C4mm O8mm 1.2 mm
[EFTEE Lz
0.3 MY W (M= 10
] |
G[?]‘{ﬁ ] 03 MM LM=s]T
FAS) g = T *4 :
M= 28— i
0 MM T T
Omm Od4mm 0Emm 1.2mm Omm Odmm 0Emm 12mm

4 pav. Betoniniy elementy apkrovos-poslinkio diagramos®

Gelfbetoniniy  skirtingai nei betoniniy  elementy deformacijy
skaifiavimas priklavso nuo BE dydfio ir formos (#r, 5 pav.). 6 pav.
patcikiami gelZbetoniniy elementy medeliavimo rezultatai su skirtingos
formos, bet vienodo dydZio BE (taikant iSskirstyts armatirg deformacijos
nepriklauso nuo BE formos). Maudojant stryping armatiirg ir trikampius BE,
kad gauti vienodas tempiamo bandinio deformacijas, tempiamo betono irimo
energija (imta keturkampiams elementams) reikia sumaZinti pagal formulg:

G =G, /\2 (3)

* visais modeliavimo atvejais prading irimo energijos reikEmé G{,”, #r, {2), buvo priitmama
pagal formulg (1), su 2,5 cm dydEio BE.
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Zr. (2)

u — elementai

A — elementai
0.6 MN _{f}!,..._.”]_‘_;

0.4 MN

(7= const
(2
GE (&)
o MN e | S S -
Omm 0.2mm 04 mm 0.6 mm
0.6 MM . .._? ..... ==
0.4 MM 1 0.4 MM -
{2 b= s ] 1o
Gy {-‘5‘;} 0.2 M 0.2 MM M=175
=15 |
0 MM OMN T T
Omm 02mm 04dmm 0.6mm Omm 0.2mm 0.4 mm 0.6 mm
08 MN yup a5l DEMN Tham 19 Lt
0.4 MY - 0.4 MM T
Gr=const| gapn{f /|
|M:-I-15]
B MM e
04 1,65 mmem
W M T g as —
0.4 MN i e
| =
2 = o] -
G et u-10]/u-3|
M=23 |M=I]
aMy e
bmm 02 A mm 0.6
B6MH Lmmill - |
i 0.4 KN 1 md-a; ,.-"f Iv.'f’.':@l BAMN Y ol = II]I
| 2] - £ 1 ] |
G (4 pamm f ol I L. B3 M o |
! 1] y |M-I.!;:|[M-!ii§ i ﬁ!:ﬂ]&tﬂ
e ] e i 4 | |
J R e B e

Omm 0.2 mm 0.4 mm 0.6 nam

Omm 0.2 men 0.4 mm 0.6 mm

5 pav. Gelzbetoniniy elementy, su strypine (virfutine dalys) ir i8skirstyta po
visa skerspjlvi (apatine dalis) armatiira, apkrovos-poslinkio diagramos
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Strypiné armatiira
u.mn] RS e v s

04 MN

b MY T

I§skirstyta armatiira
06 MM i I-_;il- i 3

4 MM 1

02 MN 2 MM 1

O KN ey
Omm 0.2 mm 0.4 mm 06 mm Omm O02mm 04mm 06mm

6 pav. Apkrovos-poslinkio diagramos su skirtingos formos BE
(vienodo dydZio - 2,5 em)

4. Iivados

Straipsnyje pateikta tempiamy gelZbetoniniy  elementy  skaitinio
modeliavimo analizé. Pasiflytos priklausomybés, susiejantios tempiamo
betono irimo energijos reik¥me su BE dydZiu ir forma. Taip pat jvertinta
ivairiy tipy armatdros modeliy jtaka tokiy elementy deformacijy reikiméms,

Pateikti biidai maZinti modeliavimo netikslumus gelZbetoniniy elementy
deformaciju nustatyme, Skaitinio eksperimento pagalba patikrinti sifillomi
metodai. Parodyta, kad betono modelis, atitinkantis irimo mechanikos
principus, be korektiiros netinka gel¥betoniui, Be to, i¥nagrinéti strypinés ir
ifskirstytos armatiiros skaitiniy modeliy ypatumai ir jy jtaka gelZbetoniniy
elementy deformacijoms. Rezultaly pana3umas, taikant skirtingo dydZio ir
formos BE leidiia teigti, kad taikant pasiflytas priklausomybes tempiamo
betono irimo energijos keitimui, gelbetoniniy elementy deformacijy
reik¥mes makiau priklausys nuo BE diskretizacijos.
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BAIGTINIU ELEMENTU DYDZIO JTAKA G/B SIJU
DEFORMACIJU SKAICIAVIMO REZULTATAMS

Finite element size dependence on the deformations calculation of RC beams
Keywords: Reinforced concrete beams, finite element size, fracture energy

Abstract, In this paper the relationship to make the nonlinear 2D and 3D
calculation of deformation of reinforced concrete (RC) beams with FE
software ATENA and DIANA independent from the FE size are proposed.

1. [vadas

Buvo apskaidiuotos gelibetoniniy sijy trumpalaikiy {linkiy reik3més,
naudojant baigtiniy elementy (BE) programas ATEMA (20)) ir DIANA (3D),
jvertinant medZiagos netiesifkuma ir keitiant baigtinio elemento dydj.

Sio straipsnio tikslas jvertinti BE dydZio jtaka tokio skaidiavimo
rezultatams ir pasidlyti metoda sumaZinti 3ig jtaka.

2. Eksperimentiniai duomenys

I [1] buvo gauti gel¥betoniniy siju eksperimentiniai duomenys. Sios
sijos buve iSbandytos trumpalaike apkrova kaip parodyta 1 pav.
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3. ISvados

CENTRISKAI TEMPIAMOJO GELZBETONINIO
ELEMENTO BETQN() ITEMPIU IR DEFORMACIJU
PRIKLAUSOMYBE PAGAL EC2

Atlikus skai¢iavimus ankséiau minétais metodais gautos jrazy diagramos
skiriasi, bet jy pasiskirstymo pobiidis pana$us. Skirtumas tarp irazy dydziy
gali atsirasti dél to, kad buvo skirtingai pasirinktos jtempimy funkcijos.
UzZra8ant funkcijg kaip polinoma galima pasirinkti daugiau x ir y sandaugy
variacijy dél ko atsiras daugiau konstanty C: ir padidés lyg€iy sistema joms
rasti. Skai¢ivojant pagal pirmuosius du metodus reikia papildomai jvertinti
pakraiCio efekta, nustatant lenkimo momenty intensyvuma, bei patikslinant
normalines jégas Nx(y) ir Ny(x). Kaip ir buvo anksCiau minéta didZiojoje
kevalo dalyje veikia bemomentis jtempiy ir deformacijy biivis tik ties kevalo
atraminiu kontiiru atsiranda lenkimo momentai.

Axial tension reinforced concrete stress-strain response by EC2

Keywords: Reinforced concrete, stress-strain response, tension stiffening

Abstract. Anew stress and strain relationship for cracked tensile concrete has
been proposed. It was derived from numerical tests of axially loaded
reinforced concrete members calculated by Eurocode 2.
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Atliekant ‘kompiuterinius  sudétingy  gelZbetoniniy  konstrukcijy
skaiCiavimus, reikalinga Zinoti suplei$éjusio tempiamojo betono diagrama
(jos krentantiaja dalj), kuri atitikty Euronormy (EC2) deformacijy
skai¢iavimo metodika. Siame darbe, remiantis skaitiniu eksperimentu,
pasililyta nauja suplei$é¢jusio tempiamojo betono vidutiniy jtempiy -
deformacijy priklausomybeé.
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2. Centri$kai tempiamojo gelzbetoninio elemento apkrovos-poslinkio
priklausomybé pagal EC2 skaitiavimo metoda

EC2 [1] metode gelzbetoniniame elemente i§skiriami nesupleiséjes(l) ir
supleiséjes(ll) ruozai. Pirmajame ruoZe betonas ir armatiira dirba tampriai, o
antrajame ruoze visa tempimo jéga atlaiko armatiira. Charakteringa centriskai
tempiamojo gelzbetoninio elemento apkrovos ir poslinkio priklausomybé
parodyta 1. pav. Supleiséjusio elemento vidutiné deformacija (lygi vidutinei
armatiiros deformacijai), taikant EC2, apskaiciuojama pagal formule:

Aesm =(1- E.v)gsl + E.:£s2 m
Cia: g ir &, —atitinkamaj L-ojo ir I1-0jo ruozy kreiviai.

€1 =€, =P/E (A, + od); 2)
€ =PlE.A;; 3)

&~ interpoliacijos koeficientas, apskaiciuojamas pagal formulg:
§=1-(P,./P)* (kai P>P,) @)
¢ia: f,- tempiamo betono stiprumas; A, ir A, — betono ir armatiiros
skerspjiiviy plotai; a= EJ/ E, kur E; ir E, armatiiros ir betono tamprumo

moduliai.
Pleiséjimo apkrova apskai¢iuojama pagal formule:

For = e (4. +ad,) )
¢ia: f,- tempiamo betono stiprumas; A, ir A, — betono ir armatiros
skerspjiviy plotai; a= EJ/ E, kur E, ir E, armatiiros ir betono tamprumo
moduliai.

Bet kurioje apkrovimo stadijoje iSoring apkrovg P perima armatiira ir
betonas:
P=Ng+N, (6)

Armatiiros viduting jraza galima apskai¢iuoti taip:

Ny =4 Ee, (7

Tuomet vidutiniai tempiamojo betono jtempiai apskai¢ivojami pagal i3raiska;

o, =(P-AgEgs,,)/ 4, (3)
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I pav. Apkrovos — poslinkio grafikas pagalEC2
3. Skaitinis eksperimentas

Siame darbe vidutiniy jtempiy ir vidutiniy  deformacijy o, —¢,
priklausomybé igvesta empyri$kai pagal skaitinio eksperimento rezultatus,
taikant (8) formul¢. Skaitiniame eksperimente idnagrinéti 135 gelzbetoniniai
elementai, turintys skirtinga armavimo koeficientg (p=0,4...3.0%), betono
klasg (C25/30; C40/50; C60/75), bei armatiiros tamprumo modulj (190; 200;
210 GPa). Siy elementy apkrovos ir deformacijos diagramy pavyzdZiai
parodyti 2pav. I§ siy diagramy gautosios C; —¢&, priklausomybiy
krentangiosios dalys parodytos 3 pav. Regresiné analizé parodé, kad
didZiausig jtakg o, ~¢, formai turi armavimo koeficientas p ir betono klasé
B. Elementy skerspjiivio matmenys neturi jtakos o, -, diagramos formai.

Analizé parodé, kad 6, —¢& priklausomybe (3 pav.) sudaro trys dalys:
kylan¢ioji (tiesing), horizontali, bei krentan¢ioji.
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2. pav. Centrikai tempiamyjy gelzbetoniniy elementy apkrovos — poslinkio palyginimy
grafikai; a. nuo armavimo koeficicnto; b. nuo tempiamojo betono stiprumo
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3 pav. centridkai tempiamo gelZbetoninio elemento palyginimo grafikai.
a. priklausomybé nuo armavimo koeficiento. b. priklausomybé nuo betono
klasés. c. priklausomybé nuo armatiiros tamprumo modulio
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&
4 pav. centridkai tempiamujy gelzbetoniniy elementy o, — g priklausomybé pagal EC2

4. Empiriné o —¢ diagramos krentanciosios dalies priklausomybé,
iSvesta pagal EC2

Darbe pasiiilyta tokia o,—¢, diagramos krentantiosios dalies
priklausomybeé:

o=(+4e8)7!; (10)

Skai¢iavimams supaprastinimo tikslu, su pakankamu tikslumu imta
pastovi koeficiento reik§meé, lygi 1.15. Koeficientas A, kurio priklausomybé
nuo PN pavaizduota 5 pav., i§rei§kiamas tokia priklausomybe:

A=0.0022(2pn-1). (1)

o BT U

0.08 o+~

0.06 1 /

0.04 ’
0.02
0 [er]
0 5 10 15 2 25

S pav. Kocficiento A priklausomybé nuo PN parametro
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o, ~¢, diagramy gauty i§ ( 5) ir (7) formuliy palyginimas parodytas 6.
pav. Analizé parodé, skai¢iuojamoji paklaida yra nedidelé (variacijos koef.
lygus 0.8%).
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N CE0/5%
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04 gx10” mim || g4 Nex 107 m /m
m i} 10 2 0 40 m 0 10 2 0 40

6. pav. Sitilomo skai¢iavimo metodo rezultaty palyginimas su skaitiniy eksperimenty
rezultatais

5. I§vados

1. Pasiiilyta jtempiy ir deformacijy priklausomybé pagal EC2.
2. o, —g, krentantioji diagramos dalis labiausiai priklauso nuo armavimo

koeficiento, taip pat ir nuo armatiiros ir betono tamprumo moduliy santykio.
3. Pasitlyta suplei$éjusio centriskai tempiamo gelzbetoninio elemento
betono o, —¢, kreivé gerai atitinka jtempiy ir deformacijy kreive gauta pagal
EC2. Kreives skai¢iavimo paklaida (variacijos koef.) lygi 0.8%.
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CENTRISKAI GNIUZDOMU KOMPOZITINIU STRYPU
PASTOVUMO TYRIMAS

Research of stability of axially loaded composite bars

1. Jvadas

Kompozitiniame skerspjivyje tenka atsizvelgti | betono valk§numo jtaka
elemento laikomajai galiai. Betono $erdis kompozitiniame elemente yra
izoliuota nuo aplinkos, todél betono Serdies valk§numas maZesnis negu
neizoliuoto betono. DidZiausia betono valk§numo jtaka pasireiskia liauniems
centriSkai ar ekscentrikai gniuZzdomiems kompozitiniams elementams. I§
kitos pusés, betono Serdies stiprumas per tam tikra laika didéja, o ilgalaiké
apkrova paprastai sudaro, palyginti, nedidele visos elementa veikiangios
apkrovos dalj, todél manoma, kad praktiniuose skaiCiavimuose | betono
valksnumo jtaka atsiZvelgti nereikia, nes elemento laikomoji galia neturi
mazéti. Be to, kompozitiniuose elementuose, apkrautuose eksploatacine
apkrova, retai susidaro jtempimy biivis, kuriam esant, pasiekiama ilgalaikio
pastovumo riba. | ilgalaikés apkrovos jtakq galima atsizvelgti, projektuojant
tokius kompozitinius elementus, kuriuos veikia didelé ilgalaiké apkrova ir
kuriy skerspjiivyje yra santykinai nedidelé metalo kevalo dalis, o santykiné
jégos nuokrypa didele.
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BETONO ITEMPIU IR DEFORMACLIY
PRIKLAUSOMYBE LENKIAMAME
GELZBETONINIAME ELEMENTE

Stress — strain response of reinforced concrele member subjected to bending.

Keywords. Reinforced conerete, stess-strain response, tension stiffening

Abstract. This paper discusses the load and deflection ruln_tlnnship_ of rlcinfnrl:cd
eoncrete members subjected to bending. A new tension 5Liﬁ‘enmgl relationship depcr:&
ding on reinforcement ratio has been proposed. The results abizined were compa

with the numerical test data.

Lenkiamu gelZbetoniniy elementy stiprumo n_o_m_mlimamc p_]uv;;]a tZﬂrl_]a
leidzia patikimai projektuoti minimalaus Slz:crspju\’lﬂ _elcmentus: tan unP
sglyga vis daZniau tampa lemiamu veiksniu, _Ifadangl pastaruoju mety vis
pladiau taikant stipry betong ir armatira didéja knn?,t::ukcuq pezﬂr{?glaim
{arpatramiai, o skerspjiiviai maZéja. "l‘odf':l ge]ih::t_nmm}[ koniu? ::1_1: ele-
menty pleiséjimas tampa vienu 18 'l.-'elki_.nfljl_ pngrmtmqnf.‘lm 'Em]ic tiros EE;E:
dacijos procesi. Siame straipsnyje nagrincjama supleis¢jusio Luno] ge ;fm
mag atlaikyti tempimo jtempius tarp ply'ELI.]:, kas S.ql}rg'ﬁ-]a hcfndrft r’:E f:?e[l]
standumo padidéjima (angl. fension s{:;{?.'emng},' taip pat ren':mnus n:
vidutiniy deformaciju modeliu ir lenkiamo gelZbetoninio elemento mome
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t— kreiviy (M — &) [funkcija, buvo pasitlyia nauja supleid&jusio empiz-
mojo betono vidutiniy jtempiy ir deformacijy (o, —¢,) priklausomybé:

Lenkiamo gelibetoninio elemento M —x priklausomybé pagal EC2 [1] skai-
Siavimo metodg

Pagal EC2 [1] supleiigjusio templamojo gelZbetoninio elemento vidu-
tiné deformacija apskaiiuojama taip:

By = (1 - Seg + :'::E.';Er (n
¢la: g, Ir g, — afitinkanial tempiamojo gelZbeloninio elemento
nesupleiséjusio bei supleifgjusio ruoZy deformacijos; £ -~ interpoliacijos
koelicientas:

Gy T Egp _-_'_I?:""_’ {2}
Ea(d, +oudy)
£ = X (3)
B
E,_]_[H_«]’ (kai M > M _), (4)
M

giar A, ir A, — atitinkamai belono bei armatiros skerspiiiviy plotai;
o= £ /E_ — armmatiiros ( £, ) bei betono ( £.) tamprumo moduliy santykis;
M —iSorinis momentas; A_ —pleif¢jimo momenlas nustalomas pagal
formulg:

Mo = fu(d: 2 0d;), ()
Cia: f,, —lempiamasis betono stipris.

Siame darbe pagal EC2 [1] metoda buvo i3nagrinéti skirtingy parametry
dvipusial armuoti be i#anksiinio jtempimo gelZbetoniniai elementai, apkrauti
lenkimo momentu (skersinés jégos nejveriinamos) skaitiniai eksperimentai.
Atlikus regresing analize nustatyta, kad didZiausia jlaka M —x turi armavi-
mo koeficientas (0,2 ... 2.0). Skailiniy eksperimenty M — & priklausomybiy
grafikai pateikti 1 paveiksle.
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1 pav. Lenkiamy gelZbetoniniy elementy M — x palyginimy grafikai.
nuo armavimo koeficiento, betono klasé C20/25.

Lenkiamo gelZbetoninio elemento o, - ¢, skai¢iavimas
Tempiamojo betono jtempiy — deformacijy diagramai nustatyti buvo pri-
taikytas G. Kaklausko pasiiilytas integralinis lenkiamy gelZbetoniniy elemen-
ty deformatyvumo fizikinis modelis [2]. Sis modelis apima tradicinés armati-
ros ir gniuzdomo betono jtempiy — deformacijy diagramas bei integraling
tempiamo betono priklausomybe. Terminu integralinis taip pat paZymima,
kad fizikinis modelis skirtas ne jtempiy — deformacijy biviui nustatyti tam
tikrame elemento pjiivyje arba taske, o elemento ruoZo, kaip atskiry pjaviy
visumos, vidutiniy deformacijy ir itempiy apskaiiavimui. Taip pat Siame
o, — ¢, skaiCiavimo metode priimamos atitinkamos prielaidos: armaturos ir
betono sukibimas laikomas idealiu, armatiiros praslydimas betone, atsiran-
dantis prie didesniy apkrovy, jvertinamas tempiamo betono fizikine priklau-
somybe, modelis pagristas vidutiniy ply$iy modeliu, t. y. skaiCiavimuose tai-
komi vidutiniai jtempiai bei vidutinés deformacijos.
Nagrinéjamos lenkiamos dvipusiai armuotos sijos kreivis gali buti nusta-
tytas, turint dviejy skirtingy sluoksniy deformacijas:
€ —€, E5—E; _— (6)

K= ===

h d
&a: €., €, — kradtiniy betono sluoksniy (atitinkamai gniuZdomo ir tempiamo)
vidutinés deformacijos; &, — tempiamos armatiiros vidutiné deformacija; 4,

d — atitinkamai skerspjiivio aukstis ir naudingas aukstis.
Neutraliosios adies padétis gali biiti nustatyta i$ salygos:
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€ €
Ve = £ h= c ’
€ —&, & — &, d (7)
Bet kurio sluoksnio deformacija:
€20 = K> (8)
kur y; —i— ojo sluoksnio atstumas nuo neutraliosios aSies.
Pusiausvyros salygos:
F;'c+F;c+F;t+F;l:0’ (9)
M +M_ +M,+M,-M,=0, (10)

dia F—vi . . . .

o £ is\:;diat'xs i]taglc().s, M —vidaus Jegy momentai neutraliosios aSies atZvilgiu;
0 s Iénkimo momentas. Pirmoji indekso raidé atitinka betong (¢ Z

concrete) arba armatiira (s — steel).

Empiriné lenkiamo gelzbetoninio elemento o, —¢, priklausomybé pagal EC2

1

[vertinant supleiséjusio tempiamojo gelZbetoninio elemento darbg tarp

plysiy, svarbu, kad j i o 1ento
Drastas. ad jo deformacijy apskaitiavimo metodas baty tikslus ir pa-

Atlikus skaitinio eksperimento rezultaty analiz¢ nustatyta, kad o, — ¢
td [

diagramos (2 paveik i3) i gali i
- (2 paveikslas) krentantiaja dalj galima apra8yti tokia priklauso-

0‘1 = __fc“t_ b (I 1)
1+ A4(-5)05
scr
Cia: 4 - koeficientas nustatomas taip:
A4=0738+1.003p. (12)
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2 pav. Lenkiamy gelzbetoniniy elementy o - & priklausomybé
pagal pasiilytaja (1 1) iraiSka

Pateiktame 2 paveiksle vidutiniy betono i.tempig-c.iefc‘)nnacug krelyq Zu?:rr,?,
dvi dalys. Jos kylantioji dalis apibudina ‘nesuplelse_]usm templarro;.o ; ono
darba, krentantioji akumuliuoja pleiﬁéjimo ir l?etono elgsenos ta;pp ySiy i . eri_.

Supleigéjusio tempiamojo betono {tempiy, nustatyty i§s a;)t{mo e dgfor—
mento bei apskaidiuoty pasidlytaja (1_1) i¥raigka, pnklausom){kel nuo defor
macijy skirtingiems armavimo ko@ﬁcxent@ms pateikta 3_ pz};/e;( s;. 'paeksy i
siilomosios priklausomybés paklaida, lygmapt su gautaja 15 skai dmfl‘o ) ge
rimento. Kaip matyti, imant jvairias armavimo koeficiento ir deformaciy
reikémes, paklaida nesiekia 8 %.

0.0005 0001 0.0015 0.002 Q0025

3 pav. Skaitiskai nustatyty ( — — ~ ) ir pagal (11) formule ( ) apskaicivoty

betono jtempiy priklausomybé nuo deformaciju

158

I§vados

1. Pasiiilyta lenkiamo suplei§éjusio gelzbetoninio elemento betono item-
piy ir deformacijy priklausomybé pagal EC2 [1].

2. Nustatyta, kad suplei$¢jusio tempiamojo betono vidutiniy itempiy ir
deformacijy priklausomybé priklauso nuo armavimo koeficiento

3. Pasiiilytoji suplei$éjusio lenkiamo gelZbetoninio elemento betono
itempiy ir deformacijy diagrama gerai atitinka skaitinio eksperimento rezulta-
tus (paklaida nevirsija 8 %).

Literatiira

1. Eurocode 2: Design of Concrete Structures — Part 1: General rules and rules for
buildings. European Committee for Standardization. Pr-EN 1992-1, 2004. 230 p.

2. Kaklauskas, G. Integralinis gelZbetoniniy elementy deformatyvumo fizinis mo-
delis d. Vilnius: Technika, 2000, p. 25-48.

3. Kaklauskas, G.; Ghaboussi, J. Stress-Strain Relations for Cracked Tensile Conc-
rete from RC Beam Tests. ASCE Journal of Structural Engineering, 2001, 127(1),
p. 64-73.

4. Clark, L. A.; Speirs, D. M. Tension Stiffening in Reinforced Concrete Beams and
Slabs under Short-Term Load. Cement and Concrete Association, Technical Re-
port No. 42.521, 1978. 20 p.

5. Torres, L. 1.; Lopez-Almansa, F.; Bozzo, L. M. Tension-Stiffening Model for

Cracked Flexural Concrete Members. ASCE Journal of Structural Engineering,
2004, p. 1243-1251.

159

i
-



This CO-ROM contains papers or abstracts from the 2010 fib Congress and
Exhihition Incorporating tha PC1 Convention and Bridge Conferance.

Muost papers have been peer-reviewed and revised to reflact reviewers'
comments.
Some abstracts have been included when papers were not available.

INSTRUCTIONS
W NT, T
The program will un automatically or double cl STARTERFIL

h:

an HOME HTML -

“Think Globally, Build Locally™

The Third International
Congress and
Exhibition gommom

FAE Annual Convention
P 1 4 Bridge Conference

Proceedings Disc

Washington, D.C.
May 29 - June 2, 2010
Gaylord National Resort

Drganized by

W LT

Co-sponsored by




,,__nnd_.lr'ﬂ'g_w.nuid like to_acknowledge and thank the 2010 Scientific/Review. Committes
Taplo Aho Hugo Coeres Pairgtti jamir 8 aiuseppe Marjcind Mary Lou Radk Lt Taenwe
Edaarcia © V. N Hegoade I Mark Reberilrest Shirish Thakrar

Tess J-;thn-n Feng Dabin Stainar Heland
Julio Appleton Thamas D'Arcy Pat Hynes Stuart Mattheys

Balazs Dehn Shaji Urs Meser Sami Rizkiafla
Craig F!Ed:h"ll_ Jahn Dick Alper ki pobtin Canin Robems-Wallmann
Josee Bastien FAolf Eligehausen 52 Exian Millar :
Kearad Bergmpister Arnr Elmas hai Richaed h-1|II[-:!
Hans-Digter Beushausen Michael Fardis .
Ernmanuel Bauchan Ekkehard Fehling { [ Merman Scott

j Michel Vie

Mikael Braestrup lim Forbas ’ rald Aulle Larbi Senncur
Gian Michele Calvi ephen Fosie Akio Kasuga Maireli tohi Rita Seradenian bl
Eduarda Carvalho Dan Frangop: Jean-Francois Klai oclore Venkatesh Seshappa 5 o

David W
Heil Castradale #ena Kohoutkova william Lidia Shehata David Wan

Vadimir Cenvenka 2 el Jahann Kolegger Tar Of Viksor 5i Fuenip anabe
Jarnes Wight

i Fernanda Stucchi

Milan Chandoga . 0lli Korander And I}sl:-:-jr- Inhan Shwerbrand

Chandra Hans Rudol Ganz Jazan Krohn Stephen Pessi
1 Clark Luis Garcla Danial 3 Erelt Fn:':l]l.l-.] Haluk Sucuoghu fuan Yong

Hed Cleland Christaph Gehlen Emily Lorenz Faola PFinte f Maher Tadras Paul Tia







*he Third International fib Congress incorporating the PCI Annual Convention and Bridge Conference

rage 1 ot 1

Search by:
All fields

Kaklauskas
Sort by: Paper ID -

"+ All of these words (=AND)
{_ Any of these words (=OR)

‘@ Phrase search

Index of: Author

Abdalsamad, Ayham
Abe, Ryota

Abrams, Jim

Abu Hawash, Ahmad
Acun, Bora

Adhikari, Sudeep

Afif, Nadir

Agbodijan, William Prince
Agnieszka Bigaj Van Vliet
Ahmed, Shaikh

Ahn, Jung Saeng

Ahn, Sang Sup

Aho, Hanna
Ajdukiewicz, Andrzej B.
Akiyama, Mitsuyoshi
Akiyama, Takayuki
Akraa, Mohammed

Al Jabri, Khalifa

Al Saidy, Abdullah
Albajar, Luis
Alcantara, Ofelia
Alexander, Mark

Ali, Karray Med
Alimchandani, C. R.
Almansour, Husham
Almeida, Joao

Amabnin Crmnmmionmans

le'//F-\Home html

v an

PCL

ID: 223
EAD

ID: 227
EAD

Home | View All Reports | Help

Kaklauskas
Total # 2

Tension-Stiffening Relationships Based on Design Code Provisions

Authors: Kaklauskas, Gintaris; Gribniak, Viktor; Girdzuis, Rokas; Vainiunas, Povilas; Bacinskas,
Darius

Keywords: Standards, Specifications, and Design Codes; Modeling: Methods and Behavior

Short-Term Deflections of RC Members: Codes versus FE Modeling
Authors: Gribniak, Viktor; Cervenka, Viadimir; Kaklauskas, Gintaris; Bacinskas, Darius
Keywords: Standards, Specifications, and Design Codes; Modeling: Methods and Behavior

Print this Page

2011-07-05



Kaklauskas et al. 3rd fib International Congress - 2010
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ABSTRACT

Present research was aiming at deriving tension-stiffening relationship based
on Eurocode 2 provisions for deformation analysis of bending RC members.
According to the algorithm proposed by the authors, tension-stiffening
relationships were derived from moment-curvature diagrams of reinforced
concrete beams calculated using Eurocode 2 technique. The obtained
relationships were applied in the numerical study, using nonlinear finite
element software ATENA and Layer section model. Theoretical results were
compared with experimental data of beams reported in the literature. The
analyses have shown that the deformations of flexural RC members
calculated using the derived tension-stiffening relationship and the Eurocode
2 technique were in good agreement.

Keywords: Reinforced concrete, Cracking, Tension-stiffening, Curvature,
Numerical modeling.
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INTRODUCTION

In the countries all over the world, strength analysis of bending reinforced concrete structures
is based on a unified approach, i.e. the limit state method. On the contrary, cracking and
stiffness techniques of various design codes are based on different assumptions and
approaches "%, Predictions by different design code methods of serviceability problems can
vary several times .

Main disadvantage of design code methods is their limited application regarding the
structural shape and loading cases. An alternative to the design code methods is numerical
techniques. These techniques can evaluate irregular geometrical shape of the structure,
specific loading conditions and nonlinear properties of the materials °. Results of analysis are
dependent on constitutive models of concrete and reinforcing steel. Modeling reinforcing
steel is simple. A large number of models have been proposed for concrete in compression .
However, no significant difference is observed when different relationships are used in
numerical procedures for deformational analysis of cracked RC beams”. It should be noted
that modeling behavior of cracked tensile concrete is a much more complicated issue. Due to
bond with reinforcement, the cracked concrete between cracks carries a certain amount of
tensile force normal to the cracked plane. The concrete adheres to reinforcement bars and
contributes to overall stiffness of the structure. The phenomenon, called tension-stiffening,
has significant influence on the results of short-term deformational analysis.

Based on a variety of assumptions, many constitutive models for cracked concrete in tension
have been proposed for case of short-term loading’'’. Present research was aiming at
deriving a tension-stiffening relationship conforming to FEurocode 2 provisions for
deformational analysis of bending RC members. According to the algorithm proposed by
Kaklauskas & Ghaboussi®, the tension-stiffening relationship was derived using moment-
curvature diagrams of reinforced concrete beams calculated by the Eurocode 2 technique '
The obtained tension-stiffening relationship was applied in the numerical analysis using
nonlinear finite element software ATENA and Layer section model . The calculation results
were compared with experimental data of beams reported in the literature '.

1. CURVATURE ANALYSIS BY EUROCODE 2 TECHNIQUE

As shown in Fig. la, in the Eurocode 2 model'' for deformation analysis, a reinforced
concrete member is divided into two regions: region I, uncracked, and region II, fully
cracked. In region I, both the concrete and steel behave elastically, while in region II the
reinforcing steel carries all the tensile force on the member after cracking. The average
curvature is expressed as

k= (1-¢)xi +Eka. (1)
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Fig. 1. Modeling flexural behavior of RC members according to the Eurocode 2 "' (a) and
cross-section (b)

In Equation (1), x; and 2 correspond to the curvatures in regions I, and II, respectively. A
coefficient £ indicates how close the stress-strain state is to the condition causing cracking.

It takes a value of zero at the cracking moment and approaches unity as the loading increases
above the cracking moment:

§=1-B(Mu/M)*. ¥)

Here B is a factor taken as 1.0 for the case of short-term loading; M and M are the

cracking and the applied bending moments, respectively. Curvature of uncracked and cracked
cross-section of RC member is calculated using classical formulae of strength of materials,
taking into account stiffness of uncracked and fully cracked cross-section respectively:

K12) = M/Ec L2y . (3)

Here 11 and I, are the moment of inertia of uncracked and fully cracked states, respectively;
Ec =1.05Ecm is the modulus of elasticity of concrete; Ecm is the secant modulus. In present
study material parameters of concrete (secant modulus, tensile and compressive strength)
were calculated by Eurocode 2 formulas '

Cracking moment of reinforced concrete flexural member is written as:
M cr = f ctVVI s (4)

where fct 1s concrete tensile strength; W is section modulus in region 7 .
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2. INVERSE ANALYSIS USING LAYER SECTION MODEL

The inverse procedure uses a simple iterative technique of deformational analysis of
composite members based on Layer section model . The calculation is based on formulae of
strength of materials extended to application of Layer section model and material diagrams.
The following assumptions have been adopted: 1) average strain, also called as smeared

crack, concept; 2) linear strain distribution within the depth of the section; 3) perfect bond
between layers.

Consider a doubly reinforced concrete member subjected to pure bending. A cross-section for
such member is presented in Fig. 2a. The member’s cross-section is divided into horizontal
layers corresponding to either concrete or reinforcement (see Fig. 2b). Thickness of the
reinforcement layer is taken from the condition of the equivalent area. The analysis needs to
assume material laws for reinforcement and compressive and tensile concrete schematically

shown in Figs. 2f and 2g. Curvature and strain at any layer i (see Fig. 2d) can be calculated
by the formulae: '

Mext | = Mexip . _SE NP g
K= [E > 81_ IE [yl_yRC]: yRC_—E, AE—zlzlbltlEl’sec’ (5)

SE = Z?zlbitiyiEi,sec; IE = Zn {bit?/lz-i-biti [yi — JRC ]2} Ei,sec-

i=1

Here Mex: is the external bending moment; AE, SE and IE are the area, the first and the
second moments of the area multiplied by secant modulus.

For the given strains and constitutive laws (see Figs. 2d and 2c), stresses and corresponding
secant modulus are calculated. The analysis is performed iteratively until convergence of
secant modulus at each layer is reached. Figures 2d and 2e¢ illustrate strain and stress
distributions within the Layer section model.

The inverse method aims at deriving average stress-average strain (tension-stiffening)
relationships of cracked tensile concrete using test data of flexural RC members. The
experimental data can be as follows: a) moment-average strain at any layer or b) moment-
curvature relationship. Using material test data, constitutive relationships for steel and
compressive concrete should be defined. The inverse method also employs constitutive laws
for steel and compressive concrete assumed either from tests or analytically. The technique is
based on the direct method discussed above and uses one additional assumption: 4) all fibers
in the tensile concrete zone follow the same stress-strain law. Based on geometrical
parameters of the cross-section, Layer section model has to be composed.

Present analysis is based on use of a moment-curvature relationship. Computations are
performed iteratively for incrementally increasing bending moment. For given load
increment, initial value of secant deformation modulus of tensile concrete is assumed. Based
on direct analysis, curvature is calculated. If it differs from the experimental value more than
the assumed tolerance, the analysis is proceeded using the hybrid Newton-Raphson &
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Bisection procedure . A secant deformation modulus of tensile concrete calculated for the
extreme tensile fibre of the section is defined at each of iterations. Gribniak'* has
investigated numerical implementation of the inverse procedure.

€; €
Mex < L& )
€

v

0 M £ @ |

Fig. 2. Layer section model of RC section (a)—(e) and a constitutive relationships for
reinforcement steel (f) and concrete (g)

3. DERIVING TENSION-STIFFENING RELATIONSHIP

Inverse analysis has been carried out for a rectangular reinforced concrete section subjected
to bending (see Fig. 1b). The inverse technique was applied for deriving tension-stiffening
relationships using the moment-curvature diagrams calculated by the Eurocode 2. The
diagrams were calculated for a number of reinforced concrete sections having different
amount of tensile reinforcement (p=4;/bd =0.2, 0.4 ..., and 2.0%), grade of concrete
(C20/25, C30/37, C35/45, and C60/75), effective depth (d/h=0.75+0.975), and modulus
of elasticity of steel (170, 190, and 210 GPa). The ratio of the area of compressive and tensile
reinforcement, Az / As1, was taken to be 0.25.

For the above model parameters, 384 moment-curvature diagrams were generated. For each
of them, tension-stiffening relationships were obtained. Some of the calculated diagrams are
shown in Fig. 3. A regression analysis performed has shown that the tension-stiffening
relationships significantly (in statistical terms) depend on reinforcement ratio p and modulus

ratio n. The analysis has resulted in the following expression for modeling of tension-
stiffening:

Eceq, €t <é€cr;

cyt={fct/(l+B st/acr), €1 > E¢r. ©)
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In above Equation, oy and e are the stress and strain of tensile concrete, respectively; fo

and & = fu/E. are the tensile strength and the cracking strain, respectively; B is an
empirical factor defined as:

B=0.738+pn, n=E/E., )

The comparison results on the predictions of the tension-stiffening curves for varying
reinforcement ratio and grade of concrete are presented in Figs. 3¢ and 3d. The calculated

and derived curves are shown by dashed and solid lines, respectively. Good agreement of the
curves can be stated.

1007, Moment, kNm FC30/37! D% 707 Moment, kNm Hp=0.6% —
2:p=1.6% A1 AT | 504 — c3037 o
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20 === 104/
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Fig. 3. Moment-curvature diagrams with ranging reinforcement ratio (a) and concrete grade
(b); derived tension-stiffening relationships with ranging reinforcement ratio (c) and concrete
grade (d)

4. APPLICATION OF THE TENSION-STIFFENING RELATIONSHIPS

This section presents application of the proposed tension-stiffening relationship in the
nonlinear analysis of reinforced concrete beams. For that purpose, the relationship were
incorporated into finite element software ATENA and Layer section model’. RC beams,
tested by Clark & Speirs '*, were used for the analysis.

Present investigation employs test data of two beams, namely B-/R and B-2. The beams were
nominally 3.2 m long, 400 mm high and 200 mm wide. They were tested under a four-point
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loading system which gave a constant moment zone of 1.2 m and two shear spans of 1.0 m.
Each beam in tension zone was reinforced with three bars. However, the specimens had

different reinforcement diameter and, therefore, different ratio. Main parameters of the beams
are given in Table 1.

Moment-curvature diagrams calculated by the Eurocode 2 technique, the Layer section
model and ATENA software are shown in Fig. 4 along with test data. It can be concluded that

good agreement has been achieved between the predictions. It can be also noted that the
theoretical results fitted well the test data.

Table 1. Main characteristics of experimental beams '

Beam h | b Asl 5 ﬁ,cube
mm mm MPa
B-1R 412 202 1472 347
B-2 408 203 943 33.3
1401 Moment, kNm ! 1007 Moment, kNm | >
12011 o Test > godl © Test ‘,/,’/’
1004 =~ Eurocode 2 > === Eurocode 2
804~ = Layer i 604 ~=Layer i
— ATENA ~— ATENA o
60 T 40 M
40 e
Curvature, km™! f Curvature, km™' |
0 e = 0¥ : ; —
0 2 () 4 6 0 2 (b) 4 6

Fig. 4. Moment-curvature diagrams of beams > B-1R (a) and B-2 (b)

CONCLUDING REMARKS

In present research, based on inverse analysis, a tension-stiffening relationship conforming to
Eurocode 2 provisions has been derived. The analysis was based on smeared crack approach
with tension-stiffening attributed to the tensile concrete zone. The tension-stiffening
relationship was derived using moment-curvature diagrams calculated by the Eurocode 2
method. A simple analytical relationship has been proposed for modeling tension-stiffening
effect in reinforced concrete beams. Average stress of cracked tensile concrete depend on
average strain, reinforcement ratio p and modulus ratio n. The obtained relationship was
applied in the numerical study, using nonlinear finite element software ATENA and Layer
section model. The analyses have shown that the deformations of reinforced concrete flexural

members calculated by the proposed tension-stiffening relationship and the Eurocode 2
technique were in good agreement.
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