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Abstract

Cracks in concrete are inevitable. Fortunately cracking enables the structure to get rid of its moment peaks. The reduction
is due to both: redistribution of the load induced moments and cut of the temperature imposed moments. Furthermore
cracking becomes completely harmless if the cracks widths are controlled effectively. In this regard a widely accepted
method for crack width prediction is presented in this paper.

Streszczenie

Rysy w betonie sa nieuniknione. Na szczeScie pojawienie si¢ zarysowania pozwala na wyeliminowanie koncentracji momen-
tow zginajacych. Redukcja ta wynika z dwoch faktow: redystrybucji momentow zginajacych powstalych na skutek obciaze-
nia oraz eliminacji momentéw wywolanych przez temperature. Co wigcej, zarysowanie staje si¢ zupelnie niegrozne, jesli
mozna efektywnie kontrolowaé szeroko$¢ rozwarcia rys. W tym kontekScie w niniejszym artykule przedstawiono przeglad
powszechnie uznanych metod do przewidywania szerokoSci rozwarcia rys.
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1. BACKGROUND tural integrity which is needed to retain the basic static
system and to prevent loss of the load bearing capacity.
1.1. Threat of Cracks
Most damage in reinforced concrete structures is
attributable to wide separation cracks. One of the clas- 1.2. Method Acceptance
sical examples for the thread emerging from wide To prevent problems with cracks, the Continuous
cracks is the tower wind shield weakened by wide sep- ~ Deformation Theory (CDT) [16, 19] was developed,
arating cracks (Fig. 1). As the crack width limitation ~ Whose closeness to reality and simplicity in use have led
was improper the wind shield was furnished with insuf- ~ to its wide acceptance in research [01, 02, 03, 09, 15, 17,
ficient hoop reinforcement. This led to formation of 23, 24], relevant standards [04 to 07, 11, 25, 26] and
wide, vertical cracks subdividing the shell into individ- ~ dimensioning practice [10, 12, 13, 14, 18, 20, 21, 22, 27,
ual almost free standing strips, which during a hurri- 28, 30, 31]. The CDT is used particularly often in plan-
cane couldn’t withstand excessive vertical compression ~ Ning and assessment of the industrial structures, where
and bulged out. So crack width control is not only for ~ €xtreme actions and stringent requirements are
esthetics, durability and tightness but also for the struc-  involved. Due to this the crack control method based
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on the CDT was accepted in the following standards:

— DIN 1056 Commentary: On Industrial Chimneys,
by Nieser & Engel, 1986 [11],

— CICIND Model Code & Commentaries for
Concrete Chimneys, Part A: The Shell, August
2001 [04],

— DIN V 1056: Free-standing Stacks, Calculation and
Design, Draft March 2006 [05]

— EN 13084-2: Free-standing Chimneys, Part 2:
Concrete Chimneys, January 2006 [07].
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Figure 1.
Threat of cracks — loss of strength as a consequence of wide
separating cracks

2. METHOD
2.1. Basic Crack Equation

Crack width w is nothing more than the integral of
the steel strains € within the transfer length a in which
the steel bar is being displaced as against concrete
(Fig. 2). Consequently, by capturing the strain distri-
bution as a triangle, the crack width can be expressed
as its surface:

w=a-€_, (1)

where:

a - transition length needed to induce steel stress
into concrete,

&n —mean strain within the transition length.

So the values a(o0) and &,(0) are needed to determine
the crack width. Since both values are functions of
steel stress o, it is obvious that the crack width w
depends on o?. Realizing that o depends on M and p,
both these magnitudes must be determined properly
to control the crack width effectively. Simply said the
accuracy of the crack width predictions depends on
the correctness of the used internal forces M and N.
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Figure 2.
Basic Crack Equation - from steel strain to crack width

2.2. Crack Propagation
2.2.1. Deformation Behaviour [16, 19]

To understand the nature of the crack control, the
polygon like deformation laws (Fig. 3) must be
explained by using four individual cracking ranges:

Range 0: No cracks: Primary high stiffness of not
cracked component

Range 1: First Crack Formation: Increasing num-
ber of individual cracks located far from
each other,

Range 2: Final Crack Formation: Final number of
numerous cracks with overlapping transi-
tion areas

Range 3: Steel Yielding: Plasticization of reinforce-
ment at cracks.

Such polygon like deformation laws provide the fol-
lowing rules:

— The cracking moment is valid for the design:

h2
Mcr zf‘ct?’ (2)

— The cracking temperature AT, is widely indepen-
dent from the concrete strength f:

a‘T ATL‘V _ cht

kr =Ko h E -h
= ATcr:Z'—fC’, 3)
o, E,

— The steel stress cr depends on the tensile strength
of concrete f.:
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length a;
2
M =M" fC'Tzcc,-A-o.Sh =
0.2f
— ct
= Gcr~ p * (4)

2.2.2. First Crack Formation [16, 19]

The first cracks occur when the bending moment M
activated by the temperature difference AT reaches
its cracking value M., (Fig. 3). Further increase of AT
leads only to further cracks without change of M.
The individual cracks, located far apart from each
other, are having invisible transition lengths of a; in
which the steel bar is displaced against concrete. The
entire behaviour with increasing temperature differ-
ence AT is as follows:

Bending moment M., constant,
Transition length aj constant,
Steel stress Ocr constant,
Crack width w constant,
Crack number Ner increasing.
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2.2.3. Final Crack Formation [16, 19]

The final crack occurs when the bending moment M
activated by external loads excels the cracking value
M., (Fig. 3). This produces the final stable number of

cracks whose visible spacing overlaps and varies
between a;/2 and a;. The crack propagation results in

the mean spacing of a> = (a;/2 + a;)/2 = 0.75a;. The
behaviour with increasing moment M is as follows:

Bending moment M increasing,
Transition length ar constant,
Steel stress c increasing,
Crack width w increasing,
Crack number Ner constant.

2.2.4. Realization

In this sense, there is a continuous transformation
from the first into the final crack formation. The
Continuous Deformation Theory (CDT) takes its
name from this phenomenon. The process can be
described thoroughly by knowledge of the transition
length a; within the first crack formation. The value
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a; obeys the material properties tensile strength of
concrete f; and bond law t = f(§) defining the bond
behaviour between steel and concrete.

2.3. Major relations [16, 19]
2.3.1. Transition Length a;

The transition length a is the section of the reinforc-
ing bar at the crack in which the steel moves against
concrete. Within this section the high steel stress at
the crack is transferred by bond stresses into con-
crete. The transition length obeys the following equa-
tion gained from the equilibrium of the bar section in
which bond stress is activated:

2
X1=30 = 21m~n-ds-a1=nds c, =
— a _ds.Gcr
o, )

The mean bond stress T ,, i1s needed to determine the
transition length a (Fig. 4).

A
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Figure 4.
Major Relations - first crack formation
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2.3.2. Bonding Equation

The crucial values within the transition area a; are
functions of the distance y:

Bond stress (y)
Steel strain (y)
Steel displacement 8(y)

These functions can be identified by the use of the
following links:

Equilibrium

€)=y,

Compatibility
4 yy
IE Jdy =——— [(y)dy dy,
00

Bond law

N
T
8()’ ) = —(y) 5 > where A and N bond laws fac-
A-f, 3 tors.

By equalizing the displacements the following bond-
ing equation is gained:

() 4
~| = wy)dydy. (6
afns)  EE !

2.3.3. Crucial Magnitudes

The resolution in terms of the bond stress distribu-
tion t(y) provides the following crucial magnitudes:

— Mean bond stress within the transition area:

3N (1 _ (1+N)
Tm:(z 1-N)"Y 4

0.66 N 2N ﬁ
f‘cm : ds : Gcr 3

1I+N  E"
(M
— Mean steel strain within the transition area:
szl_Necra ®)
2

— The expressions can be simplified by insertion of
the bond law values A = 0.95 and N = 0.12:

(0 137, 066 g 012 o 024 )0-89’ ©)

cr
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g, =0.44¢,,, (10)

— The equilibrium of the stresses acting on the bar
provides the transition length:

a] — s Vo . (11)

2.4. Full Crack Equation [16, 19]

2.4.1. Design Equation

By use of the above crucial magnitudes and by intro-
duction of the crack development factor Cg the fol-
lowing full crack equation was found:

-C,.-0.56
w, = Y, CE -a, (Gs CEE Gcr) , (]2)

s

where:

characteristic crack width
[mm],

Wk = YW

yw = 1.50
Cg=1.00at oy = o

dispersion factor,

crack development factor,
first crack formation,

Crp=0.75at o, > o, crack development factor,

final crack formation,
crack transition

[mm] >

ar = Oul Tm " dyf2 length

0c{Mer, Ner) crack stress depending on
fa and the cross sectional
values [MPa],

acting stress depending on

M, N and the cross section-
al values [MPa],

Tm = (0. 13'fcm0'66'dso']2'0cr0'24)0'89

mean bond stress for
deformed bars [MPa],

os(M, N)

2.4.2. Method Efficiency

The method covers the following 15 influences in total:
Tensile strength f: concrete strength f.,, predam-
age, eccentricity, thickness,

Bond law T concrete strength f,, bar profila-
tion ag, bonding position, con-
crete cover c/ds,

Actions: internal forces M and N, temper-
ature,

Reinforcement: ratio p, bar diameter d;,

Crack range: first and final crack formation.

The continuous crack equation can be adapted for
any sort of concrete and steel and for any load
actions. Because of this, the method is generally used
in the field of theoretical research and in practice.

2.5. Standard Crack Equation [04, 05, 07, 25]
2.5.1. Design Equation

In the standards EN 13084, CICIND Model Code
and DIN 1056 (Fig. 5) the following simplified equa-
tion is used:

0.88 d 0.89 0.4
Wk :3‘5(0cr s] Gs N Gcr . (13)

0.66 E

cm s

In the case of the most important first crack forma-
tion with acting stress s equals the cracking stress cr,
the equation becomes even more transparent:

Gcrz‘oo ' ds 0.89
Wk = 21 066 -,
ﬂm ES

M 2
0y =—L=1, Woor (4, 0.80)= 0217
WH WH 6 p
(estimation),
M, = fct 44 [MNI]’I],

fet tensile concrete strength 0.35(0.85 _ 0.2h)(2.6 + 24h) 2
[MPa], Jo = 1.0+40h an’
E E-Modulus for reinforce- .
ment [MPal, (pure bending),
ds bar diameter [mm], Jan  =Je+8 [MPal,
p = A/(bh) ratio of reinforcement. }; A, (m]
d, [mm],
E; =210 000 [MPa].
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DIN EN 13084-2

ICS 91,060.40

Harling, t. Zdanowicz
Supersedes
DIN EN 13084-2:2002-04

The design crack width, wy, shall be calculated by Equation (B.1):

gt 0.89
o>

W = 3,5 _ir-"g—
Sem Es

Figure 5.

Xds > 63'0'4)(0'&

Wi, Characteristic crack width [mm)]
7, (M. N} Crack stress [MN/m?]

o (M, N)  Real steel stress [MN/m?]

fom Tensile strength of concrete [N/mé)]
E. E-Modulus for reinfercement [MN/m?)
d, Bar diameter [mm)]

Crack Equation — mandatory in EN 13084, CICIND Model Code, DIN 1056

2.5.2. Design Process

The process of the crack control involves the follow-
ing data collectives:

— Input Data Steel and concrete properties,
dimensions, loads, temperature,
Steel stress o, < f;, crack width
Wk < Wiim, bar spacing syin < 'S < Spax,
Thickness &, ratios of reinforce
ment p, bar diameters d;.

Since such process is not very transparent and
requires some effort, appropriate Design Charts are
offered in the Design Manual [25].

— Design Criteria

— Output Data

3. RELIABILITY

3.1. Measurements vs Predictions [15, 29]

The aim of the laboratory tests on beams was to gain
information about the general crack behaviour. The
used specimens were as follows:

fem = 13 to 23 MPa,

p = 0.42 to 0.86%,

ds = 10 to 26 mm,

h; = 27 to 66 mm,

s = 150 to 400 MPa.

Within the valuations in the corresponding crack
widths wi were calculated [15] by means of the steel

Concrete strengths
Reinforcement levels
Bar diameter

Bar positions

Steel stresses

stresses oy determined in accordance with the noti-
fied loads and beam characteristics. The comparison
between the measured and the calculated crack
widths wy confirms the realistic nature of the predic-
tion by the presented method from EN 13084. This is
expressed in the relatively small scatter of only 15%
around the ideal line (Fig. 6).

w [mm]

040

T g O

G, pody, W d.

020 u/ Strength  1,,= 13to 23 MM

Reinforcement p = 042 b 08§ %
Bar giameter 4, = 1000 26 mim

Bar positions b, = 27 to 56 mm
Steel stresses o = 1560t 400 MK

N 13084 [rrim]
e
o

Frediction
=
=

w [mim]

o 0.10 0.20 0.30 0.40
Measurament [mm]

Figure 6.
Experimental Measurements vs Analytical Predictions

3.2. Impact of Concrete Cover [08, 25]

The aim of the computation study regarding cracks in
beams was to gain clues about the following issues:

— Impact of the features f., &, ¢, p and d; on the behav-
ioural features steel stress oy and crack width w,

— Comparison of the computation results predicted
by EN13084 [07] and by EC2 [08].

The numerous considered beam variants were as fol-

lows in Fig. 7.

The results of the study regarding the impact of the
concrete cover ¢ allow the following statements
regarding the agreement between EN 13084 and
EC2:

Oy relatively good agreement,

Wk poor agreement in the range ¢ < 30 mm
where EC2 behaves incomprehensibly
discontinuous.
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Figure 7.

Impact of concrete cover ¢ on crack width

4. APPLIANCE
4.1. Leaking Foundation Slab [27]

Numerous cracks with water spills appeared along-
side the border of a large foundation slab (Fig. 8).
The damage was caused by a severe slab cooling in
the wintertime which activated tension and so pro-
duced separating cracks. The general slab features
and the load actions are as follows:

Concrete C30/37 WU,
Steel S500,
Coating 0OS-8,
Thickness h=10m,

Reinforcement dy = 20 mm, s = 12 cm, ¢ = 4.5 cm,

Water pressure p = 40 kN/m?2,

Shrinkage & = -0.05%o0 (-5K) (uniform),

Temperature AT = +5K to -10K (difference),
ATy = -5K + AT/2 (uniform drop).

The crack behaviour identified by measurements,
drilling cores and microscopic photos are as follows:

Total crack length 500 m, yearly increase
by 100 m,
Crack length with spills 100 m,

= formation after
concrete hardening,

Cracks crossing aggregate

Normal cracks in concrete <04mm = elastic steel

behaviour,

= delamination and
erosion at the crack
edges.

Wide cracks in coating >04mm
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4.2. Leakage Explanation [27]

The leakage was caused by excessive crack widths
which enabled the ground water to intrude into the
building. The committed mistakes consisted in non-
critical designing of the slab by EC2. Their explana-
tion by comparing with the design by EN13084 is as
follows (Fig. 9).

4.2.1. Incorrect Crack Prediction by EC2

— Selection of the initial ratio of reinforcement of
p =0.26 %,

— Assumption of the crack formation at early con-
crete age with a low tensile strength f; = 1.5 MPa,

— Further reduction of the tensile strength by factor
0.5 through postulating distinct own stresses,

— Underestimation of the cracking stress in the rein-
forcement o, = 143 MPa,

— Severe underestimation of the crack width
wi = 0.20 mm due to the dependency w(a,?),

— Acceptance of the initially selected ratio of rein-
forcement of p = 0.26 % as sufficient.

4.2.2. Correct Crack Prediction by EN 13084

— Selection of the initial ratio of reinforcement of
p = 0.26 %,

— Assumption of the crack formation at mature con-
crete age with a high tensile strength f; = 2.1 MPa,

— No reduction of the tensile strength by own stress-
es,
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Figure 8.

Cracks in concrete and coating

Leaking Foundation Slab - loss of tightness due to wide through cracks

— Correct estimation of the cracking stress in the
reinforcement oy = 419 MPa,

— Correct estimation of the crack width wy = 0.78 mm
due to the dependency w(o,?),

— Rejection of the initially selected ratio of reinforce-
ment of p = 0.26 % as insufficient.

Crack width prediction ace. to EC 2

| fo = 1.5 MN/m*  wy= 0.20 mm |ﬂ_ =142 MN/m?

11 ]
| Concree ST
‘__‘ | Wall fickness b= 100 cm
|

Reinfarcement p = 0,26%
| Bar dametar  d.= 20 mm

I L o
| |
Crack width prediction ace, to EN13084
| fa= 20 MN/m®  wy= 0.78 mm |u,-419 MMIm?
|
| concrto ==

Wall Jucknass. b= 100 cm

Reinfarcemant o = 0,26%
| Bardametsr d,» 20mm
1

Ll
? JL
!
Figure 9.

Leakage Explanation — crack width prediction according to
EC2 and EN 13084
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S. FINAL REMARKS

The crack prediction method in EN 13084 deserves
the following ratings:

— Physical Purity: Fulfilment of all mechanical rules
incl. the non-linear structure behaviour,

— Simplicity in Use: Presence of one transparent equa-
tion for all designing scenarios,

— Universality in Appliance: Validity for all crack for-
mation ranges, any reinforcement, any eccentricities,

— Closeness to Reality: Agreement with test results and
experiences,

— Wide Acceptance: Entry into several standards and
general use in research and practice.

The corresponding seven key features of the method

in EN 13084 are as follows:

(1) Consistent with the Continuous Deformation

Theory (CDT),

Satisfying the rules of equilibrium, compatibility

and material laws ,

@)
©)

Applicable to any bond and tensile strength con-
ditions,
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Valid for any ranges of crack formation (first &
final) and for extreme reinforcement ratios,

Valid for temperature and load action as well as
for any eccentricity M/N,

Continuous to all parameters,
Suitable for stochastic analysis.
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