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R 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

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

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 ∆, 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].

Three types of test models were
prepared for the tests. They differed in
a diameter of the rebar (rebars φ10, φ16,
φ25 – 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

Fig. 1. Test elements, according to RILEM [15]: 1 – thread 30 mm long; 2 – PVC pipe
Rys. 1. Elementy do badań wg RILEM [15]: 1 – gwint o długości 30 mm; 2 – rura PVC
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displacements up to 1.0 mm. The
measurement was taken at the free end
of the analysed rebar. When the
displacement values exceeded 1.0 mm,
they were read by means of the PJX 200
transducer (No. 8 in Fig. 2). The tests
were conducted until the displacements
reached the value of 150 mm.

The test elements were prepared from
ordinary concrete based on Portland
cement and aggregate with the
maximum grain diameter of 16 mm
(Fig. 3). The used Portland cement was

CEM III/A42,5 N – LH, whose
chemical composition is presented in
Table 1, and the composition of concrete
mix is shown in Table 2.

To determine compressive strength,
concrete specimens were tested on the
same day as the test elements according
to the recommendations specified in
PN-EN 12390-3:2011 [17] and PN-EN
12390-6:2011 [18]. Table 3 presents
average values compressive strength of
concrete determined from the tests on
six specimens, and Fig. 4 illustrates a

change in the strength of
concrete over time.

Test results and their
analysis

Rebar displacement was
measured for the tests with
reference to the concrete block
as a function of the applied
load. The relation of the force
F as a function of the rebar
extension ∆ is illustrated in
Fig. 5. Six specimens for each
type of model were tested on a
given day. Then, according to
the recommendations from the
paper [19], the load value

Fig. 2. Scheme of the test stand (dimensions for samples with ø16 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 badań (wymiary próbek z prętami ø16 mm): 1 – badany element; 2 – pręt; 3 – rurka PVC o średnicy wewnętrz-
nej ~3 – 4 mm większej od średnicy badanego pręta; 4 – warstwa poślizgowa składająca się z gumy z EPDM grubości 6 mm oraz płyty teflo-
nowej PTFE grubości 8 mm; 5 – blacha stalowa grubości 30 mm; 6 – trawers maszyny wytrzymałościowej; 7 – czujnik indukcyjny do pomiaru
przemieszczeń w początkowej fazie badań o zakresie pomiarowym ±2,5 mm; 8 – czujnik indukcyjny do pomiaru przemieszczeń w czasie wy-
ciągania pręta z modelu; 9 – stalowy element łącznikowy; 10 – pomocniczy element gwintowany; 11 – blokada elementu pomocniczego

Table 1. Chemical composition of cement*
Tabela 1. Skład chemiczny cementu*

Component Content [%]

SiO2 30,1

Al2O3 6,4

Fe2O3 1,7

CaO 52,8

MgO 3,9

SO3 2,3

Na2O 0,3

K2O 0,6

Cl 0,1

Loss on ignition 1,0

Insoluble residue 0,5

Passing [%]
100,00
90,00
80,00
70,00
60,00
50,00
40,00
30,00
20,00
10,00
0,00

Side of the sieve mesh [mm]
designed aggregate lower limit upper limit

Fig. 3. Sieving curve of the aggregate used in the con-
crete mix
Rys. 3. Krzywa przesiewu kruszywa zastosowanego w mie-
szance betonowej

Table 2. The composition of the concre-
te mix
Tabela 2. Skład mieszanki betonowej

* manufacturer’s data

Component Quantity [kg/m3]

Cement CEM III/A 42,5 N – LH 274

Water 154

Alluvial sand 0 – 2 mm 571

Gravel 2 – 4 mm 295

Gravel 4 – 8 mm 600

Gravel 8 – 16 mm 542
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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.

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:

● a change in the force
(corresponding to the limit adhesion
stresses) acting on the test elements,
which causes the slip as a function of
an increase in the age of concrete
maturation – on the basis of the
conducted tests;

● the theoretical value of the failure
load determined from the shear stress
fbd values calculated according to EC2
[7] (the value of average shear stress fbd
values was calculated according to the
procedures in EC2 with included
compressive strength of concrete (fc,cube),
which was determined on the day of
testing elements);

● the theoretical value of the failure
load determined from
the shear stress fbd valu-
es calculated according
to EC2 [7] (the value of
average shear stress fbd
values equal to 2.3, re-
ferred to the design
class of concrete speci-
mens C20/25);

Fig. 7 shows curves
that illustrate:

■ the values of shear
stress fbd calculated
according to EC2 [7]
with included tempora-
ry compressive strength
of concrete;

■ limit adhesion
stresses based on the
value of pull-out force
determined from the
tests on rebars φ10;

■ limit adhesion
stresses based on the
value of pull-out force
determined from the
tests on rebars φ16;

■ limit adhesion
stresses based on the
value of pull-out force
determined from the
tests on rebars φ25;

■ 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:

● the value of force pulling the rebar
out from the specimen determined from
the results of theoretical calculations

Table 3. Average values of concrete compressive strength
Tabela 3. Średnie wartości wytrzymałości betonu na ściskanie

Days
Compressive strength fc,cube [MPa] Coefficient

of variation
[%]

specimen no. average
value

standard
deviation1 2 3 4 5 6

3 4,21 4,58 4,71 4,96 4,88 4,27 4,60 0,31 6,74
5 7,71 7,46 7,91 7,12 7,08 7,28 7,43 0,33 4,47
7 9,22 9,91 8,92 10,14 10,04 10,91 9,86 0,71 7,19

14 18,68 16,57 16,29 16,27 16,12 15,35 16,55 1,12 6,79
21 20,47 22,75 21,06 21,12 21,93 23,27 21,77 1,08 4,97
28 24,92 25,24 24,17 24,32 24,06 23,48 24,37 0,63 2,59
56 26,76 26,24 25,94 25,86 25,11 25,59 25,92 0,56 2,17
91 28,97 26,45 27,16 27,18 26,47 26,38 27,10 0,98 3,63

188 27,84 27,95 27,93 28,21 28,09 27,68 27,95 0,19 0,66
360 29,96 29,83 29,46 30,13 29,68 30,37 29,91 0,32 1,08

Compressive strength fc,cube [MPa]
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Fig. 4. Concrete compressive strength of test elements
fc,cube as a function of time: a) range up to 28 days; b) full
range of tests
Rys. 4. Wytrzymałość na ściskanie próbek betonu fc,cube w funk-
cji czasu: a) zakres do 28 dni; b) pełny zakres badań
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(No. 2 in Fig. 6) differed from the value
determined from the tests (No. 1 in Fig.
6). It was particularly noticeable in the
initial phase of concrete curing. Within
the first 28 days of concrete curing, the
measured values of adhesion were
greater than the theoretical ones only for
the rebars φ16 (No. 3 in Fig. 7). Within
a longer period of concrete maturation,
adhesion of rebars φ10 reached the
theoretical values and then exceeded
them (No. 2 in Fig. 7). For the rebars
φ25, the adhesion determined for the
whole period of concrete maturation
was lower than the theoretical one
(No. 4 in Fig. 7), and reached the value
specified for the design class of concrete
just at the end of the testing period
(No. 3 in Fig. 6);

● based on the convergence of
measured and theoretically determined
limit adhesion stresses (Fig. 7), it can be
initially concluded that an increase in
adhesion is proportional to an increase
in compressive strength of concrete,
even in the initial phase of concrete
maturation;

● the procedure specified in EC2 [7]
allows the estimation of the limit
adhesion stress for concrete during
maturation; however inconsistency
between values calculated according to
this procedure and determined from the
tests (Fig. 7) indicates that safety factors
have to be verified or values fbd for the
anchorage length have to be determined;

● the required compressive strength
of concrete was reached on day 28 of
concrete maturation. Unfortunately, as
shown in Fig. 6, for almost every case
values of the pull-out force – limit
adhesion stresses (1 in Fig. 6; 2, 4 in
Fig. 7) were lower than the calculated
values (2, 3 in Fig. 6, 1 in Fig. 7).

Summary
The tests on adhesion between con-

crete and reinforcing steel are usually
performed after concrete curing. There
are few tests on changes in the values of
limit adhesion stresses [9]. Single tests
demonstrate the relationship between
the development of limit adhesion stres-
ses and temporary compressive strength
of concrete during the maturation pe-
riod [4]. Only some of them refer to the
standard recommendations or proposed

Table 4. Test results of adhesion between concrete and reinforcing steel – bars φφ10
Ta bela 4. Wy ni ki ba da nia przy czep no ści mię dzy be to nem a sta lą zbro je nio wą – prę ty φ10

Days

Pull-out force [kN]
Coefficient
of variation

[%]
specimen no. average

value
standard
deviation1 2 3 4 5 6

3 0,81 0,83 0,97 0,80 0,85 0,83 0,85 0,06 7,43

5 1,26 1,56 1,28 1,23 1,36 1,40 1,35 0,12 8,89

7 1,74 1,54 1,70 1,65 1,73 1,82 1,70 0,10 5,66

14 2,32 2,62 2,19 2,41 2,32 2,53 2,40 0,16 6,56

21 2,84 2,73 2,76 2,44 2,59 2,74 2,68 0,14 5,37

28 3,04 3,11 2,84 2,79 2,74 2,91 2,90 0,14 4,99

56 3,29 3,83 3,38 3,23 3,15 3,20 3,35 0,25 7,47

91 3,97 3,84 3,59 3,74 3,59 3,61 3,72 0,16 4,27

188 4,22 3,68 3,72 4,19 3,92 3,70 3,90 0,25 6,34

360 4,25 4,36 4,79 4,70 4,63 4,28 4,50 0,23 5,16

Table 5. Test re sults of ad he sion be twe en con cre te and re in for cing ste el – bars  φφ16
Ta bela 5. Wy ni ki ba da nia przy czep no ści mię dzy be to nem a sta lą zbro je nio wą – prę ty φ16

Days

Pull-out force [kN]
Coefficient
of variation

[%]
specimen no. average

value
standard
deviation1 2 3 4 5 6

3 4,61 4,29 4,22 4,59 4,50 4,21 4,40 0,19 4,21

5 5,77 6,39 6,16 5,97 6,38 6,29 6,16 0,25 3,99

7 7,58 7,17 7,07 7,66 6,00 7,13 7,10 0,59 8,35

14 9,37 8,64 8,13 8,01 8,14 7,60 8,31 0,61 7,37

21 7,92 9,22 7,96 8,92 8,60 9,87 8,75 0,76 8,64

28 9,74 9,13 9,01 8,65 9,37 8,73 9,10 0,41 4,46

56 10,67 8,48 9,59 9,67 10,34 11,25 10,00 0,97 9,70

91 11,34 10,98 10,48 11,43 10,97 9,58 10,80 0,68 6,32

188 10,57 10,80 12,10 11,35 11,84 10,80 11,24 0,62 5,54

360 10,75 12,08 12,26 12,98 12,38 12,99 12,24 0,82 6,72

Table 6. Test results of adhesion between concrete and reinforcing steel – bars φφ25
Tabela 6. Wyniki badania przyczepności między betonem a stalą zbrojeniową – pręty φ25

Days

Pull-out force [kN]
Coefficient
of variation

[%]
specimen no. average

value
standard
deviation1 2 3 4 5 6

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 4,41

7 10,13 8,13 8,01 7,57 7,44 7,22 8,08 1,06 13,12

14 8,95 9,27 9,37 10,97 10,54 10,80 9,98 0,88 8,86

21 10,89 11,83 11,37 12,31 11,06 11,98 11,57 0,56 4,80

28 12,77 12,03 14,27 13,11 13,01 13,21 13,07 0,73 5,57

56 17,23 16,73 17,53 17,09 17,39 17,73 17,28 0,35 2,04

91 18,99 20,67 20,97 19,43 19,33 20,89 20,05 0,89 4,44

188 21,89 22,91 20,67 19,98 22,19 21,86 21,58 1,07 4,95

360 23,14 24,90 22,07 22,18 21,13 21,06 22,41 1,44 6,41
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em pi ri cal for mu las for de ter mi ning li -
mit ad he sion stres ses [8], which is par -
ti cu lar ly si gni fi cant for the en gi ne ering
prac ti ce.

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

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

did not reach the design strength
parameters;

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

The re sults ob ta ined for the ana ly sed
se ries of spe ci mens of con cre te C20/25
with Por t land ce ment in di ca ted the pro -
por tio nal de ve lop ment of li mit ad he sion
stres ses and com pres si ve strength of

con cre te du ring its ma tu ra tion
pe riod – the path of the cu rve
il lu stra ting an in cre ase in li -
mit ad he sion stres ses du ring
con cre te ma tu ra tion (cu rve
No. 5 in Fig. 7) was clo se to
the path of the cu rve de ter mi -
ned from the em pi ri cal for mu -
la from EC2 [7] on the ba sis
of the tem po ra ry com pres si -
ve strength of con cre te (cu rve
No. 1). The em pi ri cal for mu -
las pro du ced va lu es hi gher
than the ones de ter mi ned
from the te sts, which con flic -
ted with fin dings pre sen ted in
other pa pers [4, 8] that in di ca -
ted the as sump tions from the
re gu la to ry do cu ments we re
so und and sa fe, which was
em pha si zed by the au thors
[4]. On day 28 of con cre te
ma tu ra tion, the ad he sion did
not re ach the the ore ti cal va -
lue spe ci fied in EC2 [7] for
the de sign class of con cre te.
The pre sen ted in i tial re sults of 
the te sts sug ge sted that sa fe ty
fac tors or va lu es fbd for de ter -
mi ning the an cho ra ge length
ac cor ding to EC2 [7] sho uld
be ve ri fied. Ove re sti ma tion of
li mit ad he sion stres ses for the
ma te rials, de ter mi ned ac cor -
ding to the pro ce du re spe ci -
fied in EC2 [7], espe cial ly for
the 28-day con cre te, may be
dan ge ro us.

The test re sults for a small
test se ries and for on ly one
class of con cre te ha ve to be
ve ri fied wi thin bro ader stu -
dies. The te sts are to be con ti -
nu ed on con cre te with hi gher
strength and other ce ment ty -
pes. For the re bar φ16, li mit

ad he sion stres ses de ter mi ned from the
te sts we re hi gher than the em pi ri cal
ones, in ver se ly than in ca se of the ana -
ly sed re bars with dif fe rent dia me ter
(Fig. 7). Hen ce, fur ther pha ses of te sts
are to be con duc ted on mo re re bars with
dif fe rent dia me ters. Rib bed re bars are
cur ren tly the most com mon. For the se
re bars, stress be twe en ste el and con cre -
te is usu al ly trans mit ted thro ugh in ter -
loc king of re bar ribs in con cre te. Then,
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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. Porównanie eksperymentalnej wartości siły wyrywającej z wartościami teoretycznymi 
w zależności od wieku betonu: a) zakres do 28 dni; b) pełny zakres badań; 1 – siła wyrywająca uzyskana
w badaniach; 2 – siła wyrywająca określona wg EC2 z wykorzystaniem chwilowej wytrzymałości betonu
na ściskanie; 3 – siła wyrywająca określona wg EC2 w przypadku projektowanej klasy betonu
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the im pact of li mit ad he sion stres ses on
the pull -out for ce can be mar gi nal, and
the dif fe ren ce be twe en the me asu red
and em pi ri cal va lu es ba sed on the tem -
po ra ry com pres si ve strength of con cre -
te is al so 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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Fig. 7. Limit adhesion stresses: a) as a function of concrete strength fc,cube; b) as a function of concrete
age;1 – value of tangential stresses fbd 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 φφ10 bars; 3 – limit adhesion stresses determined on the basis of the pull-out force obtained
in tests of φφ16 bars; 4 – limit adhesion stresses determined on the basis of the pull-out force obtained
in tests of φφ25 bars; 5 – average limit adhesion stresses determined on the basis of the pull-out force
obtained in bar tests
Rys. 7. Gra nicz ne na prę że nia przy czep no ści: a) w funk cji wy trzy ma ło ści be to nu fc,cu be; b) w funk cji wie ku 
be to nu; 1 – war tość na prę żeń stycz nych fbd ob li cza nych wg EC2 z wy ko rzy sta niem chwi lo wej wy trzy ma ło -
ści be to nu na ści ska nie; 2 – gra nicz ne na prę że nia przy czep no ści okre ślo ne na pod sta wie si ły wy ry wa ją cej
uzy ska nej w ba da niach prę tów φ10; 3 – gra nicz ne na prę że nia przy czep no ści okre ślo ne na pod sta wie si ły
wy ry wa ją cej  uzy ska nej w ba da niach prę tów φ16; 4 – gra nicz ne na prę że nia przy czep no ści okre ślo ne na pod -
sta wie si ły wy ry wa ją cej uzy ska nej w ba da niach prę tów φ25; 5 – śred nie gra nicz ne na prę że nia przy czep no -
ści okre ślo ne na pod sta wie si ły wy ry wa ją cej uzy ska nej w ba da niach prę tów 
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