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Abstract. Traditional steel reinforcement does not resist corrosion and its resources are limited; therefore,
carbon, glass, aramid and basalt fibre reinforced polymer bars were developed. The composite reinforcement
has a high tensile strength and resistance to electromagnetic fields. Different kinds of materials and appli-
cation of various surface coatings are used in the production of the composite bars. This results in different
adhesion to concrete and mechanical properties of composite bars. In comparison with steel reinforcement,
glass, aramid and basalt fibre reinforced polymer bars have a lower modulus of elasticity. Thus, structural
rigidity provided by these bars is smaller in respect to reinforced concrete elements. Current reinforced con-
crete design codes and recommendations are based on empirical and simplified methods of strain evaluati-
on, which may be inadequate for design of structures with composite bars. In this paper, an adequacy of the
empirical models was checked against the experimental data of concrete beams reinforced with composite
bars. The moment-curvature data of 52 beams reported in the literature and conducted by the authors were
used for assessment of accuracy of design methods. In order to perform the analysis, different methods from
design codes (European (LST 2007), American (ACI Committee 318 2011) and Russian (NIIZhB 2006)) and
recommendations (Italian (CNR 2007) and American (ACI Committee 440 2006)) have been selected. The
results of the investigation will provide engineers with more information on design of concrete beams with
fibre reinforced polymer bars. This will encourage an extensive use of these innovative materials in different
types of structures.

Keywords: fibre reinforced polymer bars, FRP, design codes, experimental data, deflection, reinforced con-
crete, accuracy analysis, short-term loading.
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Introduction able cracks often appear in the structures. This leads

. . s . to intensive corrosion of steel reinforcement while the
Concrete is a composite material highly resistant to

compression; however, it is brittle and has low tensile resultant products of the corrosion process continue

strength. Therefore, reinforcement bars are used to
take over the tensile stresses. Generally, steel reinforce-
ment bars are used for the production of structural
elements. Properly designed and built concrete struc-
tures could be used for centuries. Unfortunately, due
to the low cracking resistance of concrete, unaccept-

to erode the concrete. Without the protection and
strengthening actions, the structure quickly loses its
operational characteristics. Currently, almost half of
the budget of the construction industry is spent on the
reconstruction and repair of already existing buildings
(Cigna et al. 2003). It is not surprising that huge finan-
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cial investments and efforts of scientists and engineers
from all over the world are made for improvement of
structural and technical solutions of concrete struc-
tures and creation of new and efficient materials. In
order to prevent the corrosion of steel reinforcement,
fibre reinforced polymer (FRP) were developed. Un-
like steel reinforcement, these bars are more resistant
to the effects of cyclic load and electromagnetic fields.
FRP bars consist of resin and fibre. Environmental re-
sistance of these bars depends on resin properties. FRP
bars are made from glass, carbon, aramid or basalt fi-
bres (GFRP, CFRP, AFRP and BFRP, respectively). Fi-
bres are responsible for mechanical properties of FRP
bars, on which the deformational behaviour of rein-
forced concrete structures depends.

Production of FRP bars involves formation of a
cross-section and surface treatment (Fig. 1a). The sur-
face treatment determines the quality of bond between
the bars and the concrete matrix. Complex, uneven
and rough shape of bars ensures good bond proper-
ties; however, such surface treatment results in signi-
ficant price increase of reinforcement. There is still no
global consensus on the most effective shape of FRP
bars. Standardisation of the shape would allow a more
extensive use of such type of reinforcement in the con-
struction industry. In a similar manner, the develop-
ment of the shape of steel reinforcement was carried
out. However, it took over 100 years to be completed
(Fig. 1b).

According to ACI 440.1R-06 design recommen-
dations, in order to ensure the serviceability limit state
of existing structures, a characteristic value of tensile
strength of GFRP and BFRP, AFRP, CFRP has to be
reduced by 20%, 30%, 55%, respectively. As shown in

The standard form
not developed

The standard form by
EN 10080:2005

Fig. 1. Shapes of rebar surface: (a) composite, (b) steel
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Fig. 2. Comparison of characteristic and design tensile strength

and elasticity modulus of reinforcement. Glass, basalt, aramid

and carbon fibre reinforced polymer GFRP, BFRP, AFRP, CFRP,
respectively

Fig. 2, the CFRP bars have the best mechanical pro-
perties, but materials for its production are hardly
accessible. Meanwhile, GFRP production uses widely
available sand and manufacturing technology is rather
simple; therefore, GFRP bars are the most popular
among the other types of FRP. In terms of mechani-
cal properties and production complexity, BFRP and
AFRP bars are somewhere the middle, but they are
rarely used in practice.

A low modulus of elasticity is the main drawback
of GFRP bars (Fig. 2). This leads to a smaller structural
rigidity provided by these bars in respect to reinforced
concrete elements. The bond between composite bars
and concrete depends on the surface pattern of these
bars (Fig. 1a) and is not always guaranteed. Structural
elements with such reinforcement may not meet a ser-
viceability (a limitation of strain and deflection) requi-
rements. Current design codes and recommendations
of structural concrete are based on empirical and sim-
plified methods of deformation evaluation, which may
be inadequate for design of structures with FRP bars.
Therefore, additional and more comprehensive studies
of structural elements reinforced with FRP bars have
to be performed. In this paper, adequacy of empirical
models for deflection evaluation was checked against
the experimental data of concrete beams reinforced
with composite bars. The moment-curvature data of
52 beams reported in the literature and conducted by
the authors were used for assessment of accuracy of
deflection calculation.
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1. Deflection determination

Behaviour of reinforced concrete is a complex issue.
Determination of the behaviour of structural elements
is aggravated by different physical and mechanical
properties of concrete and reinforcement, non-linear
behaviour, cracking, shrinkage and creep, absence of
bond between reinforcement and concrete, distribu-
tion of rebars in the cross-section and the scale factor
make. Modelling of the cracking of concrete and bond
between reinforcement and concrete have the greatest
influence on the results of deformation evaluation.

Design recommendations for FRP reinforced
concrete elements exist in USA (ACI Committee 440
2006), Canada (CSA 2012; CSA 2010), Japan (JSCE
1997) and Italy (CNR 2007), though, there are no
design codes for such type of reinforcement. Current
European (LST 2007), American (ACI Committee
318 2011) and Russian (NIIZhB 2006) design codes of
structural concrete are adapted to the elements rein-
forced with steel bars; therefore, may be inadequate for
design of structures with composite bars.

In this paper, a comparative analysis of the ac-
curacy of deflection determination based on Europe-
an (LST 2007), American (ACI Committee 318 2011),
and Russian (NIIZhB 2006) design codes of structural
concrete as well as Italian (CNR 2007) and American
(ACI Committee 440 2006) design recommendations
for FRP reinforced concrete elements is performed.
Element deflection 6 for all analysed methods is cal-
culated as follows:

S=k-x-12, (1)

where: k is the coeflicient depending on the loading
scheme k = 23/216 for the beams loaded by two con-
centrated forces); K represents the curvature corres-
ponding to the maximum bending moment; and [ in-
dicates the span length of the beam. All of the methods
use the same k and /; parameters and only differ in the
technique of curvature determination.

2. Accuracy analysis

The authors have shown (Gribniak et al. 2013) that the
tension-stiffening is very important for the deforma-
tion assessment of concrete elements reinforced with
composite bars. Still, there is no single approach to de-
termine the effect of tension-stiffening for such type
of reinforcement. As mentioned before, the deforma-
tions due to the low modulus of elasticity of concrete
elements reinforced with FRP bars are different from
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the ones of concrete elements with steel reinforcement.
Therefore, the application of design codes of structural
concrete for design of concrete structures reinforced
with FRP bars may be inadequate.

2.1. Experimental data

The accuracy analysis of deflection assessment met-
hods of design codes and recommendations was per-
formed in two stages. The data of 46 beams reinforced
with FRP bars (466 experimental measurements) col-
lected from 14 various literature sources (Benmokra-
ne et al. 1996a, b; Al-Musallam 1997; Aiello, Ombres
2000; Pecce et al. 2000; Abdalla 2002; Toutanji, Deng
2003; Leung, Balendran 2003; Belarbi, Wang 2005; Al-
Sunna 2006; Rafi et al. 2008; Barris Peia et al. 2009;
Soric et al. 2010; Ascione et al. 2010) was used in the
first stage of the statistical analysis. In order to verify
the adequacy of the results of performed statistical
analysis, the test data of six beams reinforced with
GFRP bars (66 experimental measurements) tested by
the authors were used in the second stage. The analy-
sed beams were divided into groups according to the
type of reinforcement, the reinforcement ratio, the
strength of concrete and the ratio of reinforcement and
concrete modulus of elasticity as shown in Figure 3. All
beams had a rectangular shape and were tested under
four-point bending scheme.

The beams were reinforced with GFRP, CFRP or
AFRP bars. The main characteristics of the beams are
given in Table 1 (No. 1-46). The reinforcement ratio
(p) varies from 0.2% to 3.6%, the average compres-
sive strength of concrete (f_,) — from 24.1 MPa to
61.7 MPa, the ratio of reinforcement and concrete
modulus of elasticity (nf) — from 1.00 to 4.39. Other
parameters presented in the table are the height (h)
and the width (b) of the section, the effective depth (d)
and the length of the beam (L).

The operating loading value and the deflection of
mid-span point have been recorded during the expe-
rimental testing of the beams. In accordance with the
Equation (1) and deflection values obtained from the
experiments, the moment-curvature diagrams were
derived.

The beams tested by the authors were reinforced
with GFRP bars (ComBAR, Schock Bauteile GmbH).
The main characteristics of the beams are given in Ta-
ble 1 (No. 47-52). The reinforcement ratio (p) varies
from 0.2% to 1.1%, the average compressive strength
of concrete (f.,,) — from 44.6 MPa to 56.0 MPa.
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Type GFRP (33) C(I;;{)P GERP (6)
AFRP (1)
p, %
4
fems MPa
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Fig. 3. Test data of 46 beams from the literature and 6 beams from experiments of the authors
Table 1. Geometry and material properties of 46 beams from literature
Programme No. FRP type h, mm b, mm d, mm L, mm P % fcm, MPa ny
1 1,2,3,4 GFRP 190 140...160 | 150...170 1800 1.68...2.53 | 55.2...61.7 | 2.35...2.57
2 5,6,7,8,9,10 | GFRP, CFRP| 250 500 212 2300 0.200...1.52 28.0 1.26...4.39
3 11,12, 13, 14, | GFRP, CFRP 250 150 225 2300 0.281...3.38 | 46.5...55.4 | 1.32..4.22
15, 16
4 17 CFRP 200 120 180 1750 0.656 42.6 3.80
5 18, 19, 20 GFRP 300 180 255...270 2800 0.521... 1.10 35.0 1.14
6 21,22 GFRP 200 150 165 2200 0.576 28.5,48.8 | 1.26, 1.10
7 23,24 GFRP 185 500 145 3400 1.22, 0.699 30.0 1.28
8 25, 26, 27, 28 GFRP 210...300 200 158...248 2700 1.14..3.59 | 31.3..40.7 | 1.01...1.31
9 29, 30, 31, 32, 33 | AFRP, CFRP | 200...150 | 150...250 | 165...130 | 2610...2700 | 0.330...1.15 | 30.5...46.2 | 1.37...3.91
10 34, 35, 36, 37 GFRP 300 200 240...270 3000 0.645...2.18 | 45.0...52.0 | 1.00...1.25
11 38, 39 GFRP 300, 550 200 260, 510 3000 1.10, 0.562 43.0 1.36
12 40, 41 GFRP 200 150 170 2000 0.616 24.1, 32.0 | 1.70, 1.56
13 42,43 GFRP, CFRP 280 200 250 2900 0.760 34.8 1.22..3.93
14 44, 45, 46 CFRP, GFRP 229 178 191 1829 0.780, 1.95, 48.0 1.11...3.36
2.89
15* 47, 48, 49, 50, GFRP 302...305| 271...287 | 243...277 | 3000...3280 | 0.198...1.06 | 44.6...56.0 | 1.76...1.84
51, 52

* Geometry and material properties of 6 beams from experiments of the authors

2.2. Analytical method

Accuracy of curvature (deflection) assessment met-
hods of reinforced concrete elements is analysed exa-
mining ratio A as follows:

A= Keale (2)
Kobs
where x_,;. and x,, are the calculated and experi-

mentally obtained curvature of the beams, respectively
(Timinskas 2014). A logarithmic normalisation:

©=In(A), (3)

was introduced to ensure equal contribution to the ac-
curacy of underestimated (A < 1) and overestimated
(A = 1) predictions. The authors kept to the view that
a prediction is safe if A > 1 (® > 0), meaning that the
code overestimates the deflection rather than under-
estimating it.

Considering the relative deflection A as a random
variable, statistical methods can be used to assess the
accuracy represented by the central tendency and vari-
ability. The central tendency is regarded as a precision
parameter of the calculation method. The postulate of
minimum variability is used to evaluate consistency of
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the model. Basic statistics, such as means mg and m,
(estimator of the central tendency) and standard devi-
ations sg and s, (measure of variability), are calculated
for each method. Taking into consideration transfor-
mation (3), the deflection A is statistically assessed
using the following relationships:

my = exp<m® +0.55(29);

sz =m} [exp(sé)—l}.

All of the descriptive statistical data is given in

(4)

Table 2. The most striking feature is high values of the
coefficient of variation v, obtained for all methods un-
der consideration. To investigate the reasons for that, a
regression analysis was carried out.

Table 2. Main descriptive statistical data

Calculation m s m s o = s /m
technique e © A A AT PATTA
LST EN 0.548 | 0.755 | 2.300 | 2.016 87.7 %
1992-1-1:2005
CNR-DT 0.690 | 0.854 | 2.870 | 2.972 | 103.6 %
203/2006
ACI 318M-11 -0.118 | 0.604 | 1.067 | 0.707 66.3 %
ACI 440.1R-06 | 0.242 | 0.671 | 1.595 | 1.202 754 %
SP 52-101-2003 | 0.563 | 0.802 | 2.420 | 2.298 94.9 %

The influence of variation in parameters, such
as loading intensity K, reinforcement ratio p, avera-
ge compressive strength of concrete f,,, and ratio of
reinforcement and concrete modulus of elasticity n,
on experimental moment-curvature diagrams has
been observed. The loading intensity (loading levels)
is considered as the ratio K:

M-M,

K=— "o . K=(O;O,1;0,2;...;0,9;1),
M -M

up ~ er

(5)

where M, and M, , are the theoretically calculated
cracking and pseudo-cracking moments, respectively.
The cracking moment was determined by the expres-
sion from the Eurocode 2 (LST 2007):

Iy
Mcr :fct =, (6)

t
where: 1, is the moment of inertia for uncracked

cross-section; y, represents the distance from the neu-
tral axis to the sectional layer most in tension; and f,,
indicates the tensile strength of concrete determined
by the values of the compressive strength of concrete

fem (Table 1):
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03[ £, ~8 1" ,when f,,, <58 MPa;

fa = 2,121n(1+(fcm /10)),whenfcm >58 MPa.

Using Equation (5), the analysis is carried out in
11 load levels (K = 0 corresponding to the cracking
moment, and K = 1 refers to the failure of an element).
It is important to note that during the experiment, the
failure mostly occurs in the compressive zone or due to
the reached ultimate strength in the shear zone. There-
fore, when the collapse of element is governed by the
failure of reinforcement (the relative strength of FRP
bars is considered to be 500 MPa), it is necessary to
calculate the limit value of pseudo-cracking moment.
Having in mind that the effect of tension-stiffening
practically disappears with increasing loading, such li-
mitation of the moment allows to assess the influence
of constitutive model of tension-stiffening concrete on
the results of deflection calculation.

The ratios A (2) of all the analysed deflection cal-
culation methods were determined for each loading
level. The regression analysis was performed to inves-
tigate the influence of variation of a model parameter
X (p, ne np, fem or K) on scatter of deflection pre-
dictions. This analysis was performed using the linear
regression model. Taking into consideration the trans-
formation (3), the logarithmic scale for the ordinate
axis is used in Figure 4. Then, the regression model:

®)

shown in Figure 4, becomes linear (@ =a+b- X). The

A=exp(a+b-X),

values of the coeflicients a and b as well as the coeffi-
cient of correlation r are also given in this figure.

It is important to note that, in the ideal case, no
correlation between A and X should be obtained. The
high absolute value of r indicates the presence of such
correlation. The coeflicient b (slope) characterises the
influence of the variation of parameter X on the pre-
cision of the method expressed in terms of A. As indi-
cated, the accuracy of a deflection prediction method
should be independent of the variation of the model
parameters, i.e. b should be close to 0. The systematic
error of the method is characterised by the constant a
(intercept) that ideally should approach 0. It indicates
that the predicted values are equal to the experimental
deflection, i.e. the method does not have a systematic
error.

In this study, the analysed parameters (loading
intensity, reinforcement ratio, average compressive
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strength of concrete, and a ratio of reinforcement and is influenced by sampling variation. Assessing the va-
concrete modulus of elasticity) have different units of riation, widths of confidence and prediction intervals
measurement, which makes it difficult to compare the constructed for a regression model can be analysed.
influence on precision of deflection calculation me- The confidence interval describes the area where the
thods. Therefore, the influence of variation of X on A mean value i, of ratio ® with the (100 - ) % proba-
can be compared using the dimensionless factors: bility would be inside the interval. In accordance with
the expressions by Draper and Smith (1998), the lower
©onpy and the upper ©,,,, bounds of the (100 -
where: my and m, are the mean values of the para- () % confidence interval are obtained.
meters X and A, respectively; and sy and s, are the Unlike the confidence interval that assesses the
respective standard deviations. The factor B,y indica- mean prediction pg , the prediction interval estima-
tes a relative increase of A with a unit increment of X, tes the likely value of the deflection prediction @*,
whereas S, /5 shows a relative part of variation of A due meaning that (100 — o) % of forecast predictions ©®
to scatter of parameter X. These factors are given in  would be inside the interval. As these predictions are
Table 3 with extreme values shown in bold. associated with errors from the future observation, na-
It should be pointed out that the regression mo- turally, the prediction interval becomes wider than the
del is developed using sample data and, therefore, it confidence interval.

sof-2 =o8s7 ] [ A {LSTEN1992-1-1:2005|[ A =113 [A
° b=-0.722 i a=0994 M b=-0.013 :
Ny r=-0.29 AN b= 0426 S T r=-0223 &
B o SO SR I 5 . r=—0.424 e B E—
ST el el e e
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B, a=1180 : . | b=-0012 :
04 - oy b="0469| b * ypr=—018i ;
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Fig. 4. Regression analysis of the data of 46 experimental beams from literature
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Table 3. Coefficients B, x| S,,x expressed as percentage (extreme values in bold)

Calculation technique K p Som ng nep
LST EN 1992-1-1:2005 -14.8]3.3 -19.4]67 -28.0]1.9 8.6]0.8 -14.9 |44
CNR-DT 203/2006 ~18.7 | 4.9 -17.1|4.9 ~20.6 | 0.9 77106 ~13.4133
ACI 318M-11 12418 -0.1]0.0 ~11.7]02 33497 14833
ACI 440.1R-06 1.6 0.0 -236|9.1 ~152 0.5 18.3]3.5 -13935
SP 52-101-2003 -19.1]5.0 -183]5.5 24213 9.0 0.9 -14.0 |35

Table 4. Characteristics of the prediction intervals

Calculation technique .Wldth’ * Logs;ggni/:fe)
min max >

LST EN 1992-1-1:2005 | 1483.8 1912.5 -568.7

CNR-DT 203/2006 2150.4 2816.6 -679.0

ACI 318M-11 939.5 1109.7 -317.7

ACI 440.1R-06 1125.6 1414.0 -567.1

SP 52-101-2003 1822.1 2287.0 -625.1

As shown in Figure 4, the confidence and predic-
tion intervals for all the regression models were cal-
culated under the assumption that oo = 5%. The nu-
merical parameters of the prediction intervals are also
given in Table 4 .

Using the same analytical method as for the ana-
lysis of the data from the first stage, the test data from
the second stage was analysed. The obtained results are
presented in Figure 5.

2.3. The analysis results

In this section, results of statistical analysis are discus-
sed. Design codes and recommended methods for de-
termining curvature were analysed during the stages.
During the first stage, 46 concrete beams reinforced
with FRP bars were analysed.

Location of confidence and prediction intervals
(Fig. 4) with respect to the accurate forecast (A = 1)

serves as a key factor of the analysis. A calculation me-
thod is regarded as precise (with the 95% probability)
if its confidence intervals include the value A = 1. In
the authors’ view, the results on the safe side (overesti-
mated predictions, (A > 1) are preferred considering
the underestimation (A < 1) as unsafe.

Authors consider that the design method is reli-
able if m, >1 This means that the calculation by the
design codes are derived element stiffness margin (cal-
culated curvature by the design codes are systemati-
cally above the experimental values of the curvature).

Analysing the influence of the reinforcement ratio
on the results presented in Figure 4, it is important
to note that the expression of linear regression may
not be fully adequate. For instance, the regression ex-
pression of the methods from European and Russian
design codes as well as Italian and American design re-
commendations is valid only when p<2,5 % (Fig. 4).
When p>2.5%, regression becomes a non-linear and
p=2.5% could be considered as a limit value.

Examining the FRP reinforcement, instead of the
reinforcement ratio p, Torres et al. (2012) recommend
to analyse a regression relationship between the ratio A
and n P (Fig. 4, Table 3). It should be noted that the
relative stiffness n P of reinforced concrete beams is
usually higher than six. According to the parameters
of the collected sample data, it can be seen that the
relative stiffness n¢p of the majority of concrete ele-

.
50 \ ACI 440.1R-06

__1 LSTEN 1992-1-1:2005

[ A

[E—
1 ACI 318M-11

20

10

5

0.5

27t }L :

0.2 7o

0.18

nyp, % |

np, %’ § npp. %]

0.05
0.3 0.7 1.1 1.5 1.9 0.3 0.7

° Experimental points = Regression line

1.1 1.5 1.9 0.3 0.7 1.1 1.5 1.9

Fig. 5. Analysis of the data of 6 beams from experiments of the authors
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ments reinforced with FRP bars is less than 2. Therefo-
re, the authors recommend to perform further studies,
when 2<n 7P <6. Parameter n.p has a similar effect
on the precision of each method: the scatter of ratio A
is approx. 3.3 to 3.5%, only for European design code
approx. 4.4% of A scatter can be attributed to the vari-
ation of n¢p (S,/x, Table 3).

Summarising the results, it can be stated that the
curvature assessed with methods from the American
design code ACI 318M-11 and the one obtained from
the experimental measurements differs the least; al-
though, on average, it gives the deflection predictions
underestimated by 11%. Theoretically, it could be
considered as the most accurate method; however, it
does not ensure the required structural rigidity and
is not adequate for the design of concrete elements
reinforced with FRP bars. The Italian design recom-
mendations give the largest margin (overestimation
up to 123%) leading to the unreasonable increase of
cost of the structural elements. The average standard
deviation of the curvature calculated with the methods
from European and Russian design codes as well as
Italian and American design recommendations are
51%, 52%, 63% and 24%, respectively. Moreover, ch-
anging the strength of concrete, the precision of the
methods from European and Russian design codes as
well as Italian and American design recommendations
is improving. With increasing loading level K, the pre-
cision of the methods from European and Russian de-
sign codes as well as Italian design recommendations
is improving as well. At the limit loading level, it gives
the deflection predictions overestimated by 16%, 4%
and 9%, respectively. This can be explained by the fact
that with increasing loading, the influence of the tensi-
le concrete on element deformations is decreasing and
finally fully disappears (when only reinforcement takes
over all tensile stresses).

The precision of the method from the American
design recommendations practically does not depend
on the loading level K. Such method provides the de-
flection predictions overestimated by 20%, which is the
lowest of all analysed methods. Therefore, in the au-
thors’ view, the ACI 440.1R-06 method is the most sui-
table for the design of concrete structures reinforced
with FRP bars.

In order to verify the adequacy of the results of
performed statistical analysis, the test data from the
second stage (six beams reinforced with GFRP bars,
66 experimental measurements in total) was analysed

E. Timinskas et al. Accuracy analysis of design methods for concrete beams reinforced with fiber ...

using the same analytical method. The obtained results
are presented in Table 5. As already mentioned, the
reinforcement ratio p is not considered while creating
a regression model of the ratio A for the concrete ele-
ments reinforced with FRP bars (Fig. 5).

Due to a small experimental sample the analysis
results are of a qualitative nature (type), i.e. it is not
correct to consider statistical parameters such as mean
average, standard deviation, etc. Following the data
from Figure 5, it can be seen that the method from
ACI 318M-11 design code is very sensitive to the ch-
ange of n 7P- When n #p~0.3, the values of calcula-
ted curvature are 7 times lower than the experimen-
tal ones. The authors believe that this phenomenon
observed at low load values and calculating the cra-
cking moment is due to the overestimation of tensile
strength of concrete.

Unlike in the first stage of analysis, curvature
values calculated by the method from the European
design code LST EN 1992-1-1:2005 were very close to
the experimentally obtained results. Moreover, a scat-
ter of the results was the lowest of all analysed me-
thods (Fig. 5). In the authors’ view, the main reason
for this is ensured bond properties between “Schock
ComBAR” rebars and concrete (Gudonis et al. 2012).

As in the first stage, the curvature results calcu-
lated by the Russian design code SP 52-101-2003 are
very similar to the European ones.

The character of the results of calculations by the
American (ACI Committee 440 2006) and Italian (CNR
2007) design recommendations is similar to the one
from the first stage. Calculation results of American
design recommendations approximately correspond to
the experimental data (the regression line is horizontal
and close to the unit, see the comments on Equation
(8)), although the distribution of the results obvious-
ly depends on the change of n¢p . The Italian design
recommendations ensure the margin of deflection cal-
culations (it gives deflection predictions overestimated
by 150%). This can be explained by the coefficient B, =
0.5 applied in the formula (8-12b) from ACI 440.1R-06
design recommendations. The obtained results show
that the application of such value of B, regardless of
the bond quality between FRP bars and concrete, is too
rough for deflection calculations of concrete elements
reinforced with various types of FRP bars. In case of
the use of “Schéck ComBAR” reinforcement, the coef-
ficient 3, can be taken equal to 1.0.
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Conclusions

According to the European (LST 2007), American
(ACI Committee 318 2011), and Russian (NIIZhB
2006) design codes of structural concrete as well as
Italian (CNR 2007) and American (ACI Committee
440 2006) design recommendations for FRP reinforced
concrete elements, a comparative analysis of the accu-
racy of deflection assessment methods was performed.
The statistical analysis was carried out using the data
of 52 concrete beams reinforced with FRP bars (totally
532 experimental measurements) collected from 15
experimental programs. All of the beams were tested
by a four-point bending scheme. Most of them were
reinforced with GFRP bars (39 beams), the rest — with
CFRP bars (12 beams) and one - with AFRP bars.
Six beams tested by the authors were reinforced with
“Schock ComBAR” GFRP bars.

A design of concrete elements reinforced with
FRP bars should be based on the experimental results
of the structural stiffness and the bond properties
between FRP bars and concrete. The authors suggest
applying the American ACI 440.1R-06 design recom-
mendations for the design of concrete elements rein-
forced with FRP bars. In case the bond properties bet-
ween FRP bars and concrete are ensured (e.g. the use
of “Schock ComBAR” reinforcement), the European
LST EN 1992-1-1:2005 design code is adequate for the
deflection assessment of concrete elements reinforced
with FRP bars.
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KOMPOZITAIS ARMUOTU BETONINIU ELEMENTU PROJEKTAVIMO METODU
TIKSLUMO ANALIZE

E. Timinskas, R. Jakstaité, V. Gribniak, V. Tamulénas, G. Kaklauskas

Santrauka. Tradiciné plieniné armatira néra atspari korozijai, jos istekliai yra riboti, todél buvo sukurti polimeriniai strypai,
armuoti anglies, stiklo, bazalto arba aramido pluostu. Si kompozitiné armatiira pasizymi dideliu tempiamuoju stipriu ir
atsparumu elektromagnetiniam laukui. Kompozitiniy strypy gamyboje naudojamos skirtingos medziagos ir taikomi jvairas
pavir$iaus dengimo budai, skiriasi jy mechaninés bei sukibimo su betonu savybés. Lyginant su plienine armatara, stiklo,
aramido ir bazalto kompozitiniai strypy tamprumo modulis yra mazesnis, todél tokiais strypais armuoty konstrukcijy stan-
dumas taip pat yra mazesnis nei gelzbetoniniy konstrukcijy. Dabartiniuose gelzbetoniniy konstrukeijy projektavimo regla-
mentuose taikomi empiriniai supaprastinti deformacijy nustatymo metodai gali buti netinkami konstrukcijoms, armuotoms
polimerine armatiira, projektuoti. Siame darbe, naudojant mokslinése publikacijose surinkty 46 eksperimentiniy tyrimy ir
autoriy atlikty 6 sijy bandymy duomenis, buvo jvertintas kompozitais armuoto betono elementy jlinkiy skai¢iavimo metody
tikslumas. Analizei atlikti buvo pasirinkti Europos (LST EN 1992-1-1:2005), JAV (ACI 318M-11) ir Rusijos (SP 52-101-2003)
armuotojo betono konstrukcijy projektavimo normy bei Italijos (CNR-DT 203/2006) ir JAV (ACI 440.1R-06) projektavimo
rekomendacijy metodai. Gauti analizés rezultatai suteiks projektuotojams i$samesne informacija apie kompozitais armuoty
betoniniy elementy projektavima, skatins didins $iy inovatyviy medziagy naudojimo apimtj jvairiose statybinése konstruk-
cijose.

Reik$Sminiai Zodziai: nemetaliné strypiné armatiira, projektavimo normos, eksperimenty duomenys, jlinkiai, armuotasis
betonas, tikslumo analizé, trumpalaiké apkrova.
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