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Abstract: A detailed tie model of cracking is proposed. The model is dedicated to both semi-massive RC
(reinforcement concrete) members subjected to early-age imposed strains and non-massive members in
which imposed strains occur after concrete hardening. As distinct from the currently applied European
guidelines, the proposed model enables an analysis of crack width changes. These are a function of
progressive imposed strain, material and geometry data, but also depend on the scale of cracking which
determines the strain conditions of a member. Consequently, the new model takes account of not only
the factors determining the cracking development but also the member relaxation effect that results
from cracking. For this reason a new definition of restraint factor is proposed, which takes into account
the range of cracking of a structural member, i.e. the number and width of cracks. Parametric analyses
were performed of both the changes of the degree of restraint after cracking as well as the changes
of crack width depending on the adopted type of aggregate, class of concrete and the coefficient of
thermal expansion of concrete. These analyses indicate the potential benefits of the application of
the presented model for both a more accurate interpretation of research and economical design of
engineering structures.
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1. Introduction

So far, the cracking of RC structures caused by imposed strain in the period of concrete
maturing has not been researched exhaustively. This is due to the multi-faceted complex-
ity of the progressing thermo-physical processes taking place while concrete matures [1].
On the one hand, these processes are determined by intended activities such as design
objectives [2], building technology [3] of the structure and concrete composition [4]. On
the other hand, the degree and time sequence of imposed strain are heavily affected by
atmospheric factors which are impossible to determine precisely. These include especially
the variations of temperature of the surroundings, humidity, exposure to the sun, wind ve-
locity and precipitation. All these factors affect at least one parameter necessary to perform
calculations of the field of temperature or humidity. If these parameters are underestimated,
the calculations will significantly deviate from both the actual increase of thermo-physical
parameters of concrete as well as the degree of imposed strain. As a result the calculation
model will not describe the cracking risk and cracking itself relevantly.

Various cases of cracking of engineering objects at the stage of their construction are
given in Jedrzejewska et al. [5]. RC tanks, of which complete water tightness is required,
and which frequently undergo cracking, are a special case [6-8]. While a reduction of
shrinkage [9] or temperature [10] induced imposed strains may result in the avoidance
of cracking or a reduction of the number of cracks, it does not lead to the reduction of
cracks width. In Jedrzejewska et al. [5] a comprehensive analysis of cracking of individual
structures is done following European guidelines (EN 1991-1 [11], Knauff et al. [12], EN
1992-3 [13], CIRIA 766 [14]). A significant role in these calculations is performed by the
so-called restraint factor which defines the degree of restraint of the structure, i.e. the part
of imposed strain which remains restrained and will result in the formation of undesirable
stress in maturing concrete. This factor covers many problematic issues, and is the fastest
path to performing engineering calculations or comparative scientific research analyses.

The restraint factor is commonly used in engineering analytical models. These models
are assumed to enable relatively efficient and safe calculation of the effects from imposed
strain. Restraint factor depends on a number of factors including: the geometry of the
restrained member, the geometry of the restraining member, concrete maturity, rigidity
and type of inter-element constraints, position in the structure, type of ground. In view of
the above a precise definition of the restraint factor is a complex and multi-faceted matter.
Therefore, owing to the knowledge of its value for certain types of structural members
the designer avoids the necessity of doing a considerable portion of calculations. The
approaches to the determination of the restraint factor used currently in various design
standards and guidelines (prEN 1992-1-1 [15], EN 1992-3 [13], CIRIA C766 [14], ACI
207.2 [16], JCI 2008 [17], JSCE [18]) were described by, inter alia, J¢drzejewska and
Zych [19]. Although the new method of calculating stresses from imposed strain, which is
to be included in prEN 1992-1-1 being developed [15] is now one of the most extensive
standard approaches, it is the guidelines necessary for the determination of the degree of
restraint were treated in the prEN only marginally. One of the firmly established analytical
methods of the determination of the restraint factor of uncracked members is the compen-
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sation plane method (CPM). It was proposed in 1985 [20] and is now a basis for a number
of standard models (EN 1992-3 [13], JCI [14]). From the practical point of view the de-
termination of this factor by a designer is most frequently reduced to reading its value in
a table or a diagram, or applying a simple formula approximating the results obtained from
analytical or numerical models. The restraint factor is also a parameter that researchers
most often use in order to assess the favourable or unfavourable impacts affecting the
restraint factor. Also, the changes in the restrained part of the imposed strain are assessed
quantitatively, which is chiefly determined by the adopted design solutions. This enables,
inter alia, an evaluation of more in-depth calculation analyses, and next, the development
of more precise cracking risk models. Analytical scientific models are based on the CPM
idea as often as the standard models (Al-Gburi [21], Nilsson [22]). An alternative solution
to analytical models is to determine the restraint factor based on numerical models, owing
to which other additional aspects affecting the degree of restraint including the particular
layers of a structure (JSCE [18]), type of ground (Klemczak and Knoppik-Wrébel [23]),
member cracking (Zych [24]) can be taken into account.

The significance of the restraint factor for both engineering and research purposes is
therefore indisputable. However, it is commonly defined for an uncracked structure, which,
in the author’s opinion, greatly restricts its practical application. Owing to the assumption
of alack of impact of member cracking on the value of restraint factor it is proper to take into
account its value only in the cracking risk calculation, while including it in the calculation
of cracks width or the estimation of the degree of cracking is substantively questionable.
The concept of the application of the restraint factor after structure cracking was originally
presented by Kheder [25]. He used this factor in the calculations of cracks width in straight
walls. Such an assumption is substantively justified but it implies a further challenge which
is the necessity of performing more complex calculations. Another solution for arched
walls, based on a numerical model, covering cracking in construction joints and cracking
in the wall axis was proposed by Zych [24]. On the basis of these calculations diagrams of
the changes in the degree of cracking after the cracking of arched walls were produced. The
change of the degree of restraint of hardening concrete also after cracking was analysed by
means of adjustable restraining frames (ARFs) by Schlicke et al. [26]. The restraint factor
was defined as:

(1. Rax =

where: E - A, — mean axial stiffness of the specimen dependent on the actual modulus of
elasticity of concrete and state of specimen’s cracking, kr — equivalent spring stiffness of
the frame, L — length of the specimen.

Taking account of the equivalent stiffness of frame (kr) and the stiffness of specimen
(E - Ann) Eq. (1.1) defines the restraint factor globally. This means that the effect of external
restraints and that of concrete hardening as well as potential cracking manifested by first
increase and next decrease of stiffness are taken into account. In practice, however, Schlicke
et al. [26] employ an equation based on a measured change of tensile force (Farp) at the
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moment of cracking:

(1.2) Rux (r“) - % R, (ﬂ) <1

where: ¢! — time immediately prior to cracking, ! — time immediately after cracking.

Cracking causes a decrease of the tensile force (Farp(#'1) < Farp(#!)), which following
Eq. (1.2) will contribute to an increase rather than decrease of the degree of restraint. The
same tendency is maintained in the theoretical Eq. (1.1), as both formulae take account
only of changes of stiffness rather than the effect of compensation of additional cracking
induced strains. Consequently, in Eq. (1.3), which describes changes of the tensile force
resultant (Farp), the cracking induced strain is taken account of as a separate component
(X Aw/L), while stiffness FA,, must, moreover, include the effect of cracking [26]:

(1.3) FARr = (50,p+¥) 'EAm(t)'Rax

where: g9, — imposed deformation during hardening of concrete, 3 w — sum of occurring
crack widths along the specimen.

The aim of the present paper is to propose a concept of an analytical model for the
determination of the degree of restraint of tie members at various stages of their cracking.
Unlike the existing models, the new definition of the restraint factor can be used for a more
precise estimation of the structure’s behaviour also after its cracking. This definition takes
account of each episode of relaxation resulting from member cracking. Next, further
parametric analyses of the degree of restraint after a member cracking, taking account of
variable parameters including the class of concrete, coefficient of thermal expansion of
concrete and modulus of elasticity of concrete will be presented. Another, parallel range
of calculations will concern the changeable width of cracks taking account of the effect
of member relaxation. In the future further research will focus on the improvement of the
present model particularly in the aspect of the parameters of hardening concrete and the
parameters of the member which restrains the strains of the analysed member.

2. Restraint factor and cracks width after
member relaxation

The restraint factor after cracking R"(¢), i.e. for ¢t > ., is described by equation:

oe(t)
[RU"er (1) oix (1) ]

where: R"™" — restraint factor before cracking, o. — actual stresses in concrete, oy —
stresses that would occur in a fully restrained element.

In Eq. (2.1) stress o, in concrete includes the effects of member cracking. o, =
R"™" . g4 in turn, indicates that there are no cracks in the member and what is important

@2.1) RY(t) =
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are only the parameters adopted for the determination of the degree of restraint prior to
cracking (R"™"). To define R"™" the proportions between the rigidity of strain restrained
and restraining members are taken into account.

Next, the decrease of the tensile force AN (), which is chiefly determined by the
geometry and method of member reinforcement, i.e. factors that heavily affect the crack
width, is expressed in a more compact form, i.e. the function of the degree of restraint after
cracking:

(2.2) ANrel(l‘cr) = N"T (tcr) [1 - R™ (tcr)]

where: N"""(¢) — tensile force in uncracked section.

Consequently, when the number of cracks increases, the criterion taking account of
member relaxation should be employed in the form:

n—1
(2.3) Ner (tér) < R Kot - Efree (tér) Ecm (tér) “Ac (1 T @, (tf:r) ',0) - Z ANrie] (tér)
i=1

where: K| — coeflicient for the effect of creep on stress relaxation at early-age, &free(f) —
free imposed strain, E.p, (f) — modulus of elasticity of concrete, A, — area of concrete, @, (7)
— ratio of moduli of elasticity of steel and concrete, p — reinforcement ratio, ANy (fcr) —
tensile force decrease caused by cracking.

Thus defined decrease of tensile force (Eq. (2.2)) is a basis for the determination of
the value of further imposed strain necessary for the formation of subsequent cracking
of the member, which provides a basis for, inter alia, the determination of the final scale
of member cracking. After each cracking event the relaxation results also in temporary
decrease of cracks width until the restrained part of the imposed strain increases again.
Further considering the fact that the tensile force drop and cracks width decrease are an
interconnected phenomenon, it is necessary to solve a set of equations composed of two
dependencies. One describes the actual width of the crack, taking account of a certain
decrease of tensile force, while the other one defines the value of the decrease of this force
due to the formation of a crack of a certain width [27]. The solution of this set of equations
produced the dependencies (2.4), (2.5) describing, respectively: the basic component of
cracks width dependent on the decrease of force expressed in the function of quantity and
the width of early-age cracks, and the change in the tensile force due to the given number
of cracks of width defined after Eq. (2.4):

AT (n-1)

k- & (ter) + —_

) = L
2a, (ter) - p +

(24) Al (# ter, AN -
Sr,max ° K1 Z

rel
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Ac - Een (ter) - (1 + @ (ter) - p) .
L
i—1
Ay (n=1)
L i-1
n=AT1.(n=-1
20e (ter) - P + n n rel (n )
Sr,max L

(2.5) ANL (ter, Aly) =

k- e (ter) +

where: k — coefficient which allows for the effect of non-uniform self-equilibrating stresses,
&cu — tensile capacity of concrete, L — length of the element, s, max — maximum crack
spacing, n — total number of cracks.

Dependencies (2.4), (2.5) concern a case of the occurrence of imposed strain over a very
short period of time during which one crack follows the next one and each event is followed
by a corresponding decrease of the tensile force. Consequently, identical parameters of
concrete-reinforcement bonding around each crack are adopted because the properties of
concrete remain unchanged, which may correspond to, for example, a case of sudden
cooling of the member. The final crack width (as a sum of its basic component resulting
from reinforcement elongation and the component resulting from concrete relaxation in
the vicinity of the crack) is described by equation:

Sr,max * O¢ (tcr)

(2.6) Wk(t) = Arel(t) + 2Eom (tcr) Kot
where:

_ _ ANl (tcr) .
2.7 O¢ (tcr) = kfct,cﬂ" (tcr) A, - (1 +a, (ttcr) ) ,0)] K1

where: f et — effective tensile strength of concrete.
Making Eq. (2.1), i.e. the relationship describing the restraint factor after cracking
R (t)) more specific, the following dependence is obtained:

n—1 ) )
Z AIvr[el (t(l:r)
i=1

1- : _ .
RUCT (1) - Koy - Efree (thr) * Eem (thy) - Ac [1+ ar (1) - p]

n-1 ) )
Z A‘g;el (tér)
i=1

1- -
Rt (1) - K¢ * Efree (t.l:r)

(2.8) R (¢,) =

From Eq. (2.8) it follows that the maximum value R = 1.0 will be valid for an
uncracked section, still before member relaxation. This equation should be used together
with Eq. (2.5) describing the impact of the number of cracks on member relaxation. In
Eq. (2.8) the favourable effect of creep on the reduction of its value can be optionally
included, which in real-life structures subjected to drying shrinkage should be treated
merely as a theoretical issue. Creep, in turn, included in the calculation of cracking risk is
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commonly taken account of either by the effective modulus of elasticity after Bazant [28]
or in the form presented here, i.e. coefficient K. (CIRIA C766 [14]).

In the present paper parametric analyses based on the new definition of restraint factor
will be proposed. These analyses take account of the type of aggregate, class of concrete
and the value of the coefficient of thermal expansion of concrete.

3. Parametric analysis

3.1. Impact of type of aggregate on R and wy

EN1992-1-1 [11] recommends that in the design of any structure it is necessary to take
into account the impact of the type of aggregate on the modulus of elasticity of concrete.
Its value is specified by multiplying the value fixed for concretes with quartztite aggregate
(Table 3.1 in EN1992-1-1 [11]) by the coefficient relevant for the given type of aggregate:
0.9 for limestone aggregates, 0.7 for sand aggregates and 1.2 for basalt aggregates. In the
case of imposed strains the higher modulus of elasticity will contribute to a reduction
of tensile strain capacity of concrete (e.,) and faster increase of stresses from changing
strains. A question, however, arises as to what exactly impact will this have on both crack
width changes and degree of restraint.

For the analysis the following were adopted: R""" = 1.0, thickness, height and length
of member, respectively, of 0.6, 1.0 and 10 m, constant temperature 20°C of concrete
hardening, concrete cover cpom = 40 mm, 10 bars reinforcement along both edges ¢20
(p = 1.05%), class of concrete C30/37, t = 3 days, k; = 1.14, as well as imposed strain
range of up to 500 pe. An adequately high value of the adopted strain covers nearly all
practical cases of the amount of this strain. The calculations were done for concretes
with the four above mentioned aggregates quoted in EN1992-1-1 [4]. Figure 1 illustrates
changes of restraint factor R with no effect of creep of concrete and taking account thereof.
The restraint factor decreases stepwise after each cracking event. In the presentation of the

1,00

0,85 | 7
& - ) )
£ 0,70 . 1 | 0,9-Ecm
£ s
7 b
2 0,55 =11 ———
% _'-|W e ———
$ 040 RARYAS S
¥ G- =l1,0Ecm
=) ===\ — 1,2-Ecm
T a1 /
0,25 - == =
= without creep - B -‘-_\-_.,_‘} ~=
= = =with creep il Y 2
0,10 T T
0 100 200 300 400 500

Imposed strain, ue,

Fig. 1. Change of degree of restraint R" in the function of imposed strain for a members
with different type of aggregate
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results, however, they are presented as an approximation of minimal values (Fig. 2a), which
facilitates a comparison of individual cases. In general it can be concluded that with an
increase of imposed strain (g, ) the degree of restraint (R") due to cracking significantly
decreases, and a reduction of its value caused by creep is determined by the value of
imposed strain, and is about 50% its basic value over its significant range.

In Figs. 2a and 2b changes in the degree of restraint after cracking R®" and changes
in cracks widths wy, are presented, respectively. The curves in Fig. 2b represent cracks
widths immediately after each relaxation event of the member and immediately prior to
the next cracking. This figure also shows the values calculated after EN1991-3 [13], which
for a three-day concrete are not the upper limit of cracks width, which results from the
proposed model of factor k; = 1.14 adopted after CIRIA C766 [14]. It turns out that the
highest degree of restraint is observed in concretes with aggregates of lower modulus of
elasticity, which also results in a slightly bigger cracks width. What is a favorable aspect
of the application of such aggregates is an increase of tensile strain capacity of concrete
(&cu), which delays the time of cracking and ensures the possibility of development of
further cracks in the entire range of the adopted imposed strains. The higher the modulus of
elasticity the lower the degree of restraint after cracking. However, cracking of a member is
initiated earlier and the imposed strains range for which reinforcement effectively restricts
cracks width is smaller. The higher degree of restraint of concretes with a lower modulus of
elasticity results from a higher ratio between reinforcement stiffness (in the section through
crack) and the stiffness of the uncracked part of section.

1 0,25 T T T
[ ——0,7Ecm ——EC2-3 (0,7Ecm)
0,9 0,7-Ecm = = =0,9ECM esesees EC2-3 (0,9Ecm) :
i / | T e 1,0Ecm = = =EC2-3 (1,0Ecm) 1Y
i:* 0.8 \ 0,9-Ecm % 021 :
c 2
‘s 1,0-Ecm s
€07 \ s
(] —
b \\Z\ 1,2:Ecm B
© 06 Q 3 0,15 =
pl ©
gos e~
0,4 1 0,1 =t ; t
0 100 200 300 400 500 0 100 200 300 400 500
Imposed strain, ue, Imposed strain, pe,
(a) (®)

Fig. 2. a) Change of degree of strain R°" for concrete class C30/37 with various aggregates, b) change
of cracks width wy, for concrete class C30/37 with various aggregates

3.2. Impact of class of concrete on R and wy

In another analysis class of concrete: C20/25, C30/37, C40/50 with quartzite aggregate
was adopted as the variable parameter. The other data for the calculations adopted as in
the previous section of the paper. In Figs. 3a and 3b changes of the degree of restraint
after cracking R and changes in cracks widths wy are presented respectively. From the
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calculations it can be concluded that the highest degree of restraint is found for the higher
classes of concrete, which is mainly connected with the cracking initiation at higher imposed
strains. Actually, the degree of restraint for structural members different only in the class
of concrete for each cracking episode is very close to each other. An exception is a case of
stabilized cracking as, for instance, for concrete class C20/25, when above strains 350 pe
no further cracks are formed and the degree of restraint is constant. Thereby the class of
concrete has a significant impact only on the range of imposed strains at the level of which
reinforcement effectively restricts cracks width. However, the class of concrete does have
a major impact on the crack width, which results from a higher strength of concrete and
a bigger allowable tensile force in a member. In concrete class C40/50 the cracks widths
are nearly twice bigger compared with concrete class C20/25. From the performed analysis
it can be concluded that for design purposes it would be sufficient to specify the degree
of restraint after cracking of a given member for one class of concrete with a varying
reinforcement method and to recommend a limitation in the form of allowable imposed
strains.

1 T T 0,25 Tesecees C20/25 seeeveee EC2-3 (C20/25)
! 1 R P €20/25 - = —C30/37 == =EC23(C30/37)
Q:a 0,9 ;l - = =(30/37 C40/50 EC2-3 (C40/50)
= Y, ——c40/50 }
5 08 \ 02
- "N\ =
€07 N £
‘s N ~
o ey N 2 1
g 06 RN 0,15 !
7 fed S ! T
a S
ST =t Py — iF
HIBE
04 iz
0 100 200 300 400 500 0,1 +
Imposed strain, ue, 0 100 200 300 400 HEr 500
(@) (b)

Fig. 3. a) Change of degree of restraint R" for selected classes of concrete, b) change of cracks width
wy for selected classes of concrete

3.3. Impact of coefficient of thermal expansion of concrete
on R and wy,

Another variable parameter adopted was the coefficient of thermal expansion of con-
crete ar. EN1992-1-1 [12] recommends the value of 1.0 - 107%/°C. This coefficient, how-
ever, depends on the concrete mix composition and concrete maturity. Its value is several
times higher in the initial hours of concrete curing (Bergstrom and Byfors [29]). According
to CIRIA C766 [14], when no detailed data are available oy = 1.2-107° /°C should be used.
After general recommendations of CIRIA C766 [14] an aggregate of a lower coefficient of
thermal expansion should be used.

For the purposes of the present parametric analysis the following values were adopted
ar:0.8-107%/°C, 1.0-107%/°C, 1.2 - 107/°C. In Figs. 4a and 4b changes of the degree
of restraint after cracking R®" and changes of cracks widths wy. are presented, respectively.
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The calculations indicate that the highest degree of restraint is found in concretes of lower
coeflicient of thermal expansion, which, similar as in the case of variable class of concrete,
is connected with cracking initiation at higher imposed strains. Actually, the degree of
restraint for concretes of different coefficients of thermal expansion of concrete for each
cracking event is identical.

1 . . ] 0,25 . : T
: T =1-85/°C oT =1-8%/C !
R 1
- - ] . 5 /o
t0,9 i \ - - —aT=1-10%/C = aT=1 1os/c i ',
o MY E ] eeeesens T=1-125/°%
208 -_\‘\ ....... ar=1-12°/¢  _| £ 02 ¢ /e § +
£ 3 \ S —EC2-3 i /
g7 KN < F] B {} : Ty
207 3 \\\ 3 :5{! ARl 3 [ :y
5 . 3 b ; 3 . ]
o N ~ HEHE H p sl
206 oS N % 0,15 H "
g" " \ N X o el 84 414 UH
05 N '
""""" b1 2 Sp——— 1
04 0,1 1 } +
0 100 200 300 400 500 0 100 200 300 400 500
Imposed strain, ue, Imposed strain, e,
(a) (b)

Fig. 4. a) Change of degree of restraint R*" for selected coefficients of thermal expansion of concrete,
b) change of cracks width for selected coefficients of thermal expansion of concrete

Again, an exception is when the level of strains above which no new cracks are formed
has been reached. The coefficient of thermal expansion, however, does not affect changes
of cracks width, only the level of cracking initiation and the level of strains to which
reinforcement effectively restricts crack width. Thereby it can be concluded that, as in
the case of various classes of concrete, in practice it would be reasonable to specify the
degree of restraint after cracking only for one coefficient of thermal expansion of concrete,
with additional information of the threshold strain that decides of the transition from
non-stabilized to stabilized cracks spacing.

4. Summary of selected results

Actual and allowable number of cracks for all the analysed cases is tabulated in Table 1.
On this basis two stages of member cracking have been distinguished. In the first stage
cracks widths are effectively restricted by reinforcement so these widths depend mainly on
the tensile strength of concrete and degree of member reinforcement. In the second stage
cracking becomes stabilised and higher imposed strains result in cracks width increase
independent of concrete strength and degree of reinforcement. In Table 1 strains causing
primary cracking and an increase of strains causing subsequent cracking are also tabulated.
On this basis a conclusion can be drawn of a “surplus” imposed strain which can be
compensated only by the existing cracks rather than default subsequent ones, contributing
to the widening of the former ones.
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Table 1. Number of cracks in a member and cracking strains increase

Parameters: (type Number of cracks Strain Strain increase Value of
of aggregate; class | in a member for . . .
generating generating strains
Cases of concrete; Eimp = 300 pe vs. .
. P initial subsequent | non-consumed
coeflicients of allowable number cracking (j£) | cracking (1) | by cracks (e)
thermal expansion) of cracks £ihe £ihe y she
1A 0.7 Ecm 19 <20 106 21.0 0
1B 09 Ecm 20=20 83 20.0 -17
1C 1.0 Ecm 20=20 75 19.4 =37
1D 1.2 Ecm 20=20 62 18.4 =70
2A C 20/25 20=20 62 15.1 -136
2B C 30/37 20=20 75 19.4 =37
2C C 40/50 19 <20 85 23.0 0
3A 1-875/°C 17 < 20 93 242 0
3B 1-107%/°C 20 =20 75 19.4 -37
3C 1-1275/°C 20 =20 62 16.2 -114

Figure 5 illustrates the allowable levels of imposed strain, i.e. a limit between the
stabilised and non-stabilised state of cracking to which the reinforcement will effectively
restrict cracks width. The most unfavourable solution in the analysed cases is one in which
aggregates of a higher modulus of elasticity (Fig. 5a) or in more precise analyses aggregates
of a high coefficient of thermal expansion (Fig. 5¢) are used. The use of concretes of lower
classes is also a definitely worse solution (Fig. 5b).

Although the same degree of reinforcement of all the members and identical geometry
of a member, inter alia, were adopted in the presented analyses, considerable differences in
both the restraint factor and cracks width were obtained. In the case of cracks, their maximal
values in the period of non-stabilised cracking range from 0.14 to 0.22 mm, while during
stabilised cracking and strain of 500 pe the cracks widths exceed 0.25 mm in practically
each case.

In Fig. 6 envelopes of restraint factor for all the cases analysed in the present paper are
shown. The largest differences between the extreme values are observed at lower levels of
imposed strain. In general, the considerable differences in the restraint factor and cracks
width for all the calculation cases indicate a great significance of the other, apparently less
important design and executive objectives.

Since in the literature on the subject no studies are presented on the impact of the
type of aggregate, class of concrete and coefficient of thermal expansion on the degree
of restraint after cracking, the calculations are performed only qualitatively. In the future
therefore quantification is necessary based on experimental verification.
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5. Conclusions

The proposed model enables a more precise analysis of cracking that result from the
effect of imposed strain in members restrained at both ends. A considerable decrease of
the degree of restraint is observed after subsequent cracking events of a member, whose
values depend chiefly on the degree of reinforcement of the member and its cross-section.

The changeability of the degree of restraint R°" of a member restrained at its ends in the
function of: the degree of reinforcement, thickness of the member, class of concrete, type
of aggregate and coeflicient of thermal expansion of concrete is presented. Some of the
introduced variables (e.g. class of concrete or coefficient of thermal expansion) proved not
to impact significantly the degree of restraint. The highest effect on a change of its value is
exerted by the type of aggregate, member dimensions and age of concrete.

The imposed strains limit to the level of which reinforcement will effectively restrict
crack width can be increased primarily by: reduction of the coefficient of thermal expansion
of concrete, an increase of the class of concrete, the application of an aggregate of lower
modulus of elasticity and the application of a lower amount of reinforcement.

Owing to the presented new model it is possible to calculate the degree of restraint
after cracking in a construction joint taking account of all cracks, with no distinction,
however, whether cracking develops in a construction joint (frequently of a different degree
of reinforcement) or in the member itself. For this reason this analytical model needs further
development, which will enable an analysis cracking in stages of the construction joints
themselves first, to be followed by an analysis of the cracking of the member, including
higher maturity of concrete. Such a model will be highly applicable in the practice of the
design of construction joints whose objective will be to compensate the imposed strain in
order to limit or avoid cracking.
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Zastosowanie nowej teorii wspélczynnika skrepowania po zarysowaniu
elementéw zelbetowych

Stowa kluczowe: normy, odksztalcenia wymuszone, stopien skrepowania, szerokos¢ rysy, termiczne
i skurczowe zarysowanie

Streszczenie:

W artykule przedstawiono uszczegétowiong propozycje modelu zarysowania elementéw preto-
wych. Model ten dedykowany jest zarowno do $rednio-masywnych elementéw zelbetowych pod-
danych wezesnym odksztatceniom wymuszonym oraz do niemasywnych elementéw, w ktérych od-
ksztalcenia wymuszone wystepuja po stwardnieniu betonu. W odréznieniu od obecnie stosowanych
europejskich wytycznych zaproponowany model umozliwia przeprowadzenie analizy zmian szero-
kosci rys. Zmiany te sa funkcja postepujacego odksztalcenia wymuszonego, danych materiatowych
i geometrycznych, ale zaleza réwniez od skali zarysowania, ktéra determinuje warunki skrepo-
wania elementu. Zdefiniowano spadek sily rozciagajacej po zarysowaniu, ktéry jest podstawa do
wyznaczenia wielkosci dalszego odksztalcenia wymuszonego niezbednego do powstania kolejnego
zarysowania elementu. Daje to réwniez podstawe do okreSlenia finalnej skali zarysowania elementu.
Odprezenie po kazdorazowym zarysowaniu powoduje réwniez okresowe zmniejszenie szerokosci
rys, do czasu pojawienia si¢ kolejnego przyrostu skrepowanej czgéci odksztalcenia wymuszonego.
W modelu uwzgledniono, ze spadek sity rozciagajacej oraz spadek szerokosci rysy jest zjawiskiem
sprzezonym, przez co konieczne bylo rozwiazanie uktadu réwnan sktadajacego si¢ z dwdch zalezno-
Sci. Pierwsza opisuje aktualng szeroko$¢ rysy, z uwzglednieniem pewnego spadku sity rozciagajace;.
Druga z kolei definiuje wielko$¢ spadku tej sity na skutek pojawienia si¢ rys o pewnej szerokoSci.
Rozwigzanie niniejszego uktadu réwnar doprowadzito do zaleznosci opisujacych odpowiednio: pod-
stawowa sktadowa szerokoSci rys zalezng od spadku sily wyrazonej w funkc;ji ilosci 1 szerokoSci rys
powstalych wczesniej oraz zmiang sily rozciagajacej na skutek danej liczy rys o obliczonej szerokosci.
Zdefiniowane zaleznosci dotycza sytuacji wystapienia odksztalcen wymuszonych w bardzo krétkim
okresie czasu, w ktérym powstaje jedna rysa zaraz po drugiej oraz maja miejsce odpowiadajace
im kazdorazowe spadki sity rozciggajacej. Tym samym przyjeto jednakowe parametry przyczepno-
Sciowe betonu do zbrojenia w otoczeniu kazdej rysy, gdyz wlasciwosci betonu pozostaja niezmienne,
co moze przyktadowo odpowiadac¢ sytuacji naglego ochlodzenia elementu. Finalng szerokos¢ rysy
obliczana jest jako suma podstawowej jej skladowej wynikajacej z wydluzenia zbrojenia oraz skta-
dowej wynikajacej z odprezenia betonu w okolicach rysy. Tym samym nowy model uwzglednia
nie tylko czynniki determinujace progres zarysowania, ale tez efekt odprezenia elementu wynika-
jacy z zarysowania. Z tego wzgledu zaproponowano nowg definicje¢ wspétczynnika skrepowania,
ktéra uwzglednia skale zarysowania elementu konstrukcyjnego, tj. ilos¢ i szerokoSci rys. Wykonano
analizy parametryczne zaréwno zmian stopnia skrgpowania po zarysowaniu i zmian szerokosci rys
w zaleznoSci od przyjetego: rodzaju kruszywa, klasy betonu oraz wspélczynnika rozszerzalnosci
termicznej betonu.

W obliczeniach przyjeto migdzy innymi: grubo$¢, wysokos¢ i diugos$é elementu, odpowiednio
0,6, 1,01 10 m, statg temperature 20°C dojrzewania betonu, otulenie betonu cpom = 40 mm, zbrojenie
10 ¢ 20 wzdluz kazdej krawedzi elementu (p = 1,05%), czas zarysowania ¢ = 3 dni, k| = 1,14 oraz
zakres odksztalcefi wymuszonych do 500 pe. Odpowiednio duza warto$¢ przyjetych odksztalcen
obejmuje niemal wszystkie praktyczne przypadki wielkosci tego odksztalcenia. W pewnej grupie
wprowadzonych zmiennych (jak np. klasy betonu, czy wspdiczynnika rozszerzalnosci termicznej
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betonu) okazato si¢, ze stopien skrepowania nie ulega znaczacym zamianom. Najwigkszy wplyw na
zmian¢ jego wartosci ma rodzaj kruszywa, wymiary elementu oraz wiek betonu.

Pomimo przyjgcia w niniejszych analizach mi¢dzy innymi jednakowego stopnia zbrojenia wszyst-
kich elementéw oraz jednakowej geometrii elementu, otrzymano znaczne réznice zar6wno we wspot-
czynniku skrepowania oraz szerokoSciach rys. W przypadku rys maksymalne ich wartosci w okresie
nieustabilizowanego zarysowania mieszcza si¢ w zakresie od 0.14 do 0.22 mm. Podczas gdy dla
ustabilizowanego zarysowania i odksztalcenia 500 pe praktycznie w kazdym przypadku szerokosci
rys przekraczaja warto$¢ 0.25 mm. W artykule zestawiono dla wszystkich przeanalizowanych przy-
padkoéw rzeczywista i dopuszczalng liczbe rys. Na tej podstawie rozrézniono dwa etapy zarysowania
elementu. Pierwszy etap, na ktérym szerokosci rys ograniczone sg efektywnie przez zbrojenie, tym
samym ich szerokoS$ci zalezne sa gtéwnie od wytrzymalosci betonu na rozciaganie i stopnia zbrojenia
elementu. Drugi etap odpowiada ustabilizowanemu zarysowaniu, na ktérym wicksze odksztalcenia
wymuszone powodujg niezaleznie od wytrzymatosci betonu oraz stopnia zbrojenia, przyrost szeroko-
Sci rys. Ponadto zestawiono réwniez: odksztatcenia powodujace pierwsze zarysowanie oraz przyrost
odksztalcenia podajacego kolejne zarysowania. Na tej podstawie mozna mig¢dzy innymi wnioskowac
o ,,nadwyzce” odksztalcenia wymuszonego, ktéra nie moze by¢ skompensowana przez kolejne rysy,
a jedynie przez rysy juz istniejgce, przyczyniajac si¢ do zwigkszenia ich szerokosci. Zwickszenie
limitu odksztalceri wymuszonych, do ktérego poziomu zbrojenie efektywnie bedzie ograniczac sze-
roko$¢ rysy mozna uzyskac przede wszystkim poprzez: zmniejszenie wspdtczynnika rozszerzalnosci
termicznej betonu, zwigkszenie klasy betonu, zastosowanie kruszywa o nizszym module sprezysto$¢
oraz zastosowane mniejszego stopnia zbrojenia.

W ogdlnosci mozna stwierdzié, ze przeprowadzone analizy parametryczne wskazuja na mozliwe
korzysci z stosowana niniejszego modelu zar6wno w zakresie doktadniejszej interpretacji wynikéw
badan naukowych, jak réwniez w zakresie ekonomiczniejszego projektowania konstrukcji inzynier-
skich. Ponadto zaprezentowany nowy model umozliwia obliczenie stopnia skrepowania po zarysowa-
niu z uwzglednieniem obecnosci wszystkich rys, jednak bez rozréznienia czy zarysowanie wystepuje
w potaczeniu konstrukcyjnym (czesto o innym stopniu zbrojenia), czy w analizowanym elemencie.
Z tego wzgledu konieczne jest dalsze rozwijanie tego modelu analitycznego, ktéry pozwoli na ana-
lize etapowego zarysowania w pierwszej kolejnosci samych potaczeii konstrukcyjnych, a nastgpnie
zarysowania elementu, z jednoczesnym uwzglednianiem wigkszej dojrzatosci betonu. Model taki
bedzie mial duze znaczenie praktyczne w zakresie projektowania potaczein konstrukcyjnych, ktérych
celem bedzie kompensacja odksztalcenia wymuszonego, aby ograniczy¢ lub uniknaé zarysowania.
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