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� The shrinkage effect drastically changes the shape of tension stiffening relations.
� A shrinkage-free tension stiffening law for reinforced concrete ties was proposed.
� An extensive database (108 members) ensures the universal applicability of the law.
� The prediction results were validated against independent test data.
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The present study proposes a new tension stiffening law for reinforced concrete (RC) that takes into
account the shrinkage effect occurring prior to the external loading. Due to the restraining action of rein-
forcement, shrinkage induces tension stresses in the concrete which may significantly reduce the crack
resistance and increase deformations of the RC member. The proposed tension stiffening model is based
on the test data of seven experimental programs reported in the literature, including 108 RC tension
members covering a wide range of concrete grade, reinforcement ratio and bar diameter. The study
has shown that shrinkage drastically changes the shape of tension stiffening relations with reinforcement
ratio being the most important parameter responsible for this effect. This study reports a limited valida-
tion analysis of the proposed constitutive law based on experimental data reported herein. For that tests
on four tensile RC members with measured free shrinkage strain have been carried out. The comparative
analysis has shown good agreement between the experimental and predicted load–strain and tension
stiffening relations.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Reinforced concrete (RC) is an exceptional structural material
due to two aspects: the extent of its practical use and the complex-
ity of its mechanical behaviour. The latter characterisation is
attributed to such phenomena as concrete shrinkage and creep as
well as cracking, tension softening and tension stiffening, all being
highly interrelated with each other. Tension softening is a property
of plain concrete to transmit tensile stresses in the cracked section
whereas tension stiffening is the ability of concrete to carry tensile
stresses in the sections between cracks due to the bond action with
reinforcement. Tension stiffening parameters have a significant
effect on numerical results of deformation and crack analysis
[1,2] of RC structures.

Recently, a new concept of crack analysis of reinforced concrete
members has been proposed in [3,4]. The philosophy behind the
proposed methodology is to establish mean spacing between pri-
mary cracks through the compatibility of the stress-transfer and
mean deformation approaches. Parameters of crack spacing are
obtained by equating the mean strains of the tensile reinforcement
defined by these approaches. The technique considers a single RC
block of a length of the mean crack spacing assuming that it repre-
sents the averaged deformation behaviour of a cracked member.
Based on the experimental evidence, the reinforcement strain
within the block is characterized by a strain profile consisting of
straight lines. The model was shown to be a simple and mechani-
cally sound tool for predicting mean crack spacing of RC members.
However, a comparative analysis of the predictions to the test data
has shown that the accuracy of the proposed approach of crack
analysis is strongly dependent on the adequacy of the assumed
tension stiffening model as it significantly affects the deformations
in the tensile reinforcement [4].

A number of approaches have been proposed to take into
account the tension stiffening effect in the serviceability analysis
of RC structures [5–13]. The stress-transfer approach based on the
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bond-slip interaction between concrete and reinforcement most
realistically deals with discrete cracking phenomenon [3,6,9,11].
However, lack of adequate bond-slip models and complex mecha-
nisms of analysis limit a wider application of the latter approach.
Models with smeared (averaged) representation of deformations
and cracks due to their simplicity are most extensively used in
the numerical applications [5,7–10,12]. In the smeared crack
approach, tension stiffening can be attributed either to concrete
[7,8,12] or reinforcement [5,10]. Gribniak et al. [12] has proposed
a stochastic approach in assessing tension stiffening. A simplified
approach suggested by Eurocode 2 [13] based on the interpolation
formula relating non-cracked and fully cracked states is frequently
applied for the deformation analysis of RC ties. However, a statisti-
cal analysis [14] has shown that Eurocode 2 provides a far too stiff
deformation response, particularly for lightly reinforced members.
The prediction errors at various load levels ranged from 25 to 61%
for lightly reinforced tensile members (q <1.6%) and from 14 to 30%
for the members with larger amounts of reinforcement (q �1.6%).
As was shown in [14], the above inaccuracies to a significant extent
were due to the shrinkage effect occurring prior to loading that
was not taken into account by the Eurocode 2 [13]. Due to the
restraining action of reinforcement or supports, shrinkage induces
tension stresses in the concrete, which might significantly reduce
crack resistance and increase deformations of the member [15].
Investigations [16–21] have shown that shrinkage may indeed
have a significant effect on deformations of RC members subjected
to short-term loading. However, very few tension stiffening models
were proposed [16] that take into account or remove the shrinkage
effect before calibrating the model; moreover, such models were
generally based on a limited amount of test data. Recent investiga-
tions of tension stiffening [22–26] were mainly dedicated to new
types of concrete and reinforcement.

The present study aims at proposing a new tension stiffening
law being derived from a large amount of test data reported in
the literature. The test data covers a wide range of geometrical
andmaterial properties such as concrete grade, reinforcement ratio
and bar diameter. The proposed tension stiffening relationship has
the removed shrinkage effect occurring prior to the external load-
ing. The study reports a limited independent validation analysis of
the proposed constitutive law based on experimental data reported
herein.
2. Test data employed for deriving tension stiffening model

The new model is based on the test data of 7 experimental pro-
grams [27–33], listed in Table 1, which involved 108 RC elements
(2800 measurements) having different concrete compressive
strength up to 70 MPa. In addition to the compressive strength of
concrete, the experimental programs covered a wide range of geo-
metrical characteristics such reinforcement ratio and diameter of
reinforcement bars. All the experimental programs involved pris-
matic specimens with nominally square sections reinforced by a
single bar subjected to short-term axial tension. The specimens
Table 1
Main characteristics of the test specimens used for the constitutive modelling.

No. Reference No. of elements n h b

mm

1 Farra and Jaccoud (1993) 1–94 2184 100 100
2 Wu and Gilbert (2008) 95–98 264 100 100
3 Choi and Maekawa (2003) 99–102 106 100 100
4 Noghabai (2000) 103–104 91 80–112 80–112
5 Stroband (1991) 105–106 69 100 100
6 Scott and Gill (1987) 107 51 103 101
7 Lorrain et al. (1998) 108 35 100 100
were tested either by controlling the deformations, as adopted in
programs No. 1–5, or alternatively, controlling the applied tensile
force, as adopted in programs No. 6 and 7.

The main characteristics of the specimens are given in Table 1.
The first four columns refer to the test program number, the liter-
ature source of the program, the numbers of the tested elements,
and the number of measurements in this program, respectively.
Further parameters in Table 1 are: the actual height (h) and width
(b) of the section; the concrete cover (c); the length of the speci-
men (L); the diameter of reinforcement bars (D); the area of rein-
forcement (As); the reinforcement ratio (q); the cylinder
(£150 � 300 mm) strength (fc); and the shrinkage strain (ecs) mea-
sured at the age of testing. When the values of the parameters var-
ied within a range, the range of values rather than individual
values are stated in the table. In the cases when the experimental
shrinkage strain ecs was not reported, it was assessed by the Euro-
code 2 provisions using available test characteristics responsible
for shrinkage.

The material characteristics needed for the analysis such as con-
crete tensile strength and modulus of elasticity were defined at the
time of the short-term tests by the Eurocode 2 provisions based on
the compressive strength:

f ct ¼ 0:3 � ðf c � 8Þð2=3Þ when f c � 58 MPa ð1aÞ

f ct ¼ 2:12 � lnð1þ ðf c=10ÞÞ when f c > 58 MPa ð1bÞ

Ec ¼ 22000 � f c=10ð Þ0:3 ½MPa� ð2Þ
3. Basic equations for deriving tension stiffening stresses

The current analysis is based on smeared crack concept where
stress in concrete is taken as the average tensile stress due to ten-
sion softening and the bond action between concrete and rein-
forcement bar, herein collectively called the tension stiffening.
Based on the strain compatibility, it is assumed that

em ¼ es ¼ ect ð3Þ
where em; es and ect are the mean strains of the RC member, rein-
forcement and concrete, respectively.

The tension stiffening stress–strain relations can be obtained
from load–strain diagrams of the experimental specimens (Table 1).
Based on the equilibrium of internal forces and the external load,

P ¼ Ns þ Nc ð4Þ
where the internal forces acting in reinforcement, Ns; and concrete,
Nc; are assessed as follows:

Ns ¼ esAsEs ð5Þ

Nc ¼ rctAc ð6Þ
Then from Eqs. (3)–(6), the average tensile stress in concrete can be
expressed as:
c L D As q fc ecs

mm2 % MPa lm/m

40–45 1150 10–20 79–314 0.8–3.2 35.4–68.8 –
42–44 1100 12–16 113–201 1.1–2.1 21.6–24.7 28–249
42 1470 16 201 2.1 35.1–40.5 –
32–48 960 16 201 1.6–3.2 45.6 –
42–44 935 12–16 113–201 1.1–2.1 49.6 –
46 1500 12 86 0.8 36.0 –
44 2000 12 113 1.1 42.0 –
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rct ¼ P � ectEsAsð Þ=Ac ð7Þ
Figs. 1 and 2 illustrate the derivation of the tension stiffening

relations from test load–strain diagrams of two singly reinforced
concrete members reported in the test program by Farah and Jac-
coud [27]. The members share the same cross-section and cylinder
strength fc = 36.8 MPa, but differ in the bar diameter (10 and
20 mm) and, therefore, in reinforcement ratio (0.8 and 3.2%). The
solid lines in Fig. 1 show the experimental load–strain diagrams.
The stress–strain tension stiffening relations calculated by Eqs.
(3)–(7) are given in Fig. 2, a. It can be clearly seen that the member
with larger reinforcement ratio possesses significantly lower ten-
sion stiffening stresses. It has been shown in [1,17] that such differ-
ences to a significant extent are caused by the influence of
shrinkage effect. Next section discusses the influence of concrete
shrinkage on deformations and tension stiffening of RC members.
4. Effect of shrinkage on deformations and tension stiffening

Concrete specimens can experience significant amounts of dry-
ing and autogenous shrinkage. Free shrinkage strain, ecs, depends
on a number of characteristics such as time, ambient humidity,
temperature, mixture proportions, material properties, curing con-
ditions, and geometry of the element. Due to the non-uniform
moisture distribution, the external layers of the member shrink
more than the internal ones. This causes the non-uniform stress
state throughout the section resulting in tension stresses in the
exterior part and compression stresses in the mid area. Such effect
is more characteristic to large elements with drying shrinkage con-
fined to the external part of the section. For the smaller sections, as
it is in the current study, it can be assumed that the member
shrinks uniformly and will have no stresses, providing it has no
restraint due to supports or reinforcement. Reinforcement bars
Fig. 1. Shrinkage effect on deformations of RC tension

Fig. 2. Tension stiffening diagrams for RC tension m
placed in the member will provide restraint to shrinkage resulting
in compressive stresses in the reinforcement and tensile stresses in
the concrete [15]. Due to long-term action of the restraint, concrete
stresses are relieved by creep. The effect of variation of concrete
stress and modulus of elasticity in time can be taken into account
by the ageing coefficient v [15].

In the past, shrinkage has been generally neglected in predicting
the deformation response of RC members. However, failure to
account for the shrinkage effect may lead to inaccuracies in assess-
ing member’s crack resistance and stress–strain state. The latter
can be predicted based on the principles of equilibrium and strain
compatibility [15]. Alternatively, the shrinking effect can be taken
into account by a fictitious force having the adequate effect on
deformations of the member [17,18]. The fictitious force has to
be of such a magnitude as to impose the free shrinkage strain,
ecs; in the plain concrete specimen. Thus, the fictitious force is
expressed through deformation modulus, Eca; and cross-sectional
area of concrete, Ac:

Pcsðt; t0Þ ¼ ecs t; t0ð ÞEca t; t0ð ÞAc ð8Þ

where the age-adjusted effective modulus of concrete, Eca t; t0ð Þ; is
related to the creep factor u t; t0ð Þ and the ageing coefficient v t; t0ð Þ

Eca t; t0ð Þ ¼ Ec t0ð Þ= 1þu t; t0ð Þv t; t0ð Þð Þ ð9Þ

Here Ec t0ð Þ is the modulus of elasticity of concrete; t is the time
under consideration; t0 is the time of loading. Note that shrinkage
strain, ecs; is taken negative.

The fictitious shrinkage force is applied at the centroid of the
plain concrete section. In the general case of the centroids of plain
concrete and RC sections not coinciding, the fictitious shrinkage
force acts with eccentricity. In the case of tensile RC member
members [27] with different reinforcement ratio.

embers [27] with different reinforcement ratio.



Fig. 3. Experimental data set for deriving shrinkage-free tension stiffening law.
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having a symmetrical section, the shrinkage-induced longitudinal
strain is calculated by this formula:

em;cs t; t0ð Þ ¼ Pcsðt; t0Þ
Eca t; t0ð ÞAc þ EsAs

¼ ecs t; t0ð ÞEca t; t0ð ÞAc

Eca t; t0ð ÞAc þ EsAs

¼ ecsðt; t0Þ
1þ Es

Eca t;t0ð Þq
ð10Þ

where As is the area of reinforcement; Es is the modulus of elasticity
of reinforcement.

From equilibrium, the internal forces acting in the concrete and
reinforcement are equal in magnitude and opposite in sign.
Shrinkage-induced tensile stress in concrete can be calculated by
the formula [17]:

rct;cs t; t0ð Þ ¼ � ecsðt; t0ÞEsq
1þ Es

Eca t;t0ð Þq
ð11Þ

Here q ¼ As=Ac is the reinforcement ratio.
The techniques to remove the shrinkage effect from load-

deformation and tension stiffening relations have been proposed
by Bischoff [1] and Kaklauskas and Gribniak [34]. The latter
approach is more general as it is applicable not only to tensile
members, but also to a combined action of axial force and bending
moment. As was shown in [17], the removal of the shrinkage effect
from tension stiffening relations of tensile RC members can be per-
formed in a simple way by lifting up the stress–strain diagram by
stress rct;cs. Such stress modification for the two earlier discussed
RC members with different reinforcement ratio is illustrated in
Fig. 2(a). The shrinkage-induced tensile stresses calculated by Eq.
(11) equaled to 0.406 and 1.224 MPa for the members reinforced
with Ø10 and Ø20 bars, respectively. The stresses clearly depend
on the reinforcement ratio with the larger value being in the mem-
ber with higher amount of reinforcement. Addition of tension stiff-
ening stresses shown in Fig. 2(a) and stresses rct;cs resulted in
modified shrinkage-free tension stiffening relations that are pre-
sented in Fig. 2(b). In the modified stress–strain relations, the orig-
inal values of strains were increased by rct;cs=Ec. After the exclusion
of shrinkage effect, the resulting curves have clearly approached
each other indicating that tension stiffening effect is similar for
the members with different reinforcement ratio.

In a similar way, the experimental load–strain curves of the RC
ties were adjusted to eliminate the shrinkage effect. For that, the
resultants of the shrinkage-free tension stiffening stresses were
summed up with the internal forces of tensile reinforcement. The
principle of superposition was applied to every experimental point
with increasing load and strain, resulting in the load–strain dia-
grams shown in Fig. 1 by dashed grey lines. Similarly to the tension
stiffening relations (see Fig. 2), the difference between the modi-
fied (shrinkage-free) and experimental load–strain curves was
more evident for the member with larger reinforcement ratio.

The above analysis has demonstrated that shrinkage may dras-
tically influence the tension stiffening stress–strain relations. For
this reason, removal of the shrinkage effect is essential for develop-
ing a tension stiffening law of general character.
Fig. 4. Shrinkage-free stress–strain tension stiffening law.
5. Derivation of tension stiffening law

In a similar way as described in the previous two sections, the
shrinkage-free tension stiffening relations were derived for each
of the test specimen employed in the current study. Fig. 3 plots
the descending branches of the shrinkage-free stress–strain ten-
sion relations obtained for all the data set. To ensure even contri-
bution of each experimental specimen, the data set was shaped
by means of an interpolation procedure described in [12]. The pro-
cedure aims at equal representation of data of the members with
different material and geometrical characteristics and load levels.
Using all available test data of each specimen within the load inter-
val representing the cracking load and yield strength, tension stiff-
ening stresses were established by Eq. (7) at certain levels of
normalized strains (ect/ecr = 1.0, 1.5, 2.0, 2.5,. . .) obtained by linear
interpolation. Here ect is the concrete mean strain and ecr = fct/Ec
is the cracking strain.

The proposed tension stiffening model is shown in Fig. 4. The
current study follows the traditional approach of illustrating the
concrete tensile behavior in RC members by splitting the mean
stress-mean strain relationship into two parts, the ascending and
descending branches. The first one represents its elastic behaviour
assuming that the concrete is still intact whilst the second branch
examines the RC member’s behavior subsequent to the surpassing
of the concrete’s cracking stress.

The geometry of the ascending branch will be dictated by the
material’s elastic constitutive law:

rct ¼ ectEc; ect � ect;maxð Þ ð12Þ
The descending tension stiffening curve was obtained by means

of the curve fitting using the test points given in Fig. 3. Among a
wide range of possible fitting curves, the one shown in Eq. (13)
has been selected as a sensible compromise between accuracy
and simplicity:

rct ¼ 0:025 � f c �
0:85 � ect � 103

� �0:8
� 1:5

0:25 � ect � 103
� �0:3

þ 0:8
; ect � ect;maxð Þ ð13Þ



740 G. Kaklauskas et al. / Construction and Building Materials 189 (2018) 736–744
In numerical modelling, the smaller value out of two rct calcu-
lated by Eqs. (12) and (13) for a given strain ect will be taken as the
respective mean stress in the tensile concrete. If the elasticity mod-
ulus of concrete is calculated by Eurocode 2 (see Eq. (2)), the max-
imum stress, rct,max, and the respective strain, ect;max, can be
assessed as:

rct;max ¼ 0:0246f c þ 1:5372 ð14Þ
ect;max ¼ rct;max=Ec ð15Þ
Fig. 5 shows the variation of the descending branches of the

proposed tension stiffening law for different concrete strengths:
35 MPa, 45 MPa, 55 MPa and 65 MPa. In Fig. 6, the graphical out-
puts of the model are given against the test points representing dif-
ferent intervals of concrete strength.

A noteworthy feature of the proposed constitutive law is its
relation to the compressive strength of concrete instead of the ten-
sile strength as in most tension stiffening laws. This way the pro-
posed model avoids the inaccuracies associated with the
uncertainties related to empirical expression of the tensile strength
Fig. 5. Proposed stress–strain relationship for RC members in tension.

Fig. 6. Proposed tension stiffening law against experimental d
of concrete. On the other hand, this removes the ability of using the
actually measured tensile strength.

Fig. 7 plots the proposed law against the tension stiffening rela-
tions of Eurocode 2. The latter were derived by Eqs. (3)–(8) for two
concrete grade (C35 and C55) and four reinforcement ratio (0.2%,
0.5%, 1.0% and 2.0%) levels using the load–strain diagrams defined
by Eurocode 2. Both stresses and strains are normalized based on
the tensile strength of concrete, fct,EC2, calculated by Eurocode 2.

Fig. 7 clearly demonstrates a strong dependence of the Euro-
code 2 tension stiffening relations on the reinforcement ratio. This
works differently in the current approach, as it seems that after
removing shrinkage, tension stiffening has no or little dependence
from other parameters than the compressive strength fc. However,
it could not be strictly concluded that reinforcement ratio or bar
diameter has no influence on tension stiffening. The members with
high concentration of bars in the tensile zone (characteristic to
bending members with large reinforcement ratio) may undergo
significant damage of concrete due to shrinkage occurring prior
to external loading what might reduce the tension stiffening effect.

The tension stiffening stresses predicted by the Eurocode 2 sig-
nificantly exceed the ones from the suggested model. The differ-
ence increases with the reduction in the reinforcement ratio. It
can be noted that the maximum stresses of the suggested model
do not reach the tensile strength of concrete (rct/fct,EC2 = 1)
assessed by the Eurocode 2.

It should be kept in mind that the proposed model is shrinkage-
free whereas the Eurocode 2 tension stiffening relations are
affected by shrinkage. If the shrinkage effect was taken into
account for the proposed model, the difference in the tension stiff-
ening stresses from the Eurocode 2 would have been even more
evident.
6. Validation of the proposed tension stiffening model

This section reports a limited validation analysis of the pro-
posed tension stiffening model based on independent test data.
For that tests on four RC ties (two couples of twin specimens)
including the recordings of free shrinkage strain have been carried
ata for different ranges of concrete compressive strength.



Fig. 7. The proposed model compared to the tension stiffening relationships obtained for Eurocode 2.
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out. The predicted load–strain and tension stiffening relations were
compared to the experimental ones. The technique for short-term
deformation analysis of tensile RC members taking into account
the shrinkage effect is described below.

6.1. Nonlinear stress and strain analysis of RC ties

The proposed tension stiffening model aims at providing an
accurate representation of strains in RC tension members. The
load–strain behaviour of cracked RC tension members can be
defined by the technique reported in [17] with the inclusion of
the shrinkage effect occurring prior to the external loading. The
method is a non-linear iterative analysis based on the conception
of secant deformation modulus taking into account varying mate-
rial properties. Mean strain is calculated by this formula:

emðtÞ ¼ esðtÞ ¼ ectðtÞ ¼ P þ PcsðtÞ
Ec;secAc þ EsAs

ð16Þ

where Ec,sec is the secant deformation modulus calculated for the
proposed tension stiffening model. For the serviceability analysis,
elastic modulus Es can be taken for reinforcement. To simplify nota-
tion, the age at first loading is omitted from the arguments of
Pcs t; t0ð Þ; ecs t; t0ð Þ and Eca t; t0ð Þ.

For a cracked RC member, the fictitious axial force Pcs has a
slightly different shape (compare to Eq. (8):

PcsðtÞ ¼ e
�
csðtÞEc;secAc ð17Þ

In the above expression, the fictitious shrinkage force PcsðtÞ is
considered as a short-term action. The creep and ageing effects
are taken into account through the effective shrinkage strain

e
�
csðtÞ assuming that shrinkage develops instantly and has the same
effect on the reinforcement strain as if shrinkage was gradually

increasing in time from zero to the free shrinkage strain, e
�
csðtÞ.

The effective shrinkage strain can be calculated by this formula
[17]:

e
�
cs tð Þ ¼ ecsðtÞ

1þ Es
EcðtÞq

1þ Es
EcaðtÞq

ð18Þ

In the first iterative step, the elastic modulus is taken for con-
crete (Ec,sec = Ec). Strain in concrete due to the acting stress is
assessed as the difference between the total strain and the shrink-
age strain:
Fig. 8. Geometry of test R
ec;r tð Þ ¼ ect tð Þ � e
�
cs tð Þ ð19Þ

For the strain ec,r (t), the acting stress rct is calculated by the
proposed tension stiffening law. A new value of the deformation
modulus, Ec,sec, is assessed in the following way:

Ec;sec ¼ rct=ec;r tð Þ ð20Þ
The latter represents the starting point of a new iteration if,

compared with the Ec,sec value from the initial or previous iteration,
the agreement is not within a desired precision. In that case, the
new iteration is started by inserting back in Eq. (16) the latest con-
crete secant elastic modulus Ec,sec.
6.2. Tests of RC ties and comparison to prediction results

The experimental investigation carried out at Vilnius Gediminas
Technical University [35] involves four RC tension members of
1000 mm in length with 100 � 100 mm cross-section containing
a single reinforcing bar of 12 or 14 mm diameter as shown in
Fig. 8. Main parameters of the test ties are listed in Table 2. The fol-
lowing notations are defined: concrete area (Ac); diameter of rein-
forcing bar (£); steel area (As); steel reinforcement ratio (q); age of
the specimen at the testing day (t); and compressive strength of
150 mm concrete cylinder (fc).

The proportions of the concrete mix are given in Table 3. Port-
land cement and locally available crushed sandstone with a maxi-
mal nominal size of 16 mm were used as the coarse aggregate. The
water/cement ratio by weight was adopted as 0.36 while the
aggregate/cement ratio was 2.49. All specimens were cast using
steel formwork. The specimens were demoulded two days after
casting. All specimens were stored in the laboratory at an average
temperature of 19.2 �C and relative humidity (RH) of 45.7%.

The concrete compressive strength was taken as the average
value of three 150 mm cylinder specimens. Prior to the short-
term tests of the ties, measurement of concrete shrinkage was per-
formed on 400 � 100 � 100 mm prismatic concrete specimens
having the cross-section of the experimental ties. The shrinkage
recordings were performed within the 200 mm base using the
surface-glued steel gauge studs. Shrinkage strain at the testing
day of RC ties D12 and D14 was on average ecs ¼ �80:8 � 10�6

and ecs ¼ �75:6 � 10�6, respectively.
Reinforcement consisted of deformed bars (S500) with nominal

diameters £12 and £14 mm. Three samples of each diameter
C tension members.



Table 2
Main characteristics of the test ties.

Ties h � b L Ac £ As q t fc Steel grade

mm mm2 mm mm2 % days MPa

D12-1 100 � 100 1001 9989 12 113.1 1.13 48 53.1 S500
D12-2 1011
D14-1 1002 9992 14 153.9 1.54 36
D14-2 997

Table 3
Mixture proportion of the test specimens [kg/m3].

Material Amount

Sand 0/2 mm 280 ± 1%
Sand 0/4 mm 470 ± 1%
Crushed aggregate 4/16 mm 930 ± 2%
Cement CEM II 42.5C 470 ± 0.5%
Water 150 ± 5%
Concrete plasticizer Muraplast FK 63.30 3.76 ± 2%
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were tested and several lengths were weighed to check the nomi-
nal size. The stresses and modulus of elasticity are based on nom-
inal diameters. The yield stress of£12 and£14 mm steel bars was
563 MPa. Elastic modulus of reinforcing bars was obtained to be
184 GPa.

The ties were tested by applying the load to the steel bar using a
displacement-controlled servo hydraulic machine with 600kN
capacity (Fig. 9a). The loading rate was 0.06 mm/min. Linear vari-
able displacement transducers (LVDT, Fig. 9b), attached to the
bar and surface of the concrete were used for recording deforma-
tions. The load was measured with the electronic load cell of the
testing machine (Fig. 9c).

The crack development was observed and recorded using a 50
magnification (�50) optical microscope. The test was terminated
after reaching the ultimate stress in the reinforcement bar. The
Fig. 9. Test setup: a) testing machine; b) layou
final crack patterns of each of the specimens are presented in
Fig. 10 with the cracks numbered in the order of their appearance.

The experimental and predicted load–strain diagrams are
shown in Fig. 11 separately for the twin specimens. Even though
there was some difference in crack pattern for the twin specimens,
the experimental load–strain relations were rather close. It demon-
strates reliability of the test results. The predicted strains were also
of reasonable accuracy, in the cracked stage on average reaching
93% of the test results. It should be noted that in the elastic stage
the model demonstrates stiffer response compared to the experi-
ments. The strain difference between the predicted and experi-
mental values increases with growth of load up to the cracking
point due to a rather expressed nonlinear behavior of the test ties.
The reason for that is the ‘‘end effect” being responsible for the lar-
ger reinforcement strains at the ends of the member within the
transfer length. Within the transfer zone which increases with
growing load, strains in the reinforcement reduce progressively
from the end point of the member to the point of the transfer
length at which the strain compatibility is enforced. Only the cen-
tral part of the member between the two points representing the
transfer length, behaves based on the principles of strain compat-
ibility and elastic theory of composites. Thus, the nonlinear effect is
more clearly expressed in shorter elements as the share of the ‘‘end
effect” becomes more significant.

Tension stiffening relations obtained by Eqs. (2)–(5) from the
experimental and predicted load strain diagrams are given in
t of LVDTs; c) data acquisition equipment.



Fig. 10. Crack patterns of test specimens.

Fig. 11. Comparison of test and predicted load–strain diagrams.

Fig. 12. Experimental and predicted tension stiffening stress–strain diagrams.
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Fig. 12. It should be kept in mind that both the test and predicted
relations are affected by shrinkage. The agreement of the curves
seems adequate. Due to the ‘‘end effect”, the experimental ascend-
ing branch is also having a nonlinear shape.
7. Concluding remarks

In this paper, a new tension stiffening law with exclusion of
shrinkage effect has been developed with the goal of providing
an accurate representation of strain behavior of RC tension mem-
bers. Based on the current study, the following conclusions can
be drawn:

1. The proposed tension stiffening model is based on the test data
of seven experimental programs encompassing 108 RC tension
members covering a wide range of reinforcement ratio and bar
diameters as well as concrete compressive strength reaching
70 MPa. The extent of the database ensures the universal appli-
cability of the new law.
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2. The shrinkage effect occurring prior to short-term loading may
drastically change the shape of tension stiffening relations
obtained from the experimental load–strain diagrams of RC ties.
Aside from the free shrinkage strain, reinforcement ratio is the
sole most important parameter responsible for this effect.

3. Exclusion of the shrinkage effect reduces or removes the depen-
dence of the tension stiffening stress–strain relations on rein-
forcement ratio. However, the current study has not provided
sufficient evidence that reinforcement ratio or bar diameter
has no influence on tension stiffening. The members with high
concentration of bars, such as beams with large reinforcement
ratio, may undergo significant damage of concrete in tension
due to shrinkage occurring prior to external loading what might
reduce the tension stiffening effect.

4. A limited independent validation analysis has demonstrated
adequate prediction results by the proposed model.

5. The proposed constitutive law is related to the compressive
strength of concrete instead of the tensile strength as in most
tension stiffening laws. By this the proposed model avoids the
inaccuracies associated with the uncertainties related to empir-
ical expression of the tensile strength of concrete.

6. The tension stiffening stresses by the proposed model are
significantly lower compared to the ones obtained for
the Eurocode 2. The difference increases with the reduction in
the reinforcement ratio.
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