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Abstract. The present paper reports results of the investigation on shrinking of the concrete mixture which is often used
for casting the new bridges. The study is based on the experimental results obtained in three research projects which
were performed under financial support provided by the Lithuanian State Fund of Research and Studies at the Vilnius
Gediminas Technical University from 2005 to 2009. The accuracy of the most popular shrinkage prediction techniques
was analysed using the test data. The analysis has shown that the Eurocode 2 method has given the most accurate predic-
tions. The attention was also pointed on the analysis of the steel fibres influence on the shrinkage deformations of the
structural concrete. The performed statistical analysis has indicated that the steel fibres application as admixture signifi-
cantly reduced the free shrinkage strains. The paper has concluded that utilisation of the steel fibres is very effective way

of increasing the service properties of concrete bridges.
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1. Introduction

Advanced civil engineering structures, especially bridges,
are exclusively recognised in every society as a measure
of culture, economical and social development. This de-
velopment leads to steady increasing traffic. Therefore, in
the modern societies, the civil engineers should secure the
performance and durability of the transportation infra-
structure. Naturally that the bridges, as a part of this infra-
structure, are requested being reliable, efficient, and safe.
The demerits in the concrete structures can arise from the
mechanical and environment loading coupled with delete-
rious reactions. Moreover, concrete shrinks as it dries un-
der ambient conditions.

The researches performed by the authors indicated
that the shrinkage may reduce significantly the servicea-
bility of the concrete structures (Gribniak et al. 2007, 2008,
2010; Kaklauskas et al. 2009a). It was found that the re-
strained shrinkage is one of the major causes of defects in
the bridges all over the world. The shrinkage is among the
most uncertain mechanical properties of concrete. There-
fore, it is important for structural designers to know accu-
racy of shrinkage prediction models.

In last decades, steel fibre reinforcement is widely
used in many countries as additive for concrete and cement

mortar mixture for production of the concrete structures.
Application of fibre reinforcement in Lithuania is often re-
stricted to production of concrete floor for different pur-
poses. Whereas, in other countries (USA, Japan, Germany,
Australia, etc) application area of fibre reinforcement is
much wider, for example: bridge decks, thin-walled struc-
tures (tunnels, reservoirs, etc), pavements, pipelines, pile
foundations. Thus application of the fibre reinforcement is
considered as one of the most important branches of engi-
neering science.

This paper investigates shrinking of the concrete mix-
ture which is often used for casting bridges in Lithuania.
The following objectives of the study have been followed:
1) to investigate accuracy of the shrinkage prediction
models; 2) to explore whether steel fibre reinforcement has
influence on the shrinkage magnitude.

2. Consequences of restrained shrinkage cracking

The term free shrinkage is commonly used to describe
the contraction of hardened concrete exposed to relative
humidity less than 100%. Magnitude of the shrinkage de-
pends on the concrete mixture proportions and material
properties, method of curing, ambient temperature and
humidity conditions, geometry of the element. It develops
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gradually with time; the word free refers to the case of a
member that can shorten without restraint, thus produc-
ing no stresses. Fig. 1 illustrates how volumetric changes
of the hardened concrete can result cracking. It compares
development of the cracking resistance (time-dependent
tensile strength) with the restrained shrinkage-induced
stresses. The specimen will crack when the two lines rep-
resenting the tensile strength and the shrinkage-induced
stress, will intersect. Analogously, if the strength is always
greater than the stress, no cracking occurs.

The restrained shrinkage-induced stress might be dif-
ficult to quantify. It is not equal to the ‘elastic’ stress, de-
fined by multiplying the free shrinkage strain by the elas-

Table 1. Mix proportion of the concrete, kg/m?

Material Amount

Sand 0/4 mm 905 + 2%
Crushed granite aggregate 5/8 mm 388+ 1%
Crushed granite aggregate 11/16 mm 548 + 1%
Cement CEM I 42.5 (Class N) 400 £ 0.5%
Water 123.8 + 5%
Plasticiser Muraplast FK 63.30 2+2%

Stress

A Shrinkage-induced

elastic stress

A Creep effect

Stress considering creep

and shrinkage
\ Material resistance
1 £ (tensile stress)

| Shrinkage-induced stress

| v »
»

Time of drying

N Age of cracking

Fig. 1. Restrained shrinkage-induced stress

Krampe-Harex KP 35/1.95

Fig. 2. The tested fibres

tic modulus due to the creep effect (Gribniak et al. 2007).
Moreover, the shrinkage strain increases with time. The
authors proposed the simple procedure for defining the
stress taking an accompanying creep effect into considera-
tion (Kaklauskas et al. 2009a).

Effects of shrinkage and accompanying creep of con-
crete, along with cracking, provide a major concern to the
structural designer because of the inaccuracies and un-
knowns that surround them. These effects led to much
deterioration in newly constructed or repaired reinforced
concrete bridges all across Europe. Daly (1999) reported
that restrained shrinkage-induced cracks cause 12% and
10-14% of deteriorations in the bridges in France and in
Germany, respectively; in UK and Norway the shrinkage
cracking is one of the major causes of such defects.

The fibre reinforcement is commonly used for miti-
gating cracking in newly constructed or repaired concrete
bridge elements. The presented experimental investiga-
tions were performed avoiding the uncertainties that may
arise during construction due to the influence of early-age
concrete properties on the total stress state while focusing
an attention on the influence of steel fibres on magnitude
of shrinkage.

3. Shrinkage tests

This Section presents the results of the experimental inves-
tigations on the concrete shrinkage. The research projects
were performed at the Vilnius Gediminas Technical Univer-
sity from 2005 to 2009 under financial support provided
by the Lithuanian State Fund of Research and Studies (Kak-
lauskas et al. 2005, 2008, 2009b).

3.1. Material properties

Present study has been dedicated to investigation of
shrinkage of concrete (grade C35/45 S3) which is com-
monly used in newly constructed bridges in Lithuania. In
recent years, the concrete for bridge construction sites in
Vilnius area is most frequently supplied by the industrial
plant “Betono Centras”. For this reason, the concrete pro-
duced at the “Betono Centras” plant was selected for the in-
vestigation. The tests cover a four-year period when a large
number of different engineering structures (overpasses,
high-rise buildings and so on) were constructed.

The present investigation is based on the test meas-
urements given in the three research projects performed
by the authors in 2005, 2008, and 2009. The database con-
tains measurements of 72 specimens from 13 batches. The
mix proportion was taken to be uniform for all the batches
and is given in Table 1. The ordinary Portland cement and
crushed granite aggregate (16 mm max nominal size) were
used. Water/cement and aggregate/cement ratio by weight
were taken as 0.42 and 2.97, respectively. Some of the spec-
imens were cast using the steel fibres reinforced concrete.
Two different types of fibres were used: Krampe-Harex KP
35/1.95 and Duoloc 55/1 (Fig. 2). In Table 2 the fibre-con-
crete mixtures are noted as F1 and F2, respectively.

In order to determine material properties of con-
crete, 12 of &15x300 mm cylinders, 12 of 150 mm cubes,
15 of 100x100x400 mm and 17 of 300x280x350 mm
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prisms were cast. The cylinders and prisms were used
for shrinkage measurements. The compressive strength
was measured at the test finish day and at three time in-
tervals during the tests, approximately 1, 2 and 4 weeks
after casting. 3 cylinders, 3 of 150 mm cubes and 3 of
100x100x400 mm prisms were tested at each age for
each mixture determining the compressive strength and
the stress and strain relationship. Variation of the com-
pressive strength in time is given in Table 2, where f_,,
and f.,, .. are the mean values of concrete compressive
strength obtained from &150x300 mm cylinders and
150 mm cubes, respectively.

The results given in Table 2 indicate that all the mix-
tures at early age reached the design value of compressive
strength (C35/45). The strengths of most mixtures (shown

Table 2. The compressive strength of concrete, MPa

Mixture Producing Parameter

data Measurements
m.cul - .9 40. - 47.
I 2005-09-30 L < 369 409 73
Age,days - 7 14 - 47
- 4.4 399 48.7 48.2
I 2005-10-07 emeube 344 399 B 45
Age,days - 5 11 28 29
Fom e - 324 37.7 412 416
111 2005-10-14
Age,days - 6 15 31 32
v 2005-10-24 f. be - 454 47.7 55.5 52.9
Age,days - 7 14 31 35
fom - - - 425 483
\Y% 2008-09-19 f.. upe - 442 50.4 48.7 56.3
Age,days - 7 14 28 69
Fom - - - 455 497

VI 2008-09-26 f., ... 434 50.8 546 52.9 64.7

Age, days 3 7 14 28 76

in the gray-filled cells) were found to be greater than the
nominal strength. Due to the fact that the compressive
strength is traditionally assumed as the quality indicator
of the technological process and is continually controlled
at the plant, the obtained results can be considered quite
natural. However, shrinkage (another important char-
acteristic of structural concrete) often is not controlled.
Therefore, this study deals with shrinking properties of
concrete.

3.2. Free shrinkage measurements

In the first project (2005), the mechanical strain gaug-
es were used for the shrinkage measurements, whereas,
in other two projects (2008 and 2009), the Demec-200
strain gauge (Fig. 3) was applied. The measurements
started 2-5 days after casting and were performed daily
on 100x100x400 mm and 280x300x350 mm prisms and
J150%300 mm cylinders. After start of drying, ends of the
cylinders and 280x300x350 mm prisms were isolated with
a polyester film. The experimental set-up is presented in
Fig. 4.

fom - - - 495 528
VII 2008-10-03 f, be - 50.7 59.7 66.3 68.0

Age,days - 5 14 28 77 Fig. 3. Shrinkage measurement using the Demec strain gauge
Fom - - - 495 505

VIII(F1) 2008-10-03 f: ube - 454 544 584 72.3
Age, days — 5 14 28 77 Samples used in 2005
Jem - - - EEe46 100%100x400 300x280x350

IX  2008-10-16 f, ... 403 - 486 554 61.5

Age, days 4 - 14 28 50
fom - - - 438 465 4 I

X(F1) 2008-10-16 f be 398 - 514 55.7 60.9
Age,days 4 - 14 28 50 Isolated
fom — - - 462 548 .

XI(F2) 2009-05-26 f., .. 374 - - 505 657 Samples used in 2008-2009
Age, days 2 _ _ 28 176 150%300 100x100x400 300%280%350
fom - - - 420 481 1 e |

XII(F2) 2009-05-29 f. .. 362 - - 474 556 {:}
Age,days 3 - - 28 173

O\ p q o b

fom - - - 469 526

XII(F2) 2009-06-03 f, ;o 368 - - 5L1 617 solated “Usolated
Age,days 2 - - 28 168

Fig. 4. Experimental set-up of the test specimens
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Table 3. Structure of the test data

The reference database contains 4299 test points. The

Projects’ ny, n RH Ve ty tax Sh VIS
year members pts % % (by volume) days - mm
2005 11 336 65 0 1-4 31-55 3 25.0-72.4
2008 43 2031 76 0,0.3,0.6 1-4 49-89 2/3 25.0-72.4
2009 18 1932 73 0.5,1.0, 1.5 3 161-172 2/3 25.0-72.4

4. Analysis of the test results 4 OG.A . .
1 Eurocode 2 ACI 209

structure of the test data is given in Table 3. In this table,
n,, and n are the numbers of the specimens and the obser-
vation points, respectively; RH is the relative humidity in
%; Vyis the amount of the fibres in mixture in % by vol-
ume; £, and ¢, are the member’s ages at start of drying
and at finish of test in days, respectively; Sh is the shape of
the member (2 and 3 represent the infinite cylinder and
the square prism, respectively); V/S is the relationship be-
tween the volume of element and its surface subjected to
drying in mm.

As it was reported previously (Gribniak et al. 2007),
the drying shrinkage effect on the cracking behaviour of
reinforced concrete structures is limited to relatively short
period (about 2-3 months after casting). When this pe-
riod is finalised, the shrinkage effect becomes un-signifi-
cant. Due to this the shrinkage measurements performed
at time period of 90 days were accepted for the analysis.
This reduces number of the reference test points to 3293
measurements under consideration.

The study was performed in two steps. 15t — the accu-
racy of the most popular shrinkage prediction techniques
was analysed and 27 — the influence of the fibre reinforce-
ment on the shrinkage was investigated. These steps are
presented below.

4.1. Accuracy of the shrinkage predictions

The comparative study was based on the predictions made
by EN 1992-1-1:2004 Eurocode 2: Design of Concrete Struc-
tures — Part 1: General Rules and Rules for Buildings and by
ACI 209.2R-08 Guide for Modeling and Calculating Shrink-
age and Creep in Hardened Concrete; B3 model (BaZant,
Baweja 1995a; 1995b); and GL 2000 model (Gardner, Lock-
man 2001). Accuracy of the methods was analysed in term
of a relative prediction:

A €, calc (1)
€¢s, obs
where ¢ cs, calc and ¢ cs, obs aT€ the calculated and the meas-

ured free shrinkage strains of concrete, respectively. The
relative prediction is considered as a random variable.
Therefore, statistical methods can be used for assessment
of the accuracy. Central tendency and variability statistics
were used for this purpose. The central tendency can be re-
garded as the precision parameter of a calculation method.
The postulate of min variance was used to evaluate consist-
ency of a model.

The experimental data was divided into 2 groups
separating the measurements of ordinary and fibre rein-

L b >

900 714 28 40
Age, days

60

0714 28 40 90

Fig. 5. The shrinkage prediction of ordinary concrete

forced concretes. Fig. 5 shows the relative prediction of the
shrinkage of ordinary concrete.

It should be noted that Fig. 5 gives the relative predic-
tions in logarithmic scale. The logarithmic transformation
was performed securing equal contribution of underesti-
mated and overestimated predictions to the accuracy es-
timation. As can be observed, all the methods underesti-
mate the shrinkage effect, whereas the EN 1992-1-1:2004
demonstrates the best accuracy: after 28 days EN 1992-1-
1:2004, ACI 209.2R-08, B3 and GL 2000 methods under-
estimated the shrinkage at average of 14.6, 43.6, 128.1 and
16.2%, respectively. The EN 1992-1-1:2004 method, as the
normative document accepted in the EU, was chosen for
the further analysis.

4.2. The effect of fibres on the shrinkage

It is important that the statistical evaluation should be per-
formed only for data, which is nominally identical, with
variation due to random effects. However, it was found
that the drying period has a systematic effect on the ac-
curacy of the shrinkage prediction methods (Bacinskas et
al. 2009). Therefore, the analysed data was separated into
groups according to the specimen’s age. A normality test
was used to include data point in the group. For this pur-
pose, a statistical procedure has been developed (Gribniak
2009). Results were divided into 2 groups. The 1 group (I)
contains the measurements, performed on the specimens
which age do not exceeded 21 days. The 27 group (II) rep-
resents the data obtained after 21 day.
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As was mentioned, A does not allow objective inter-
pretation of the accuracy due to the uneven contribution
of underestimated and overestimated predictions. There-
fore, the logarithmic scale of A was introduced in Figs 5
and 6. The following analysis is based on the arithmetical
error:

A-1 A>1;

ex =100% x
A 1-A71, A<l

2)

Fig. 6 presents the shrinkage predictions for ordinary
and fibre-reinforced concretes. This Fig also gives the 95%
confidence intervals of the expectation of the EN 1992-1-
1:2004 predictions (considered as estimator of the central
tendency). The confidence intervals have become narrow-
er for the concrete reaching 21 days of age. The upper and
lower bounds of the obtained intervals are presented in Ta-
ble 4. This Table gives the main statistics of the EN 1992-
1-1:2004 predictions in terms of the arithmetical error. In

A

4.00 -
15 Ordinary concrete
] - Confidence
18 interval

2.00

1.00

0.50

0.25

0 7 14 21 28 40 60 90
A Age, days

4.00 Fibre concrete

2.00

1.00

0.50

< o|®

0.25

[=]

7 14 21 28 40 60 90
Age, days

Fig. 6. The shrinkage prediction errors of ordinary and fibre
reinforced concretes

Table 4. The arithmetical errors of the EN 1992-1-1:2004
predictions

Arithmetical errors g,, %

Concrete Age group, Mops The 95% confi-
days pts Mean dence bounds
lower  upper
. I(<21) 580 -145 -18.0 -7.8
Ordinary
I (22-90) 1148 -23.1 -243  -20.6
Fibre- I(<21) 342 -8.3 -12.0 -1.5
reinforced I (22-90) 1223 -99 -109 -8.0

this Table, 7, is the number of the measurements in the
age interval.

The calculation method is assumed to be precise
(with 95% probability), if the confidence interval covers
unity. It can be observed that in both cases the EN 1992-
1-1:2004 underestimates the shrinkage (Fig. 6), whereas
the deformations of the fibre-concrete seem to be more ac-
curate. This statement can be supported statistically using
the hypothesis test procedure. This procedure can be used
for deciding between two hypotheses. In each age inter-
val, two hypotheses were formulated. The null hypothesis
states that the accuracy of the EN 1992-1-1:2004 in both
cases is equal:

Hy:m; =m,, 3)

where m | and m, are the sample means of the shrinkage
predictions of ordinary and fibre-concrete, respectively.
The alternative hypothesis identifies that the shrinkage of
the fibre-concrete was predicted more accurate. Due to the
fact that the shrinkage was underestimated in both cases;
the alternative hypothesis can be formulated as

Hy:my <my, (4)

The two-step one tailed test procedure was used for
the analysis. The procedure was linked to the modified
Fisher’s ANOVA (analysis of the variance) test (Mardia,
Zemroch 1978) and Satterthwaite’s criteria for the mean
comparison (Satterthwaite 1946). The hypothesis test
was considered being significant (at the 5% level). This
leads to the decision rejecting H, to the benefit of H;.
In other words, the shrinkage prediction for the fibre-
concrete was admitted more accurate than for the ordi-
nary one. The accepted hypothesis H; stands the follow-
ing inequality:

my <m, <1, (5)

This indicates that the sample mean of fibre-concrete
is closer to unity than the mean of ordinary concrete.
Taking into account the Eq (1), it allows to state that the
shrinkage of fibre-concrete was less significant (in a statis-
tical sense) than the ordinary one. This finding supports
the results obtained by Swamy and Stavrides (1979) who
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found that the shrinkage was reduced by about 15-20%
due to the presence of 1% of steel fibres. Barr et al. (2003)
reported that the fibres effect reducing the shrinkage ris-
es gradually with the increase of the concrete strength.

However, free shrinkage is not really a useful needle
of the effectiveness of the fibres in reducing the shrink-
age problems. It is not the free shrinkage strains which
should be reduced, but the cracking associated with the
restrained shrinkage (Zanuy 2010; Lampropoulosa, Drit-
sos 2011; Kaklauskas, Gribniak 2011). Shah et al. (1994)
reported that 0.5% (by volume) of steel fibres reduced the
average crack width by 90%. The authors obtained analo-
gous results (Kaklauskas et al. 2009b).

4.3. Discussion on the findings

Table 4 indicates that the EN 1992-1-1:2004 method (the
most accurate among the analysed ones) for ordinary
concrete has underestimated shrinkage almost by 20%.
The authors recommend introducing the correction fac-
tor 1.2 for the calculated value of shrinkage of industrial
concrete mixture C35/45 S3. The analysis demonstrates
that the application of the steel fibres as an admixture was
capable of reducing the shrinkage deformation of con-
crete. It can be observed that fibre-reinforced concrete
with given amounts of fibres has shrunk almost 10% less
than the ordinary one.

5. Concluding remarks

Present paper investigates drying shrinkage strain of the
concrete mixture which is usually used for casting the
newly constructed bridges in Lithuania. As the shrink-
age effect on the cracking behaviour of such structures is
limited to relatively short period (about 2-3 months), the
time period of 90 days was accepted for the investigation.

Accuracy of the well-known shrinkage prediction
techniques was analysed. It was obtained that all the
methods employed in the analysis (i.e. EN 1992-1-1:2004,
ACI 209.2R-08, B3 and GL 2000) have underestimated
the shrinkage strain. Among these four techniques, the
EN 1992-1-1:2004 have demonstrated the best accuracy
giving 14.6% error of the mean value of shrinkage of con-
crete C35/45 at the age of 28 days. The analysis has result-
ed in 43.6, 128.1 and 16.2% errors for the ACI 209.2R-08,
B3 and GL 2000 methods.

The authors have also studied the influence of steel
fibres on the shrinkage deformations. It was statistically
proved that the application of fibre in concrete resulted
in the reduction of shrinkage strain. The study indicates
that the application of the steel fibres as an admixture is
an effective way of decreasing shrinkage of concrete.
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