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Abstract. Research was undertaken to verify the possibility of
determining the limit stresses of adhesion on the basis of the
instantaneous compressive strength of concrete during the
maturation period. The results of tests on the adhesion of smooth
bars to concrete are presented. Research indicates that the
development of adhesion during the concrete maturation period
is proportional to the development of compressive strength. The
test results were compared with the results of calculations using
the empirical formulas presented in EC2.
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Streszczenie. Podjgto badania w celu weryfikacji okreslania gra-
nicznych naprezen przyczepnosci na podstawie chwilowej wytrzy-
matos$ci betonu na $ciskanie w okresie jego dojrzewania. Przed-
stawiono wyniki badan przyczepnosci pretow gtadkich do beto-
nu, ktére wskazuja na rozwoj przyczepnosci w okresie dojrzewa-
nia betonu proporcjonalny do rozwoju wytrzymatosci na $ciska-
nie. Por6wnano wyniki badan z wynikami obliczen z wykorzysta-
niem wzorow empirycznych przedstawionych w EC2.

Stlowa kluczowe: beton; dojrzewanie; przyczepnos$¢; stal;

einforced concrete and

prestressed concrete are

among the main construction

materials used to perform
structural components or whole
structures. Very good transmission of
tensile forces across reinforcement and
compressive forces across concrete is
the main advantage of these materials.
Their interaction is provided by good
adhesion between steel and concrete [1].
Prestress allows the use of adhesive
dead-end anchorages.

Steel adhesion to concrete depends
upon many factors. The main
mechanism for ribbed steel is rebar
interlocking in concrete, which is
described, inter alia, in the paper [2].
Other factors determining adhesion, and
playing a vital role in the transmission
of stress between smooth steel and
concrete, include friction between
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wytrzymato$é.

materials, the adhesion process, tensile
strength, shrinkage of concrete, density
of cement paste, and cover thickness,
which are presented in details in [3].
Adhesion between steel and concreteis
also affected by surface conditions of
steel, concrete curing, and during the
use of building — steel temperature.
The standard guidelines usually
recommend providing steel anchorage
in concrete by the joint bond between
the lateral side of rebar and concrete (for
smooth rebars) or by interlocking of
rebar ribs (for ribbed rebars) in concrete.
Both situations require the relevant
anchorage length for rebar in concrete.
The design works for reinforced or
prestressed concrete assume that the
structure will be subjected to load after
a specific time from the moment of
concrete placing. During that time
concrete reaches the required strength
parameters for loading the structure (e.g.
as the result of continued works, the
prestress, or the permanent load). It is

assumed that works can be continued
when the 28-day concrete reaches 80%
of its strength. Loading the structure
before concrete reaches adequate
strength may lead to the structural
failure or collapse, which was
mentioned by the authors in [4].

To avoid such situations, the tests are
conducted on placed concrete. They are
normally compressive tests on concrete
specimens taken during casting. In case
of any doubts over the consistency
between concrete strength determined
for the analysed specimens and the
strength in the structure, the tests on
placed concrete can be conducted. To
minimize the number of tests on the
structure, the COMA-Meter method [5]
can be used. It can determine the
maturity of concrete in the structure
with reference to the curve illustrating
an increase in the strength under
laboratory conditions. Other mechanical
factors are very rarely observed under
construction conditions, in particular
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situations. Apart from providing the
required compressive strength, one of
the ways to ensure the safe operation of
the structure and continuation of the
works is the adequate anchorage of
reinforcement and prestressing steel in
case of the adhesive anchorage. Steel
adhesion to concrete, which depends on
many factors specified in [6], is a
determining parameter for the specific
anchorage.

The standards, including Eurocode 2
[7], allow the determination of limit
adhesion stresses between concrete
and steel on the basis of tensile strength
of concrete, which can be determined
at the known compressive strength of
concrete. The relationships for
determining tensile strength of concrete
based on its compressive strength, and
its increase over the curing time, have
been the topic of many research works
and are also specified in the standards
[7]. Many tests, described in [1, 4,
8 + 14], are conducted to find how
concrete strength develops in case of
new types of concrete, admixtures and
additives, and how selected parameters
affect this strength. Among them, only
authors of the papers [4, 8, 9] found and
described the problem related to an
increase of limit adhesion stress, and the
problem of the relationship with
compressive strength of concrete was
presented in the papers [4, 8].

An increase in adhesion during
concrete curing may not be proportional
to an increase in tensile strength, not to
mention concrete compression. The
standard determination of adhesion
based on the analysed compressive
strength of concrete may lead to its
overestimation, and finally to serious
damage to the structure caused by its
loading too early, which was mentioned
in the paper [4]. This overestimation can
be caused by e.g. other conditions of
curing of concrete specimens (usually
stored in the areas protected against
atmospheric conditions) and concrete in
the structure.

The aim of these tests was to
predetermine whether adhesion in the
early phase of concrete maturation
was proportional to the temporary
compressive strength of concrete and
could be determined on this basis from

mﬂTERIﬂi:

the equations specified in the standards.
Additionally, it was determined whether
and within which range the values of
limit adhesion stress changed after the
period of concrete maturation longer
than 28 days.

Test elements
The elements for testing are shown in
Fig. 1. Their shape, according to the
recommendations [15], is adequate for
the simple measurement of the
relationship between the load F and the
displacement A, which minimizes the
risk of error. For this shape of
specimens, it can be also assumed that
the failure of the analysed element is
determined only by the failure caused
by the rebar slipping in concrete, and
the value of adhesion stress is constant
for the whole length of anchorage. The
employed research method has some
drawbacks, that is, concrete is in
compression and steel in tension, and
the very short length of anchorage
prevents the formation of internal
cracks, which can overrate the value of
the pull-out force. This situation was
emphasized in [16].
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Three types of test models were
prepared for the tests. They differed in
a diameter of the rebar (rebars $ 10, ¢ 16,
025 — sizes of the specimens were
chosen according to the guidelines
RILEM [15] — Fig. 1). These diameters
are the most common for the main
reinforcement which can be adhesively
anchored. Smooth rebars were used for
these tests to avoid the effect of ribbed
rebar interlocking in concrete; however,
usually this type of reinforcement is
used.

The test stand and materials
for tests

The elements were tested at the
universal testing machine according to
the guidelines [15]. Each element was
tested in the vertical position. Prior to
the tests, indications of the load value
were zeroed to include the weight of
analysed concrete in the measurements.
Then, linear variable differential
transducers were connected. The PJX 5
transducer (No. 7 in Picture 2) with the
measurement range +2,5 mm was
employed to measure displacements in
the first phase of tests, that is, at

10d =250 mm

10d =250 mm

250 mm
5d=125mm 5d= 125 mm

E

S
v

Fig. 1. Test elements, according to RILEM [15]: 1 — thread 30 mm long; 2 — PVC pipe
Rys. 1. Elementy do badan wg RILEM [15]: 1 — gwint o diugosci 30 mm; 2 — rura PVC
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width of the lower initially assumed width of the upper

traverse of the testing spacing of the traverses traverse of the testing 80 [ 30 50 I_
machine of the testing machine machine
~250 mm ~300 mm ~250 mm 160

Fig. 2. Scheme of the test stand (dimensions for samples with 616 mm rods): 1 — test element; 2 — rod; 3 — PVC pipe with an internal
diameter ~3 — 4 mm larger than the diameter of the tested rod; 4 — slip layer consisting of rubber with a thickness 6 mm made of
EPDM and 8 mm thick PTFE plate; 5 — 30 mm thick steel sheet; 6 — traverse of the testing machine; 7 — inductive sensor for measu-
ring displacements in the initial phase of testing with a measurement range of +2.5 mm; 8 — inductive sensor for measuring displa-
cements when pulling the bar out of the model; 9 — steel connecting element; 10 — auxiliary threaded element; 11 — locking of the
auxiliary element

Rys. 2. Schemat stanowiska do badan (wymiary probek z pretami 016 mm): 1 — badany element,; 2 — pret; 3 — rurka PVC o Srednicy wewnetrz-
nej ~3 — 4 mm wigkszej od Srednicy badanego preta; 4 — warstwa poslizgowa skladajqca si¢ z gumy z EPDM grubosci 6 mm oraz plyty teflo-
nowej PTFE grubosci 8 mm; 5 — blacha stalowa grubosci 30 mm, 6 — trawers maszyny wytrzymalosciowej, 7 — czujnik indukcyjny do pomiaru
przemieszczen w poczqtkowej fazie badan o zakresie pomiarowym £2,5 mm; 8 — czujnik indukcyjny do pomiaru przemieszczen w czasie wy-

ciqgania preta z modelu; 9 — stalowy element tqcznikowy; 10 — pomocniczy element gwintowany, 11 — blokada elementu pomocniczego

displacements up to 1.0 mm. The
measurement was taken at the free end

CEM 11I/A42,5 N - LH, whose
chemical composition is presented in

Table 1. Chemical composition of cement*
Tabela 1. Sktad chemiczny cementu*®

of the analysed rebar. When the Table 1, and the composition of concrete Component Content [%]
displacement values exceeded 1.0 mm,  mix is shown in Table 2. Si0, 30,1
they were read by means of the PJX 200 To determine compressive strength, ALO ”
transducer (No. 8 in Fig. 2). The tests  concrete specimens were tested on the B ’
were conducted until the displacements  same day as the test elements according %% L7
reached the value of 150 mm. to the recommendations specified in Ca0 52,8
The test elements were prepared from  PN-EN 12390-3:2011 [17] and PN-EN MgO 39
ordinary concrete based on Portland  12390-6:2011 [18]. Table 3 presents ’
cement and aggregate with the average values compressive strength of 0 2,3
maximum grain diameter of 16 mm  concrete determined from the tests on ~ Na,0 03
(Fig. 3). The used Portland cement was ~ six specimens, and Fig. 4 illustrates a K0 0.6
A Passing [%)] change in the strength of ’
100,00 ¥ ol concrete over time. ¢ 0.1
90,00 (i Loss on ignition 1,0
:8:88 : — Test re_sults and their Insoluble residue 0,5
60,00 g j/ analysis ) * manufacturer’s data
o0 d A Rebar displacement - was Table 2. The composition of the concre-
40,00 LI measured for the tests with te mix ’ P
30,00 ———
20,00 = il reference to the concrete block  upelq 2. Skiad mieszanki betonowej
10,00 +——— /’/ as a function of the applied - Quantity [kg/m’]
0.00 feeE - o t5 o load. The relation of the force o gy g 77
= 4 3 g § : g § 2 § F as a function of the rebar ’
- < ° — ™ ¥  extension A is illustrated in Water 154
Side of the sieve mesh [mm] g0 5 Qjx specimens for each ~ Alluvial sand 0~ 2 mm 571
—=—designed aggregate —s+—lower limit = upper limit type of model were tested on a Gravel 2 — 4 mm 205
f;gie?a;nsi;evmg curve of the aggregate used in the con- given day. Then, .according to p———— P
RyS. 3. Krzywa przesiewu kmszywa zastosowanego w mie- the recommendatlons from the Gravel 8 — 16 mm 542

szance betonowej

paper [19], the load value
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Table 3. Average values of concrete compressive strength
Tabela 3. Srednie wartosci wytrzymatosci betonu na Sciskanie

BN SCIENCE IN CONSTRUCTION — SELECTED PROBLEMS

ea change in the force
(corresponding to the limit adhesion

Compressive strength f  [MPa] Coefficient strgsses) acting on .the test elen.ients,
Days specimen no. average  standard ofva‘l.‘/latlon wh1<_:h causes .the slip as a function of
1 2 3 4 5 6 value  deviation [%] an increase in the age of concrete
3421 458 471 496 488 427 460 031 6,74 maturation — on the basis of the
5771 746 791 7,02 7,08 728 743 0,33 447 conducted tests; ,
e the theoretical value of the failure
7 9,22 9,91 8,92 10,14 10,04 1091 9,86 0,71 7,19 .
load determined from the shear stress
14 18,68 16,57 16,29 1627 16,12 15,35 16,55 1,12 6,79 fbd values calculated according to EC2
21 2047 2275 2106 21,12 2193 2327 21,77 1,08 497 [7] (the value of average shear stress f,_
28 24,92 25,24 24,17 24,32 24,06 23,48 24,37 0,63 2,59 Values was calculated according to the
56 26,76 2624 2594 2586 2511 2559 25,92 0,56 2,17 procedures in EC2 with included
91 2897 2645 27,16 27,18 2647 2638 27,10 0,98 3,63 compressive strength of concrete (f,_, ),
188 27,84 2795 27,93 2821 2809 27,68 27,95 0,19 0,66 which was determined on the day of
360 2996 29,83 2946 30,13 2968 3037 2991 0,32 1,08 testing elements);
e the theoretical value of the failure
a) A Compressive strength f, - [MPa] a) ? Force [kN] load determined from
35 4 2,0 the shear stress f, ; valu-
30 es calculated according
| s [— to EC2 [7] (the value of
25 == , = R\ average shear stress f |
values equal to 2.3, re-
20 _ — qual to 3,. €
/ L0 ferred to the design
15 class of concrete speci-
10 0.5 e Specimen | men.s C20/25);
- Fig. 7 shows curves
5 I| Spec}merll that illustrate:
0,0 >
0 | > 00 02 04 0.6 0.8 10 m the values of shear
0 7 14 21 28 Di stress f  calculated
isplacement A [mm] . bd
Concrete age [days] according to EC2 [7]
) b) A Force [kN] .
b) A Compressive strength £, [MPa] with included tempora-
35 2,0 Spec;men 1 ry compressive strength
of concrete;
30 e specimen 2 —— m limit  adhesion

25 f
20

stresses based on the
value of pull-out force

0,5

determined from the
tests on rebars ¢ 10;

15 I
10

N

0,0

'-'_'H‘__- '-“_-__

m limit adhesion
stresses based on the
value of pull-out force

o] o

0 25 50

»

0 T

Fig. 4. Concrete compressive strength of test elements
f _ asafunction of time: a) range up to 28 days; b) full

c,cube
range of tests

Rys. 4. Wytrzymatosc na Sciskanie probek betonu ., w funk-
¢ji czasu: a) zakres do 28 dni; b) pelny zakres badan

causing the slippage of 0.1 mm was
read (corresponding to the limit adhe-
sion stresses). Values from all six
measurements were then averaged. The
test results are presented in Tables 4 — 6.
The graphs presented further in this
paper refer to the average values.

0 60 120 180 240 300
Concrete age [days]

»
360

do 1,0 mm; b) petny zakres badan

The load values from the tests were
compared with the theoretical values
based on the load capacity calculated
from compressive strength of concrete
according to the standard PN-EN 1992-
1-1 [7]. Fig. 6 shows curves that
illustrate:
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>
75 100

Displacement A [mm]

Fig. 5. Value of force F as a function of bar slippage A
(concrete age 3 days; bar diameter 10 mm):
a) range up to 1.0 mm; b) full range of tests

Rys. 5. Wartos¢ sity F'w funkcji wysuwu preta A (wiek
betonu 3 dni; Srednica preta 10 mm): a) zakres

determined from the
tests on rebars ¢ 16;

m limit adhesion
stresses based on the
value of pull-out force
determined from the
tests on rebars ¢25;

m limit adhesion stres-
ses based on the value of pull-out force
determined from the tests on rebars.

The obtained values led to the
following conclusions:

e the value of force pulling the rebar
out from the specimen determined from
the results of theoretical calculations
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Table 4. Test results of adhesion between concrete and reinforcing steel — bars ¢10 (No. 2 in Fig. 6) differed from the value
Tabela 4. Wyniki badania przyczepnosci miedzy betonem a stalq zbrojeniowq — prety ¢10 determined from the tests (No. 1 in Fig.
Pull-out force [kN] . 6). It was particularly noticeable in the

Coefficient o . .
Days specimen no. average  standard oAt initial phase of concrete curing. Within
1 2 3 4 5 6 value  deviation [%] the first 28 days of concrete curing, the

measured values of adhesion were

300 [0S 0850 IO 270 IR0 (RO-o0 03 0.85 0,06 743 greater than the theoretical ones only for
3 1,26 1,56 1,28 1,23 1,36 1,40 1,35 0,12 8,89 the rebars ¢ 16 (No. 3 in Fig. 7). Within
7174 154 170 165 173 182 170 0,10 5,66 a longer period of concrete maturation,
14 232 262 219 241 232 253 240 0,16 6,56 adhes“?“ of rebars ¢10 reached the

theoretical values and then exceeded
21 284 273 276 244 259 274 268 0,14 537 them (No. 2 in Fig. 7). For the rebars
28 3,04 3,11 28 279 274 291 2,90 0,14 4,99 $25, the adhesion determined for the
s6 329 383 338 323 315 320 335 025 747 whole period of concrete maturation

was lower than the theoretical one
91 397 38 359 374 359 361 372 0,16 427 (No. 4 in Fig. 7), and reached the value
188 422 368 372 419 392 370 390 0,25 6,34 specified for the design class of concrete
360 425 436 479 470 463 428 450 023 5,16 just at the end of the testing period

(No. 3 in Fig. 6);
e based on the convergence of
measured and theoretically determined

Table 5. Test results of adhesion between concrete and reinforcing steel — bars ¢16
Tabela 5. Wyniki badania przyczepnosci miedzy betonem a stalq zbrojeniowq — prety ¢16

Pull-out force [KN]

Coefficient limit adhesion stresses (Fig. 7), it can be
Days Specimen no. average standard  of variation initially concluded that an increase in
. ge 0, . . . .
1 D 3 4 5 6 value  deviation (%] adhesion is proportional to an increase
in compressi rength of concr
30461 429 422 459 450 421 440 0,19 421 compressive strength of concrete,
even in the initial phase of concrete
5 577 639 616 597 638 629 616 0,25 3,99 maturation;
7 758 717 707 766 600 7,13 7,10 0,59 8,35 e the procedure specified in EC2 [7]
14 937 864 813 801 814 7,60 83l 0,61 737 allows the estimation of the limit
adhesion stress for concrete during
21 7,92 9,22 7,96 8,92 8,60 9,87 8,75 0,76 8,64

maturation; however inconsistency
28 974 9,13 9,01 8,65 937 8,73 9,10 0,41 4,46 between values calculated according to
this procedure and determined from the

56 10,67 8,48 9,59 9,67 10,34 11,25 10,00 0,97 9,70 . R
tests (Fig. 7) indicates that safety factors
91 11,34 1098 1048 11,43 10,97 9,58 10,80 0,68 6,32 have to be verified or values fbd for the
188 10,57 10,80 12,10 11,35 11,84 10,80 11,24 0,62 5,54 anchorage length have to be determined;
360 1075 12,08 1226 1298 1238 1299 12,24 0,82 6,72 e the required compressive strength
of concrete was reached on day 28 of
Table 6. Test results of adhesion between concrete and reinforcing steel — bars $25 concrete maturation. Unfortunately, as

. b

Tabela 6. Wyniki badania przyczepnosci miedzy betonem a stalq zbrojeniowq — prety ¢25

shown in Fig. 6, for almost every case
Pull-out force [KN]

values of the pull-out force — limit

5 Coefficient ) ) . )
Days specimen no. average  standard of variation adhesion stresses (1 in Fig. 6; 2, 4 in
1 2 3 4 5 6 value  deviation [%] Fig. 7) were lower than the calculated
values (2, 3 in Fig. 6, 1 in Fig. 7).
3 4,86 5,54 5,07 5,98 5,06 4,72 5,21 0,47 9,06
5 7,28 6,93 6,83 7,18 7,26 7,73 7,20 0,32 441 Summary
71003 813 801 75T 744 712 808 1,06 13,12 The tests on adhesion between con-
crete and reinforcing steel are usually
14 8,95 9,27 9,37 10,97 10,54 10,80 9,98 0,88 8,86 .
performed after concrete curing. There
211089 11,83 11,37 1231 11,06 1198 11,57 0,56 4,30 are few tests on changes in the values of
281277 1203 1427 1311 1301 1321 13,07 0,73 5,57 limit adhesion stresses [9]. Single tests
demonstrate the relationship between
56 1723 16,73 17,53 17,09 1739 17,73 17,28 0,35 2,04 .. .
the development of limit adhesion stres-
91 18,99 20,67 20,97 19,43 19,33 20,89 20,05 0,89 4,44 ses and temporary Compressive Strength
188 2189 2291 20,67 1998 2219 218 21,58 1,07 495 of concrete during the maturation pe-
riod [4]. Only some of them refer to the
360 23,14 2490 22,07 22,18 21,13 21,06 22,41 1,44 6,41

standard recommendations or proposed
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a) b)
A Force [kN] Rod $10 A Force [kN]
\ ; e = & . .

concrete during its maturation
period — the path of the curve

|l illustrating an increase in li-
4 o/ 4 1 e ————— mit adhesion stresses during
: ' concrete maturation (curve

: = NSz G\ |

No. 5 in Fig. 7) was close to
the path of the curve determi-
ned from the empirical formu-
la from EC2 [7] on the basis
of the temporary compressi-
ve strength of concrete (curve
No. 1). The empirical formu-
las produced values higher

Bl | N4
| |

0 7 14 21 28 0 60 120 180
Concrete age [days]

ewmi ]

300 360
Concrete age [days]

»

240

A Force [kN] Rod 916 5 Force [kN] than the ones determined
15 15 from the tests, which conflic-
1 0 ted with findings presented in

e il other papers [4, 8] that indica-

9 = X ted the assumptions from the

p regulatory documents were

1 l I sound and safe, which was

3 | A emphasized by the authors

[IE @E [4]. On day 28 of concrete

0 T ' > r r » maturation, the adhesion did
0 7 14 21 28 0 60 120 180 240 300 360

not reach the theoretical va-
lue specified in EC2 [7] for
the design class of concrete.
The presented initial results of
the tests suggested that safety
factors or values fbd for deter-
mining the anchorage length
according to EC2 [7] should
be verified. Overestimation of
limit adhesion stresses for the
materials, determined accor-

Concrete age [days] Concrete age [days]

Rod $25
A Force [kN] A Force [kN]
30 I 30

| ;
24 ' 1 | 24

18 - | 18
2] | !

12 4—_.’#/_7._ 12

0 ) gib Bt o ding to the procedure speci-
0 7 14 21 28 0 60 120 180 240 300 360  fiedin EC2[7], especially for

Concrete age [days] Concrete age [days] the 28-day concrete, may be
dangerous.

The test results for a small
test series and for only one
class of concrete have to be
verified within broader stu-
dies. The tests are to be conti-
nued on concrete with higher
strength and other cement ty-
pes. For the rebar ¢16, limit

adhesion stresses determined from the

Fig. 6. Comparison of the experimental value of the pull-out force with the theoretical values
depending on the age of the concrete: a) range up to 28 days; b) full range of tests; 1 — pull-out force
obtained in tests; 2 — pull-out force determined according to EC2 using the temporary compressive
strength of concrete; 3 — tensile force determined according to EC2 in the case of the designed
concrete class

Rys. 6. Porownanie eksperymentalnej wartosci sily wyrywajqcej z wartosciami teoretycznymi
w zaleznosci od wieku betonu: a) zakres do 28 dni; b) pelny zakres badan, 1 — sila wyrywajqca uzyskana
w badaniach; 2 — sita wyrywajqca okreslona wg EC2 z wykorzystaniem chwilowej wytrzymatosci betonu
na sciskanie; 3 — sita wyrywajqca okreslona wg EC2 w przypadku projektowanej klasy betonu

empirical formulas for determining li-
mit adhesion stresses [8], which is par-
ticularly significant for the engineering
practice.

The aim of these tests was to
experimentally verify the standard
assumptions and empirical formulas
presented in EC2 [7] where:

m loads were transmitted to the
reinforcement during the period of
concrete maturation while concrete

did not reach the design strength
parameters;

m limit adhesion stresses and
compressive strength of concrete were
proportional during the period of
concrete maturation.

The results obtained for the analysed
series of specimens of concrete C20/25
with Portland cement indicated the pro-
portional development of limit adhesion
stresses and compressive strength of
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tests were higher than the empirical
ones, inversely than in case of the ana-
lysed rebars with different diameter
(Fig. 7). Hence, further phases of tests
are to be conducted on more rebars with
different diameters. Ribbed rebars are
currently the most common. For these
rebars, stress between steel and concre-
te is usually transmitted through inter-
locking of rebar ribs in concrete. Then,
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a) b) [8] Chowdhury S. Early Age Bond
Range up to 28 days Strength of Reinforcing Bars in High
A Limit adhesion stresses [MPa] A Limit adhesion stresses [MPa] Strength Concrete. 4th International
2.5 : 25 'J_l Conference on Structural Engine-
ering and Construction Management,
20 - 5 -l 20 [5 /7 oo Kandy, Sti Lanka 2013, s. 78 — 89.
/ _/ /‘ = [9] Dybel P, Kucharska M. Develop-
15 43 / e — L5 ) ment of Bond Strength of Reinforce-
ment Steel in New Generation Con-
1,0 A 1,0 A cretes. WMCAUS, IOP Conf. Series:
//ﬁ_g_l / Materials Science and Engineering.
0,5 4 2 0,5 4 ff£L—1 2019; 471 052058: 8.
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Fig. 7. Limit adhesion stresses: a) as a function of concrete strength f_ 3 b) as a function of concrete
age;1 — value of tangential stresses f | calculated according to EC2 using the temporary compressive
strength of concrete; 2 — limit adhesion stresses determined on the basis of the pull-out force obtained
in tests of $10 bars; 3 — limit adhesion stresses determined on the basis of the pull-out force obtained
in tests of ¢16 bars; 4 — limit adhesion stresses determined on the basis of the pull-out force obtained
in tests of ¢p25 bars; 5 — average limit adhesion stresses determined on the basis of the pull-out force

obtained in bar tests

Rys. 7. Graniczne naprezenia przyczepnosci: a) w funkcji wytrzymatosci betonu f._, ; b) w funkcji wieku
betonu; I —wartos$¢ naprezen stycznych f, , obliczanych wg EC2 z wykorzystaniem chwilowej wytrzymato-
sci betonu na Sciskanie; 2 — graniczne naprezenia przyczepnosci okreslone na podstawie sity wyrywajqcej
uzyskanej w badaniach pretow ¢10; 3 — graniczne naprezenia przyczepnosci okreslone na podstawie sily
wyrywajqcej uzyskanej w badaniach pretow ¢16; 4 — graniczne naprezenia przyczepnosci okreslone na pod-
stawie sily wyrywajqcej uzyskanej w badaniach pretow §25; 5 — Srednie graniczne naprezenia przyczepno-

¢,cube’

Sci okreslone na podstawie sity wyrywajqcej uzyskanej w badaniach pretow

the impact of limit adhesion stresses on
the pull-out force can be marginal, and
the difference between the measured
and empirical values based on the tem-
porary compressive strength of concre-
te is also small.

The performed tests demonstrated a
need for increasing the number of test
elements from 12 to 25, as suggested by
the standard [20], due to high variation
of results, particularly in the initial
phase of concrete maturation.
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