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Abstract. The paper presents a critical study on the predictive capacity of standardised methods for
crack width calculations in edge-restrained reinforced concrete elements subjected to imposed strains.
The aim of the presented integrative analysis was to reach global understanding of the issue of restraint-
induced cracking from the point of view of SLS design and to build a sound basis for future
developments of new models. The study covered relevant methods from Europe, Australia, Japan and
the USA. The study was performed on three distinct case studies: (i) a demonstration example; (ii) a
massive containment wall; and (iii) a heavily-reinforced tank wall segment. It was concluded that a
model for crack width control in edge-restrained elements should consider the stage of cracking and be
generalised for possible geometries and reinforcement. Agreement must be made on the properties of
concrete applied in the design, including effective tensile strength, effective modulus of elasticity (to
account for creep) and the level of strain relieve after crack formation with its effect on the crack width.

Keywords: crack control; standards; imposed strains; crack width; wall-on-slab; restraint.
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1 Introduction

The aim of the serviceability limit state (SLS) design of cracking of reinforced concrete structures is
predominately to ensure durability of the structure but also to ensure its functionality. Crack width
control is especially important in structures with increased tightness requirements: water tightness or
restricted permeability [1]. These include structures in direct contact with ground water, such as
retaining walls, tunnels and bridge abutments, as well as tanks and various types of nuclear
containments. In addition to external mechanical loading acting during operation, these structures are
also subjected to the action of imposed strains. These imposed strains result from the effect of
temperature changes, shrinkage and creep, and may occur over the whole life of the structure, both at
the construction stage (autogenous shrinkage and temperature variation resulting from cement hydration
during hardening of concrete) and during operation (drying shrinkage and temperature variations
resulting from ambient temperature or service conditions) [2].

The design for restraint-induced cracking in reinforced concrete structures is a challenging endeavour.
It consists in general of three tasks: (i) quantification of imposed strains, (ii) assessment of the
restraining conditions, and (iii) determination of the required reinforcement for crack width control. In
design guidelines, the restraint is usually differentiated into internal and external restraint. In case of
the latter, a distinction should be made into (i) end restraint, where an element is externally restrained
at its extremities, (ii) edge restraint, where an element is externally restrained along its edge, usually
the base, and (iii) combined restraint where an element is restrained along multiple edges. This paper
focuses on the SLS design of the edge-restrained elements which represent a range of the wall structures,
majority of which are the structures with the increased tightness requirements.

Even though there exist design methods throughout the engineering community (some of which have
been implemented into design guidelines and standards), there is no agreement on the formulation for
the crack width calculation in reinforced concrete elements subjected to the restraint-induced cracking.
A systematic overview was needed of the available methods. So far, such state-of-the-art studies have
been done for crack width estimation methods in flexural elements, see e.g. the works of Borosnydi and

Balazs [3] or more recent work of Lapi et al. [4]. Chosen standardised methods for crack width



63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

calculations in wall structures (EN 1992-1-1:2004 [5] & EN 1992-3:2006 [6], CIRIA C660 [7], ACI
207.2 [8] and JCI Guideline [9]) have been comparatively studied by Klemczak and Zmij [10]. A review
on the crack width estimations in edge-restrained elements according to these guidelines has been also
done by Zych [11] in addition to the analysis of various non-standardised analytical models. Finally, an
extensive review of the standardised methods for the restraint-induced cracking of reinforced concrete
structures has been presented by the authors in [12]. The comparative study covered all relevant design
methods implemented in the guidelines worldwide, and included European standards: EN 1992-1-
1:2004 [5], EN 1992-3:2006 [6] and the latest available at the time version of the final draft FprEN
1992-1-1 [13] (now issued with minor changes as an official version EN 1992-1-1:2023 [14]), as well
as British guideline CIRIA C766 [15]; Australian recommendations CIA Z7/06 [16]; Japanese
recommendations AIJ-SRC Erreur ! Source du renvoi introuvable., and American ACI reports
207.2R-07 [8] and 224R-01 [18], and covered both end-restrained and edge-restrained elements.

The overview of the design methods showed that the main difference between the methods lays in the
assumptions of the model. There exist proposals based purely on the empirical or experimental bases,
and these have not been implemented for design [11]. The current version of the JCI Guideline is, in
turn, fully based on the extensive FEM-based calculations and thus has no direct physical meaning, as
explained by the authors in [12]. Regarding the standardised methods, majority of the currently used
guidelines, namely those following the philosophy of EN 1992-1-1:2004 [5], assume the same bond
strength for the crack formation stage and stabilised cracking stage, which results in the same value of
the transfer length in both cracking stages, although for the crack formation stage the calculated s, ax
should be interpreted as twice the transfer length (s, max = 2le,max) While for the stabilised cracking as
the crack spacing. The same models for crack spacing as for the elements in direct tension are
recommended for the design of the elements subjected to the restraint of imposed strains. Only some of
the design guidelines explicitly acknowledge the fact that the cracking caused by the restraint of
imposed strains is governed by the single-crack condition (crack formation phase). These include AlJ-
SRC [17] and the design method implemented in the ACI 207.2-95 [19], which is no longer a valid

standard. The differences in the methods result also from the way in which the values of relevant input
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parameters are determined in the method. This relates to the magnitude of the imposed strains, effective
tensile strength, reinforcement ratio, effect of creep and degree of restraint.

Consequently, experience of the authors has shown that crack width estimates may vary significantly
depending on which model is used, however, no systematic studies comparing the predictive capacities
of the methods have been identified in the literature. In general, the comparative studies are usually
limited to a given group of models based on the same philosophy where calibrations are proposed to
modify the models to obtain better compliance between the experimental measurements and calculation
results. Among numerous studies, one can mention the works comparing the past version of EN 1992-
3:2006 and CIRIA C766 in their predictive capacity to evaluate the expected crack widths in edge-
restrained walls, such as the study of El Khoury et al. [20] on laboratory tests of mock-up walls or the
study of Jedrzejewska et al. [1] on the experiences from in-situ cracking of wall-on-slab structures.
Both works indicated significant discrepancies of both approaches regarding the compliance of the
measurements and calculations. Analogous comparisons have been made between the previous and new
version of EN 1992 as well as between FprEN 1992-1-1 and CIRIA C766 by e.g. Klausen [21], as the
main aim of the new guidelines of Eurocode 2 has been to improve the predictive capacity of the model
initially proposed in EN 1992-1-1:2004 & EN 1992-3:2006. Nevertheless, the performance of the EN
1992-1-1:2023 [14] model on real-scale wall-type structures has not yet been investigated. Here, one
should also mention the extensive study performed by CROW-CUR in the Netherlands where a
modification to the EN 1992-1-1:2004 [5] formula for crack spacing has been proposed based on the
analysis of cracking observed in-situ on a large set of real-life structures. In the approach proposed in
the CROW-CUR report [22] the component related to the concrete cover was removed following the
philosophy of the German National Annex to EN 1992-1-1 [23].

As mentioned earlier, a broader study based on in-situ measurements of the walls has been performed
by Klemczak and Zmij [10]. Nevertheless, new versions of the guidelines analysed in this study have
been issued which include significant modifications and thus deserve re-addressing. Most importantly,
however, the focus of this comparative study was rather on the easiness of use, not the physical
background of the model assumptions. Regarding the methods which are derived from the assumption

of crack-formation stage, comparative studies were performed by Carino and Clifton [24] for the
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methods of Gilbert [25] (implemented in CIA Z7/06 [16]) and Base and Murray [26] (whose modified
version is implemented in AlJ-SRC recommendations [16]) but only for the end-restrained elements.
The modified Base—-Murray method implemented in AIJ-SRC guideline, which is the only example of
the method developed originally for the elements under imposed strains accounting for the stage of
cracking, has never been compared with the modified methods originating form the models for the
elements under direct tension (Eurocode 2 and ACI 207/224). This leaves an open question whether its
mechanically sound philosophy makes this approach superior to the other methods regarding its
performance in crack width estimation.

Therefore, in this paper a benchmark type of investigation has been performed with the aim to evaluate
the discrepancies in the restraint-induced crack width calculated from different codified models around
the world. First, estimates of the crack width for given reinforcement as well as the required
reinforcement to limit the crack width were made on a theoretical example of a wall-on-slab structure;
this also allowed to perform a sensitivity analysis of the methods. Second, the methods were validated
against two real-life case studies, which were comprehensively monitored for temperature, strains and
crack characteristics: a nuclear containment wall and a tank wall segment. Table 1 summarises the
analysed benchmark case studies — their nature and key takeaway conclusions.

The aim of this research was therefore to perform an integrative analysis of several approaches which
are intended to be inherently wide yet relatively simple to use for design purposes, and consequently to
reach global understanding of the phenomenon of restrain-induced cracking. As an effect, the authors
define the ranges of applicability of the currently used models and their limitations, providing useful
guidelines for the design with the use of these models, given the particularities of the design of the
structures subjected to the restraint of imposed strains. Moreover, a sound and solid basis is built for
conceptualisation of new models, whose development is needed to overcome the deficiencies of the

current solutions, such as the proposals of Schlicke et al. [27], Tan et al. [28] or Somma et al. [29].
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Table 1. Summary of the analysed case studies.

CASE STUDY

Nature of the example and level of

information available

Purpose of the study

Wall-on-slab structure (Section 3)

0.3m

E E
-
) E E
Hardened concrete foundation ™~ I~
.S Sy
: ' —
! 15m ! 15m

Theoretical example representing a typical semi-
massive base-restrained wall on foundation. All the
input data are assumed as realistic probable values.
This example is used for comparative study and

sensitivity analysis of the analysis methods.

Basic understanding of differences of in the

analysed models.

Massive wall of Civaux NPP mock-up (Section 4)

lift 2 09m

1.9m

! 04m
' 20.0m

b

1.2m

Real-life case study. Only early-age cracking (due to
hydration and early shrinkage). Input data:
geometry, materials, reinforcement, measurements
of temperature (in-situ) and shrinkage (laboratory),
measurements of crack spacing and crack width

after 5 days.

Predictive capacity of the models in
estimation of the magnitude of early-age
imposed strains, crack spacing and crack
width in crack-formation stage. Study on the
influence of  massivity/cross-sectional

dimensions.

Heavily reinforced tank wall segment (Section 5)

2
!

|
|
|
|
|
| 64m
]
I
I
I

torm

15.7m

Real-life case study. Cracking due to both early-age

and long-term imposed strains. Input data:
geometry, materials, reinforcement, measurements
of total strains (in-situ), temperature (in-situ),
shrinkage (laboratory), crack spacing and crack

width after 16 days, 90 days and 9 months.

Predictive capacity of the models in
estimation of the crack spacing and crack
width change in time (from early-age to

long-term) with changing imposed strains.
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2 Restraint-induced cracking in edge-restrained elements

2.1 Characterisation of cracking in walls

Cracking behaviour of edge-restrained structures, such as walls on slabs, have been characterised by

the authors based on a study of a collection of real-life examples of cracked wall-on-slab structures [1].
The stresses in these structural elements are generated due to eccentric restraint of potential
elongation/shortening of the wall by the restraining element (foundation or other adjacent element, e.g.,
neighbouring segment or lift). The decisive stress distribution varies throughout the structure and
depends on the magnitude of the imposed strains in the wall, stiffness ratios between the wall and
restraining body as well as the length-to-height ratio of the wall, i.e., a ratio relevant to a potential
cracking pattern. When the tensile capacity of concrete of the wall is reached, tensile stresses lead to
formation of cracks. In the simplest case of a base-restrained element, the first crack appears
theoretically at half length of the wall, near the joint with the underlying foundation, and develops
toward the top edge of the wall. This crack can be followed by other cracks, which appear at a certain
distance from one another and reach a certain height. The final cracking pattern depends on the number
of factors including those described before, as well as on the support conditions (number of restrained
edges). The following factors were identified to influence the cracking potential and cracking pattern

in the edge-restrained elements subjected to imposed strains [1]:

1. Massivity of the element which is a measure of proneness of the structure to either thermal or
shrinkage cracking as well as of the share of self-induced and restraint stresses in the crack risk
assessment and cracking pattern characterisation.

2. Mix composition which in combination with the massivity of the element and curing conditions,
influences the magnitude of the imposed strains at early age. Optimum mix design is of special
importance in externally-restrained elements due to the inherent trade-off between decreasing the
imposed strains — especially thermal strains — and maintaining relatively fast development of

strength.
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3. Degree of external restraint which determines the magnitude of stress-effective (restrained) part
of imposed strain, expressed by means of the length-to-height ratio of the restrained element as
well as its relative stiffness with respect to the restraining element.

4. Support conditions — the number of restrained edges — which determines the pattern of cracks:
their location, range, spacing and shape. For the base-restrained elements, cracks are vertical and
the highest along the centreline and decrease in height and slant towards free edges. The number
of restrained edges (base only / base + 1 side / base + 2 sides) has no direct effect on the width of
the cracks, only influences their amount and range.

5. Reinforcement — horizontal reinforcement is of interest for restraint-induced cracking in walls.
Naturally, higher reinforcement ratio allows to limit the width of the cracks and their spacing,
however, the efficiency of reinforcement in limiting the crack widths decreases with an increasing
reinforcement ratio. Furthermore, for low reinforcement ratios (< 0.7%), especially close to the
minimum reinforcement, high variability and randomness of crack widths is observed, as the
activated reinforcement in the vicinity of the crack may reach very high strains with significant
deterioration of bond properties and there is no control of cracking.

2.2 Crack width estimation in design guidelines

The crack width in an edge-restrained element can basically be expressed by the product of the length
in which concrete slips on the reinforcement at both sides of the crack (21,), and the difference of the
mean strain between steel and concrete (&g, — €.m), Which is referred to as the crack-inducing strain,
g~ The same bond strength is assumed regardless of the stage of cracking (crack formation stage or
stabilised cracking stage) as well as that stabilised crack spacing is reached when s, = 21,.. That is why
the component of twice the transfer length is often simplified by the crack spacing. In edge-restrained
elements, cracking changes internal forces only locally and the strain difference depends on the
restrained part of strain of the uncracked section. Consequently, the value of the crack-inducing strain
is expressed the part of the restrained strain that is relieved by forming cracks and is equal to the

restrained part of imposed strain e.es¢ = R - &imp Minus the average tensile strain in the concrete after

cracking, which is related to the portion of its tensile capacity k; * ¢4
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W =Sy (€sm — €cm) = Sr " €cr = Sr* (Erest — Kt * €ctu) 1)
Table 2 summarises the formulas in the crack width calculations for edge-restrained elements with
different standardised methods, discussed in [12]. In all cases crack spacing is derived from the model
of a tie: the edge-restrained elements are represented as ties in which the fixation at the extremities is
replaced with an actual degree of restraint described with the restraint factor. This is graphically
explained in Fig. 1a. Majority of the methods treat the whole wall as a single tie and use the maximum
value of the restraint factor at the height for the design. ACI 207.2 [8] acknowledges the fact that the
degree of restraint in an edge-restrained element decreases towards the free edge and allows to
differentiate the required reinforcement ratio at the height of the wall by dividing the wall into sub-ties

(lifts) with decreasing value of the restraint factor.

B
e R A,

min

imp -«

b) AL
Figure 1. Graphical explanation of the method for SLS design of cracking of edge-restrained elements subjected
to imposed deformations with the use of an equivalent tie model: (a) definition of the model; (b) compatibility of

deformations.

2.3 Degree of restraint and restraint factor

One of the key parameters in crack width control of edge-restrained elements is the degree of restraint
conventionally represented with a restraint factor, R. Discrepancies can be noted between the methods

in the definition of the degree of restraint and restrained part of strain, especially in the meaning of &,
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and q.00. Therefore, the authors found it crucial to unify the denotations throughout the methods in this
paper to facilitate their use for the designer. These unified denotations have been introduced in Fig. 1b,
and used in the presentation of the methods in Table 2 and throughout the paper.

Figure 1b illustrates the conditions of deformations compatibility in a partially-restrained tie which is
subjected to imposed strain &y, The source of this imposed strain might be temperature drop and/or
shrinkage of concrete. Due to partial restraint of the element, a part of this strain will cause deformation
of an element, and a strain related to this deformation is a free part of imposed strain, e = AL/L.

The remaining part of the strain is, in turn, a restrained strain &yese, SO €imp = Efree + Erest- 1NE

magnitude of the restrained strain depends on the degree of restraint, R, which can thus be defined as:

R = Erest __ €imp ~Efree =1— Efree (2)
Eimp Eimp Eimp

Hence, with the use of the degree of restraint, the restrained part of imposed strain can be expressed as

Erest = R - €imp-



227

Table 2. Summary of the methods for crack width calculation in edge-restrained elements with different guidelines [12].

code

crack spacing s,

crack-inducing strain ., = e, — gcm

crack width

k, = 1.14 for poor bond (at early age)

=Kei Ry [ers +eca(3] + Koz R,

) [STZ + gca(zs) - Sca(3)] + Kz " Rs &g — 0.5,

fet0.05()

where g.,(t) = (K,

EN 1992-1-1:2004 s =34-c+0425 Kk, ky- i Ecr = Erest = Rax Eimp Wmax = Srmax (Esm - gcm)
e Peft
& EN 1992-3:2006 k, = 0.8 for good bond
CIRIA C766 Symax = 34+ ¢ +0.425 ky -k, _pq) Ecr = Erest — 0.5€cty, = R * &imp — 058, Winax = Sr.max " (Esm — Ecm)
eff

EN 1992-1-1:2023

ik, ¢ _13

Ecr = Erest — kt "oty = Rax *Eimp — kt “Ectu

Wiax = Kw * Srm * (Ecm — &)

. L
crack spacing: S,,, = =2 21,

Ltep (REmp—E
where m = 1 4 222 (—”"p ““)
2:le b&cty

Eimp I8 limited to drying and autogenous shrinkage

=15- <Z(h-
Srm °r 7.2 Peff - kw ( X)
= Rax,l . [ETl + gca(t)] + Rax,2 ' STZ + Rax,S ' gcd (t) - ktgctu = Sr,max : (gsm - Scm)
k, =17
fetm(t)
where g, (t) = #(; and k, = 0.6
CIA Z7/06 Spmax = 34-¢c+ 0425 ky " ks - pi Ecr = Erest — Ectu = R Eimp — Ectu Wmax = Sr,max * (Ssm - gcm)
eff
where Erest = Jcs/Ec,eff and R = erest/gimp
k, = 1.14 for good bond
AlJ-SRC transfer length: 21, = 0.12 not determined explicitly _ oy (% R &mp
€ P Wmean = Zle E + b
s

R represents the actual degree of restraint in a wall

ACI 207.2 & 224

- w
1.5 (R Eimp — Ectu)

Srmax =

based on the known crack width

Ecr = Erest — Ectu = R - Eimp — Ectu

Winax = 0.0145 - g, - 3/a * Ag e - 1073
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where:

fet
fctk,0.0S
fetm

ki

Le

So

R

distance from tensioned edge of section to centre of gravity of reinforcement R,

concrete cover

tensile strength of concrete

5%-quantile characteristic tensile strength of concrete

mean tensile strength of concrete
coefficients

transfer length

slip length, sq = 21,

mean crack spacing

maximum crack spacing

mean crack width

maximum crack width

effective tensile area of concrete
effective modulus of elasticity of concrete
modulus of elasticity of steel

coefficient taking into account the effect of creep

Ectu
Efree
gimp

grest

restraint factor (from linear analysis)

restraint factor accounting for creep

ratio of moduli of elasticity of steel and concrete
reinforcement ratio

effective reinforcement ratio

stress in reinforcement

autogenous shrinkage strain

drying shrinkage strain

mean strain in concrete

crack-inducing strain in edge-restrained element
tensile capacity of concrete

free (unrestrained) part of imposed strain
imposed strain (thermal, shrinkage)

restrained part of imposed strain

mean strain in reinforcement

thermal strain

diameter of reinforcement



229 3 Demonstration example

230 3.1 Data
231  The case is a concrete wall cast on a rigid foundation. A schematic diagram of the investigated case is

232 shown in Fig. 2 while Table 3 enlists the data assumed for the analysis.

Concrete wall

3m
3m

3

. &
Hardened concrete foundation i
A

[
[

233 ' 15 m

-
g

234 Figure 2. Layout of the hypothetical case study for a wall cast on rigid foundation.

235 Table 3. Input parameters for cracking models for a demonstration example.

Limit surface crack width [mm] 0.3
Strength class according to EN 1992-1-1:2004 [5] C30/37
Cement type according to EN 206 [30] CEM 11 32.5R
Characteristic compressive strength of concrete f 30
[MPa]

Yield strength of reinforcing steel £, [MPa] 500
Elastic modulus of reinforcing steel E,; [GPa] 200
Thermal dilation coefficient of concrete and steel [pe/°C] 10
Cover to reinforcement [mm] 40
Early-age temperature drop [°C] 20
Long-term temperature change [°C] 20
Total free autogenous shrinkage [pe] ¢4 0o 50
Total free drying shrinkage [ue] £.4 o 300

236 It was assumed that both the wall and foundation were made of the same C30/37 class concrete, with
237  the characteristic compressive strength of 30 MPa according to EN 1992-1-1:2004 [5] which value was
238  used for calculations with all the methods. The concrete mix was assumed to be composed of CEM 11

239  32.5R cement and natural quartzite aggregate. This type of cement was classified as “ordinary” cement
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according to the AlIJ-SRC recommendations [16] and as “Type I” cement according to the ACI Report
209 [31]. The analysed wall was cast 28 days after the foundation and it was assumed that at the time
of casting of the wall the concrete of the foundation has achieved its mature properties.

All the values of imposed deformations were estimated with CIRIA C766 [15] to provide realistic values
representative for the analysed case. To maintain consistency throughout the methods, the age of
concrete for the early-age analysis was taken as 3 days. The autogenous shrinkage strain at after 3 days
was taken as 15 pe following EN 1992-1-1:2004 [5]. The drying shrinkage was taken as uniform in the
cross-section (a mean value of 300 pe) and the effect of self-equilibrating stresses induced by the actual
variation of shrinkage in the cross-section were taken into account indirectly, if allowed for in a model.
3.2 Results and discussion

In the first step, the crack width was calculated for given reinforcement. The applied reinforcement (912
bars spaced by 160 mm placed symmetrically at both sides of the wall; reinforcement ratio of 0.47%)
was determined with the method of EN 1992-1-1:2004 & EN 1992-3:2006 to limit the final width of
the crack to wim = 0.3 mm. Figure 3 shows comparison between the crack width obtained with each
method for this reinforcement. Detailed intermediate results are listed in Table 4. In the second step of
calculations, each method was used to calculate the reinforcement required to limit the final crack width

to wiim = 0.2 mm, 0.3 mm and 0.4 mm. The results are presented in Fig. 4.
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060 0,659
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0,300 0,284
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0'10 . .
0,00 0,0

EN 1992:2004 CIRIA C766 EN 1é92:2023 CIA Z7/06 AlIJ-SRC ACI207 & 224

crack width [mm)]

mearly-age Mlong-term

Figure 3. Comparison between crack width estimations in a demonstration example of a wall for given

reinforcement (212 cc 160 mm) with different standardised methods.
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Table 4. Details of crack width calculations for a demonstration example with different standardised methods.

EN 1992-1-1:2004 CIRIA ACIl 207.2 &
property EN 1992-1-1:2023 | CIA Z7 | AlIJ-SRC
& EN 1992-3:2006 C766 224
Ac et [cm?] 1150 1150 1060 1500 1500 1500
peft [%0] 0.61 0.61 0.67 0.47 0.47 0.47
EARLY-AGE CRACK WIDTH
fet(3) [MPa] 1.73 1.21 1.46 1.11 n/a 1.20
E:(3) [GPa] 27.4 27.4 21.9 20.1 20.4 17.5
Pea 0.55 0.54 0.55 0.55 0.55 n/a
Eceri(3) [GPa] 17.7 17.8 14.1 13 13.2 17.5
Eimp-ea [LL€] 214.6 214.6 194.6 214.6 214.6 214.6
Ectu-ea [HS] 63.3 68.1 66.8 55.2 75.1 100.0
Sr.max-ea [CM] 80.0 108.4 56.9 137.3 375** 256.3***
R at early age 0.50* 0.80 0.50* 0.74 0.80 0.63
Erest-ea [HS] 1116 973 1590 1358
107.3 n/a
Ecr-ea [},lS] 776 572 1038 358
Wea [mm] 0.086 0.084 0.033 0.143 0.394 0.060
LONG-TERM CRACK WIDTH
fet(o0) [MPa] 2.9 2.03 2.9 1.97 n/a 2.73
Ec(o0) [GPa] 32 32 32 29.6 25.3 25.9
o1t 1 1 1 1 1 n/a
Ec,eff(oo)
16 16 16 14.8 12.6 25.9
[GPa]
€imp-1t [1e] 750.0 750.0 730.0 750.0 750.0 750.0
ctut [11e] 90.6 126.9 90.6 66.7 114.8 150.0
Sr.max-It [cM] 80.0 108.4 56.9 137.3 136.4** 55.8***
R in long 0.80 0.50*
0.50* 0.73 0.80 0.54
term 0.80 0.50*
&rest-It [1E] 325.8 365.0 546.4 403.8
375.0 n/a
gcr-it [pe] 262.3 310.6 479.4 253.8
Wit [mm] 0.300 0.284 0.177 0.659 0.611 0.213

* accounts for creep

** mean crack spacing (in crack-formation phase) to be multiplied by 1.7 to convert Wmean t0 Wax

*** calculated from the crack width
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263 Figure 4. Comparison between reinforcement required to limit the long-term (final) crack width in a
264  demonstration example with different standardised methods.
265 321 EN 1992-1-1 and related documents
266  Comparing the European methods, i.e. past version of EN 1992-1-1:2004 [5] and EN 1992-3:2006 [6],
267  CIRIA C766 [15] and new version of EN 1992-1-1:2023 [14], it can be observed that for the same
268  applied reinforcement the obtained width of the crack decreases (Fig. 3). Naturally, analogical
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observation can be made when comparing the reinforcement ratios required to limit the crack widths
(Fig. 4). For each analysed scenario the greatest area of the required reinforcement is predicted by EN
1992-1-1:2004 & EN 1992-3:2006 method, followed by the CIRIA C766 and then EN 1992-1-1:2023
approaches. One may infer that the guidelines of CIRIA C766 and EN 1992-1-1:2023 by proposing
modifications to the method of EN 1992-1-1:2004 & EN 1992-3:2006 aim at providing more
economical and sustainable design solutions. This is predominantly attributed to the lower value of the
crack-inducing strain, which in case of CIRIA C766 and EN 1992-1-1:2023 takes into account concrete
extensibility (strain relief) after cracking (see Table 4).

The predicted value of the crack-inducing strain is higher at early-age (77.6 vs. 57.2 ue) but lower in
long-term (262.3 vs. 310.6 ue) with the method of CIRIA C766 in comparison to EN 1992-1-1:2023.
Although the methods of CIRIA C766 and EN 1992-1-1:2023 use the same philosophy for
determination of this strain, there are two important factors responsible for the difference. First, in EN
1992-1-1:2023 the effect of creep on the reduction of stresses is already accounted for in the value of
the degree of restraint, and by default there is no differentiation proposed to be made between its early-
age (Rqy,1) and long-term (R, » and R, 3) values. In the early-age analysis the default recommended
values of the restraint factors according to both methods are almost equal (0.5 in EN 1992-1-1:2023 vs.
0.8:0.65 = 0.52 in CIRIA C766). The free strain, however, is lower by EN 1992-1-1:2023 (194.6 vs.
214.6 pe in CIRIA C766) as the standard allows for the reduction of the early-age thermal strain to
account for the positive effect of compressive stresses in heating phase (0.9¢74). In the long-term
analysis, in turn, the effective restraint factor by CIRIA C766 is lower (0.8:0.5 = 0.4 in comparison to
0.5 by EN 1992-1-1:2023) due to the higher effect of creep, thus the restrained part of strain is also
lower.

A comment must be made, however, about the restraint factor value used in the calculations. Numerous
discussions have been made, also by the authors [1, 12], about the challenges in determination of the
decisive degree of restraint for crack width calculations in wall-on-slab structures. In this study default
values proposed by the standards were used. However, some of the guidelines provide detailed
recommendations for more precise calculation of the degree of restraint. CIRIA C766 refers in this

regard to the proposal of ACI 207 to calculate the axial restraint factor as:
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The value of the restraint factor calculated with this proposal gives by far the lowest values (0.63 and
0.54 at early-age and long-term, respectively — see Table 4), yet it is the maximum value at the wall—
foundation joint, while the decisive location where the maximum crack width is expected lies
somewhere above the joint. CIRIA C766 suggests this level to be 0.1L, for which the expected restraint
factor at given height h calculated following CIRIA C766 recommendations:

R(h) =R~ [(1.372 : (%)2 —2.543-2+ 1) +0.044 - (- 1.969) - (3)1'349] 4)

would be even lower, 0.51 and 0.44 at early-age and in long term, respectively.

EN 1992-1-1:2023 also allows for more sophisticated methods to be used, e.g. by determining the
degree of restraint through (linear) finite element analysis; the restraint factor could be then calculated
acc. to the Eqg. (2). EN 1992-1-1:2023. Such an approach seems reasonable especially in case of
geometrically complex structures for which simplified methods of determination of the restraint factor
cannot be applied. In this regard, the authors refer the reader to the RILEM TC 287-CCS
recommendations Erreur ! Source du renvoi introuvable. for detailed explanation of FEM-based
modelling of structures subjected to imposed strains. For the structures with simpler geometries, such
as the ones analysed in the paper, guidance of other standards or recommendations can be used. Such
provisions are given, as already mentioned, by ACI 207.2 and CIRIA C766, but also non-standardised
solutions exists, which have been discussed in e,g. [32]. Creep relaxation can be also accounted for
independently in accordance with Annex D; the influence of concrete age and creep on stress values is
taken into account by the effective elastic modulus of concrete, i.e. simplified viscoelastic model.
Secondly, CIRIA C766 accounts additionally for higher level of strain relief (k. .+, component) in long
term than EN 1992-1-1:2023 (63.4 vs. 54.4 ue). CIRIA C766 increases tensile capacity of concrete
under sustained loading by accounting for the effect of creep (which is not done in EN 1992-1-1:2004
and EN 1992-1-1:2023, where tensile capacity is determined under the assumption of the short-term
character of the load — see Table 4). Even though the tensile capacity of concrete according to CIRIA

C766 is calculated using the characteristic tensile strength f.., 05, the age-adjusted modulus of
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elasticity of concrete E, ¢ is applied. The level of increase is by 8% at early-age and by 40% at long-
term in comparison to the scenario in which mean tensile strength and modulus of elasticity are
considered.

However, even though the crack-inducing strain is the lowest according to CIRIA C766, the final width
of the crack is the lowest based on EN 1992-1-1:2023. This results, in turn, from the crack spacing
which is estimated to be twice the value of EN 1992-1-1:2023 by CIRIA C766 (108 vs. 57 cm). In
tensioned elements, as the ones studied in this paper, for the same geometry and reinforcement, the
crack spacing calculated with the formula of EN 1992-1-1:2023 gives lower values than by the past
version of EN 1992-1-1:2004 due to, among the others, reduced impact of concrete cover and favourable
effects of bond (coefficient k, takes the value of ~0.55 in EN 1992-1-1:2023 in comparison to 0.8 acc.
to EN 1992-1-1:2004). CIRIA C766, however, states that the bond properties at early-age are poor and
recommends that the value of k, should be increased (k, = 0.8/70% = 1.14).

If the three methods (of EN 1992-1-1:2004 & 1992-3:206, CIRIA C766 and EN 1992-1-1:2023) were
consistent in their assumptions of relevant parameters, i.e. if the value of the modulus of elasticity was
reduced by creep and by assuming poor bond between the steel and reinforcement (k; = 1.14), the
observed tendency when comparing the methods would be further enforced. The predicted final width
of the crack would be respectively equal to 0.325 mm (EN 1992-1-1:2004 & 1992-3:2006), 0.284 mm
(CIRIA C766) and 0.159 mm (EN 1992-1-1:2023).

3.2.2 CIA Z7/06 recommendations

The method of CIA Z7/06 [16] gives by far the greatest width of the crack in the wall (its value is over
twice the target limit value of 0.3 mm, so the width of the crack predicted by EN 1992-1-1:2004 &
1992-3:2006 — see Fig. 3). This should be attributed to the crack spacing and restrained part of strain.
The spacing of the cracks is calculated after CIRIA C766 (i.e. with the formula of EN 1992-1-1:2004
but with poor bond assumption k; = 1.14, see Table 2). The crack spacing is further increased by
decrease in the effective reinforcement ratio: in the method of CIA Z7/06 the effective tensile area of
concrete is not limited as in EN 1992-1-1:2004, but the whole tensioned cross-section is considered.

Regarding the restrained part of strain, in the method of CIA Z7/06 the restraint factor is calculated
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from the geometry and stiffness of the wall and foundation. Therefore, the restraint factor obtained with
this method has the meaning of R factor from CIRIA C766 rather than that of R,, from EN 1992-
3:2006. Consequently, the effect of strain reduction by creep is not taken into account in this method.
Finally, the CIA Z7 methods takes into consideration the effect of strain relief, in contrary to EN 1992-
1-1:2004.

If good bond was assumed (k; = 0.8), the expected widths of the cracks would decrease from 0.143 mm
and 0.659 mm (see Fig. 3) to 0.104 mm and 0.481 mm (i.e. by 27%) for early-age and long-term,
respectively. Furthermore, if the tensile area was further reduced according to the recommendations of
EN 1992-1-1:2004 to the effective area A e (from 1500 to 1150 cm?), the resultant widths of the cracks
would be reduced to 0.083 mm and 0.384 mm (i.e. by 42%), respectively. It must be noted that the
analysed element is relatively thin, so the range of impact of the reinforcement is high (h. e¢s by EN
1992-1-1:2004 is 77% of 0.5h). Thus, with an increasing thickness of the element the influence of the
effective reinforcement ratio would be increasing. Finally, if the value of the restraint factors R
calculated with the method of CIA Z7/06 were reduced from 0.74 and 0.73 to 0.5 for early-age and 0.4
for long-term (to account for the reduction by creep as in EN 1992-1-1:2004 and CIRIA C766), the
resultant crack width would be reduced to 0.042 mm and 0.187 mm (i.e. by 72%), respectively.

3.23  AIlJ-SRC recommendations

A comparably large final crack width was obtained with the AlJ-SRC method [16] (0.611 mm for a
long-term crack width — see Fig. 3), in addition to the fact that with this method the greatest early-age
crack width was predicted (0.394 mm). This method was derived from different assumptions than the
previous ones. First, it does not assume the stabilised crack spacing being reached. Therefore, the
calculated transfer length s, = 21, is compared with the calculated crack spacing s, as it is expected
that in the crack-formation stage s, is smaller than the actual spacing of the cracks (this assumption has
been proven true in the course of calculations). Secondly, uniform spacing between the cracks is
considered when determining the stress in reinforcement, so the resultant width of the crack is a mean
width. For the sole purpose of this comparative study the crack widths obtained with the use of this

method were multiplied by 1.7 to convert them to the maximum values.
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It is interesting to notice that according to the AlJ-SRC method the early-age crack width increases by
only 50% in long term (from 0.39 mm to 0.61 mm — see Fig. 3) while the strain is more than tripled
(free strain increases from 215 pe to 750 pe — see Table 4). This is opposite to the results of other
methods in which the crack width increase corresponds to the increase in strain. It is also worth
mentioning the amount of reinforcement required to limit the crack width according to AIJ-SRC method
in comparison to the CIA Z7/06 approach, which predicted comparably high widths of the crack. With
a comparable expected crack width of ~0.6 mm, it is enough to increase the reinforcement area by 50%
to reduce the crack width by half, while it must be increased 4 times to achieve the same effect according
to CIA Z7/06 (see Fig. 4). In general, the reinforcement requirements evaluated with the CIA Z7/06
approach are the highest for all the analysed limit crack widths. It is also interesting to notice that the
decrease in the required reinforcement with an increasing limit crack width predicted with CIA Z7/06
is practically linear while for all other methods the differences become smaller (reduction by ~half
between 0.2 mm and 0.3 mm, and reduction by ~quarter between 0.3 mm and 0.4 mm, as can be seen
in Fig. 4).

It must be emphasised that the method of AlJ-SRC modifies the original Base—Murray method [26]
derived from the model of a fixed tie (100% degree of restraint) by introduction of the restraint factor
to account for the partial restraint in the wall. However, it can be observed that the model is almost
insensitive to the degree of restraint (thus the restrained part of strain) until the stabilised crack spacing
is reached: increase in strain causes formation of new cracks, not the increase of the crack width. First
crack is predicted to be formed for the restraint factor of 0.2; by increasing the restraint factor up to 1,
the predicted number of cracks increases from 1 to 5 at early age and from 2 to 14 in long term, while
the change in the crack width is as little as from 0.36 mm to 0.42 and from 0.57 to 0.65, respectively.
3.24 ACI reports 207.2 and 224

In the method proposed in the ACI reports the maximum crack spacing is obtained from the mean
spacing with the conversion factor of 1.5 instead of 1.7. This procedure accounts also for the restraining
moment and its effect on the width of the crack. It must be emphasised that according to the approach
of the ACI reports the effect of creep is negligible, so the calculation procedure is based on the linear

elastic analysis.
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The ACI 207.2 report [18] provides a method to determine the value of the restraint factor taking into
account the relative stiffness of the wall and foundation. It must be noted that the time-development of
the modulus of elasticity according to the ACI report [31] is significantly slower than according to other
methods, e.g. EN 1992-1-1:2004 [5], thus for the early-age analysis (after 3 days) the ratio between the
early-age and 28-days moduli is ~0.7 in comparison to ~0.9 for EN 1992-1-1:2004. The obtained values
of the restraint factor are visibly smaller than those obtained with the method of CIA Z7/06 (0.63 vs.
0.74 and 0.54 vs. 0.73 at early age and long term, respectively), and the highest value recommended by
CIRIA C766 (0.8) —see Table 4.

Additionally, the level of extensibility (strain relief related to tensile capacity of concrete) recommended
by ACI 207.2 report [18] is relatively high: 100 pe at early age and 150 pe in long term are the highest
values of all the methods. According to other methods, the tensile strain capacity can be calculated as a
ratio between the tensile strength and modulus of elasticity. If the tensile strain capacity was calculated
like that for the actual values of these mechanical properties as recommended by the ACI report, they
would be smaller: e.,, = fet/E:. =71.2 pe and 105.3 pe for early-age and long-term. Consequently, the
early-age and long-term crack widths would increase from 0.060 mm and 0.213 mm (see Fig. 3) to
0.080 mm and 0.222 mm (by 33% and 4%), respectively. Finally, if the same value of the mean-to-
maximum crack width conversion factor (# = 1.7 instead of 1.5) was taken, these crack widths would
further increase to 0.084 mm and 0.229 mm (increase by 40% and 8%, respectively). These would still
be, however, one of the lowest predictions of crack widths obtained with the analysed methods.

The required reinforcement ratios predicted with the ACI method is comparable with the predictions of
the EN 1992-1-1:2023; these two methods give the lowest required reinforcement ratios to limit the
crack widths (see Fig. 4). In the ACI approach this should be attributed to the positive effect of the
restraining along the edge of the wall which together with the reinforcement guarantees a sufficient
restraining moment, ensuring formation of a suitable number of cracks and by that reducing their widths.
A general comment can be made when analysing Fig. 4b about the effectiveness of the reinforcement
to limit the crack width. It can be concluded that all the methods reproduce the real-life observation

made by the authors in [1] that with in increasing reinforcement ration the effectiveness in crack with
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limitation decreases, i.e. the reinforcement requirements increase exponentially with a decrease of the
limit crack width.

4 Case study 1: Massive wall of Civaux NPP mock-up

4.1 Description of the structure

The analysed wall was an experimental mock-up nuclear containment wall for a newly constructed
nuclear power plant near Civaux, France, which can be classified as massive according to [34]. Figure
5 schematically shows the geometry and cracking pattern in the wall. The data of the analysed case
study are retrieved from the works [35], [36], [37], [38] and [39], and are presented in detail in Appendix
A, sec. A.1. In the following sections the crack width calculations with the use of the studied methods

are performed, and include comparison between the crack spacing, crack-inducing strain and predicted

crack width.
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Figure 5. Civaux mock-up wall: longitudinal view; cross-section; cracking pattern (crack widths 1 X 0.04 mm,
4x0.1mm,2x0.2mmand1x 0.5 mm).

4.2  Estimate of crack-inducing strain

Calculation of the crack-inducing strain requires determination of three components (see Table 2): (1)

magnitude of imposed deformation induced by temperature variation and shrinkage &, (2) degree of

restraint R and (3) tensile capacity .. In the analysed case the cracking was caused by temperature
variations due to simultaneous heating up of hardening concrete and its cooling to the ambient
temperature, as well as autogenous shrinkage. As the wall was kept in formwork over the period of

cooling, it could be assumed that drying was negligible.
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Thermal strain was calculated as a product of temperature difference and coefficient of thermal dilation
of concrete e; = a - AT. Some of the analysed standards give recommendations how the temperature
difference AT should be determined. According to CIRIA C766 [15] and ACI 207.2 [8] the temperature
drop should be calculated as the difference between the maximum (peak) temperature and ambient
temperature: AT = Tax — T, . This means that the design thermal strain accounts for the whole
temperature drop during cooling. EN 1992-1-1:2023 [14], in turn, recommends that the thermal strain
responsible for cracking should be determined at the critical time t..;; Which is the time instant when
cracking is likely to occur, and as a difference between the peak temperature and the temperature of the
restraining element at that time: AT = T,ax — To- If N0 better data is available, the latter one can be
assumed as the ambient temperature, however, in the case of a wall-on-slab structure the actual
temperature of the restraining element (foundation) can be higher due to its re-heating by the hardening
wall. Furthermore, EN 1992-1-1:2023 accounts also for the fact that initial heating of the wall induces
positive compressive stresses which reduce the value of the proceeding tensile stresses during cooling.
Consequently, the standard recommends reducing the design thermal strain by the factor k; = 0.9.

The above-mentioned provisions consider maximum mid-span, mid-section temperature, so the
maximum possible temperature in the whole wall over the whole period of concrete hardening. In case
of the elements with relatively low massivity, which are characterised by small variations of
temperature in the cross-section, this assumption is correct. The challenge arises in more massive
elements, such as the analysed wall, in which the cross-sectional temperature variation is non-
negligible. Given the risk of through cracking, confirmed in the observations of the actual wall, it may,
hence, seem reasonable to consider in the calculations the thermal strain which gives zero self-induced
stress (the strain on the so-called compensation line — see Fig. 6). CIRIA C766 [15] recommends in

such a situation to use the mean temperature in the cross-section which — assuming parabolic
distribution of temperature in the cross-section — can be calculated as Typean = Tint — % (Tint — Tour)-

Given the above considerations, the input data taken for further calculations were collectively presented
in Table 5. When analysing the diagram of temperature development in the wall (Fig. A.4) it can be

seen that over the period when measurements were recorded — until the time of formwork removal — no
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temperature equalisation was reached while the wall had already cracked. The exact time of cracking
is, however, not known. Therefore, following the recommendations of CIRIA C766, the analysis was

performed at the time ¢ Of 3 days.

| T |
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© © T

Figure 6. Method for determination of temperature for ~ Figure 7. Mean temperature in the Civaux mock-
calculation of design early-age thermal strain. up wall.

The temperature difference was calculated as the difference between the mean temperature in the cross
section at the time of the peak temperature occurrence and the temperature of the foundation at ¢
The peak temperature was the maximum temperature measured by thermocouple #3 located in the core
of the wall while the surface temperature was calculated based on the measurements of thermocouples
#3 and #4 (see Fig. 7). Temperature difference in the cross-section was equal to ~9°C. The T,
temperature was taken from the measurements of thermocouple #1, which was located in the raft
foundation just below the wall (see Fig. A.3). It can be observed that after re-heating to the temperature
of ~24°C, the raft cooled down steadily and after 5 days (up to when the measurements were available)
it reached 20°C; after 3 days its temperature was still around the peak value of 24°C (see Fig. A.4).

Table 5. Calculation of thermal strain 3 days after casting of the first lift in the Civaux mock-up wall.

Tinax [°C] 59.3
Tsur [°C] 50.2
Tinean [°C] 56.3
T, [°C] — mean 11.4
T, [°C] 24
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It should be mentioned that time-development of concrete’s properties is related to the progress of its
maturity, which is a temperature-dependent phenomenon. In case of massive structures, such as the
analysed wall, in which significant increase of temperature is observed over long period, these processes
develop visibly faster. Therefore, the equivalent age of concrete, not the real one, should be used for
determination of these values at the time of analysis. Normally, determination of the equivalent age is
difficult at the design stage when temperature history is not known. However, for the specific case of
the Civaux wall, the equivalent age of concrete, calculated according to EN 1992-1-1:2004 [5], at the
age of 3 days was approximately 10 days (calculated based on the mean temperature in the cross-
section), which is an important difference.

The value of the autogenous shrinkage strain was calculated using the laboratory test results presented
in Fig. A.5 with the EN 1992-1-1:2004 [5] model and least-square method approximation. At the time
teriteq = 10 days the autogenous shrinkage was estimated to be 30.3 pe.

The compressive strength and modulus of elasticity were measured only since the 28" day. For early-
age analysis the measured 28"-day values were taken as a basis and the values of tensile strength and
modulus of elasticity at time t.. .4 Were calculated following each considered method. Figure 8
presents a comparison between the values obtained with these methods. It must be emphasised that the
CIA Z7/06 recommends fixed values of early-age tensile strength and modulus of elasticity for a 3-day
old concrete, which is a sensible value as long as the actual age and equivalent of this concrete comply.

For a massive structure such as the analysed one these recommendations are not valid.
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Figure 8. Mechanical properties of the Civaux wall concrete after 3 days (10 days of equivalent age) assessed

with different design methods.

Finally, to calculate the crack-inducing strain, the restrained part of imposed strain must be determined,
which deems to know the degree of restraint (expressed with the restraint factor). Regarding the restraint
factor, EN 1992-3 [6] recommends the maximum, default base restraint factor of 0.5 (which accounts
for creep) while CIRIA C766 [15] recommends the default value of 0.8 (without considering creep).
Alternatively, CIRIA C766 refers to the formula proposed by ACI 207.2 [8] given by Eq. (3), which
according to Eq. (4) depends on the L/H ratio of the restrained element, and for the Civaux wall with
L/H = 10 it is constant over the height. The relative stiffness of the wall depends, in turn, on the
geometry of the wall and foundation A./Ag, which stay unchanged over the analysed period, and their
moduli of elasticity E./Er, which evolve in time. The restraint in this case is not typical, as it is in a
form of a raft foundation. Following the recommendations of ACI 207.2 [8] in such a case it can be
assumed that A./Ar = 2.5. The resultant restraint factor depends therefore on the applied time-
development function of the modulus of elasticity which determines the E.. /Er ratio, and differs among
the methods only slightly from 0.72 to 0.73 (in elastic analysis). Finally, the restraint factor estimated
with CIA Z7 [16] method in elastic analysis is equal to 0.82 (see Table 6), but it should be noted that
CIA Z7 assumes the slowest development of the modulus of elasticity of all the methods (see Fig. 8b).
Given the above, the restraint factor R = 0.8 was assumed for calculations as a safe estimate in all the
methods where no specific recommendations were given. The effect of creep on partial relief of

restrained strains was accounted for by reducing the value of the degree of restraint by factor K, =
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1/(1 + ¢) equal to 0.65 following CIRIA C766. The resultant restrained part of strain and crack-
inducing strains are collectively presented in Table 6.

Table 6. Calculation of crack-inducing strain 3 days after casting of the first lift in the Civaux mock-up wall.

EN 1992-1-1 CIRIA EN CIA Z7/06 | AlJ-SRC | ACI 207.2
:2004 & C766 1992-1-
1992-3:2006 1:2023
Thermal strain &g 323 (from Table 5)
Autogenous strain
30.3
gca
Imposed strain
353.3
gimp
0.8 0.8
) 0.5 0.5 0.82 0.8

Restraint factor R ( ) (no creep) ( ) ( ) (no creep) ( )

cree cree no cree no cree

P K. = 0.65 P P K. =0.65 P

Restrained strain

176.6 183.7 176.6 288.3 n/a 282.6
grest
Crack-inducing
strain ., = 176.6 132.5 116.2 233.8 n/a 182.6
Erest — kt‘grctu

Table 6 collects also the predictions of the crack-inducing strain in the analysed wall calculated with
different methods. The same value of the total free strain was assumed. The differences in the restrained
strain result mainly from the differences in the assumed value of the restraint factor, while in the case
of the crack-inducing strain further from the difference in the magnitude of the assumed strain relief
(extensibility). Consequently, the lowest value of the crack-inducing strain is predicted with EN 1992-
1-1:2023, then CIRIA C766 and EN 1992-1-1:2004 & EN 1992-3:2006, with comparable prediction of
ACI 207.2 & 224, and the highest value is predicted with CIA Z7/06 method. This complies with the
tendency defined in Table 4. No direct comparison can be made with the method of AlJ-SRC because
of different assumptions of the model in which the crack-inducing strain is not explicitly calculated.
4.3 Crack width

The widths of the cracks predicted with the analysed methods differ significantly, with over triple

difference between the extreme values (see Table 7).
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Table 7. Calculation of crack width 3 days after casting of the first lift in the Civaux mock-up wall.

EN 1992-1-
CIRIA EN 1992- CIA ACI 207.2
1:2004 & EN AlJ-SRC measured
C766 1-1:2003 | Z7/06 & ACI 224
1992-3:2006
Calculated Max
] Srmax = 2.17 ]
slip length 0.75 1.00 0.60 1.00 0.91 spacing
So=0.17
2le max [m] 3.2
Wmax o
[mm] 0.133 0.133 0.070 0.235 0.219 0.248 0.2 (0.59)
mm

* can possibly be treated as an exceptional anomaly

The methods of the current version of EN 1992-1-1:2004 & EN 1992-3:2006, CIRIA C766, EN 1992-
1-1:2023 and CIA Z7/06 are easily comparable because they are based on the same model. The
differences result first of all from the predicted transfer length over which the strain difference occurs.
It must be remembered that in case when the element is in the crack formation stage, the calculated
value of s, ,,x must be understood as twice the transfer length, and evidently all these methods predict
this distance to be significantly smaller than the crack spacing. The greatest length of strains
incompatibility is predicted with CIRIA C766 (and CIA Z7/06, which uses the same formula) because
of the assumption of poor bond properties. The smallest length is predicted with EN 1992-1-1:2023,
which in turn less conservatively takes into account the influence of both the bond properties and
concrete cover.

The differences in the crack width are further caused by the value of the restraint factor (hence the
restrained part of strain) and the level of strain relief. The highest magnitude of the crack-inducing strain
is predicted with CIA Z7/06 method in which the restrained strain is determined without taking into
account the effect of creep (linear-elastic restraint factor), which consequently results in the greatest
predicted crack width. EN 1992-1-1:2023, in turn, predicts the smallest magnitude of crack-inducing
strain, mainly due to the highest expected level of strain relief. This, coupled with small crack spacing,
results in the smallest predicted crack width. The methods of EN 1992-1-1:2004 and CIRIA C766 give
in this case comparable results.

Comparison of the remaining two methods (AlJ-SRC and ACI 207.2 & 224) is more difficult, because

they are based on different models. The same value of the restraint factor is taken in both methods. In
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the AIJ-SRC approach the effect of creep is taken into account while in the ACI approach neglects the
effect of creep. Yet, the obtained width of the cracks are of comparable magnitude and are as large as
predicted by the CIA Z7/06 method.

Even though it is not an intention of the standardised methods to compare the calculated crack width
with those actually measured on site, it is a common practice to control the compliance of the structure
with its design by doing such comparison. This, however, requires understanding of the crack width
model assumptions. First of all, cracking is a highly stochastic process, and therefore some margin of
error must be accepted. This margin might be related to the difference between the calculated and
measured crack width, as discussed in [12]. Another point of view might be in the expected outcome.
For instance, if one takes into account possible uncontrollable random effects such as inaccuracies
during execution, it might be accepted that individual cracks might exceed the design limits as they can
be easily repaired with negligible effect on the integrity of the structure and the budget of the
investment.

Given the latter, i.e. if a single crack of 0.5 mm could be treated as an accepted, unique abnormality,
the crack widths predicted by the methods of CIA Z7/06, AlJ-SRC and ACI 207.2 & 224 (0.235, 0.219
and 0.248 mm —all greater than 0.2 mm) would be larger in comparison with the measured crack widths.
The methods of EN 1992-1-1:2004 & EN 1992-3:2006, CIRIA C766 and EN 1992-1-1:2023, however,
in this particular case underestimate the widths of the cracks to an unacceptable level. The characteristic
crack width is defined as the width with 5% probability of being exceeded, but even if the margin of
error of 20% would be assumed following Beeby [40], it would allow some cracks to reach up to 0.16
mm according to EN 1992-1-1:2004 & EN 1992-3:2006 and CIRIA C766, and even as little as 0.085
mm according to EN 1992-1-1:2023. With the maximum crack width of 0.2 mm the level of
underestimation is 50% for past EN 1992 and CIRIA C766, and almost 300% for new EN 1992-1-1.
4.4  Minimum reinforcement

A comment should be made on the applied reinforcement with respect to the minimum reinforcement
requirements. The applied reinforcement (220 cc 180 mm, A, = 17.5 cm?) would be below the minimum
required reinforcement if one would take the tensile area of concrete right before cracking A.; equal to

half the cross-section (4 min = 34.3 cm?in this case). While this is a good assumption for thin sections,
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with increasing massivity of the element it becomes more and more incorrect, thus leading to
overestimation of the required reinforcement. In fact, the temperature variation in the cross-section,
which is responsible for the formation of self-induced stresses, leads to the fact the tensile stresses
develop only at some depth of the cross-section, while the interior of the wall is compressed (see Fig.
11). Localisation of the zero-stress (compensation) line is, however, extremally difficult to determine
at the design stage as it would require to simulate the thermal field in the wall.

Another important aspect is the model from which the formula for the minimum required reinforcement
was derived. The formula is based on the model of a tie, which does not represent the base-restrained
elements well. That is because in the base-restrained elements the strains are confined not only by
reinforcement, but also by the base, thus reducing the need for reinforcement. This fact is accounted for
by CIRIA C766 where a reduction coefficient kgqqe has been introduced to represent this confining
effect. The coefficient has been defined as kggge = 1 — Rgdge, Where Rgqg, is the degree of restraint
at the base. With the increasing restraint the value of the coefficient — and consequently the required
area of reinforcement — decrease.

5 Case study 2: heavily reinforced tank wall segment

5.1 Description of the structure

This case study was an internal segment of a wall in a rectangular reinforced concrete tank, restrained
along the base and along both vertical edges, classified as semi-massive according to [34]. Cracking of
the wall had been monitored for 9.5 months. Figure 9 schematically shows the geometry as well as
cracking pattern and its change in time in the wall. In the first stage, the width of the cracks did not
exceed 0.1 mm, they were mostly limited within a range of 0.025-0.05 mm, with individual cracks, not
in numbers that could present a risk for compromising the integrity of the structure, of 0.075 mm width.
At the second measurement stage, the measured crack widths only locally reached 0.15 mm, in other
cases they were limited to 0.1 mm. At the last measurement stage, the crack widths did not increase.
The data of the analysed case study including detailed description of the structure, its geometry,
manufacturing technology as well as the measurements of development of hydration heat and

mechanical properties, temperature development, shrinkage strains and creep under compression and



626

627

628
629

630
631
632

633

634

635

636

637

638

tension can be found in [41], [42], [43] and [44], while most important results are presented in the

Appendix, sec. A.2.
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Figure 9. Tank wall segment: longitudinal view; cross-section; cracking pattern (16 days — red; 90 days — blue;
285 days — green).

5.2 Estimate of the early-age and long-term crack-inducing strain

The main purpose of the analysis of this case study is to compare the predictions of crack spacing and
crack width change in time with developing strains using different methods. The calculations were
therefore performed at two time instants: at the age of 16 days (early-age) and 90 days (long-term). It
must be emphasised, however, that the first cracks appeared on the 2"Y/4™ day after casting while the

measurements of the cracks width and spacing were only made after 16 days.
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The strains were calculated at the height of +1.40 m above the joint, at the level where crack widths
were measured. The temperature was taken as a mean temperature in the cross-section, determined from
the measurements in points B3 (core) and B4 (northern surface) (see Fig. A.8) because of a relatively
stable temperature distribution on that side of the wall. Drying shrinkage was also calculated as a mean
value in the cross-section. Figure 10 shows the diagrams of the total shrinkage strain, thermal strain,
autogenous shrinkage strain and drying shrinkage strain calculated in this point. Although at first glance
difference can be observed between the measured and calculated total strain, it must be explained that
the calculated thermal strain does not take into account the restraining effect, it is a theoretical strain in
a completely unrestrained element. The measured total strain, in turn, includes the restraining effect, so
the measured total strain represents only the unrestrained part of the sum of thermal and shrinkage
strains. Given the roughly estimated value of the restraint factor (calculated with Eq. (2)) of 0.2 it can
be demonstrated that the value of the restrained part of the total deformation is comparable to the
calculated free shrinkage. Consequently, the value of the free shrinkage strain used in calculations were

taken as 150 pe at 16 days and as 395 pe at 90 days.

——measured total strain ——calculated thermal strain ——calculated shrinkage strain ——calculated total strain
500 4 [Hm/m]
0 H\wr\/h‘
300 Viy J\'/V\/
200 //\/\/\/ v e =y v/\/v""w VI s
100 (ATAYN AL 0A
Wilad
0

F’ 10 2p 30 40 50 &0 7o 80 90 100 110

-100 V time [days]

-200

Figure 10. Calculated free imposed strain at the level of + 1.40 m in the tank wall segment.
It is very relevant at this point to discuss the issue of the degree of restraint which is one of the decisive
factors in determination of the expected crack width (see Table 2). The width of the crack is expressed
as dependent on the restrained part of strain with the use of the restraint factor R. The standards do not,
however, differentiate the degree of restraint conditions before and after cracking — see e.g.
recommendations of EN 1992-1-1:2023 [14] in Annex D where the same restraint factor is used both

for the cracking risk assessment and the crack width.



661
662
663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

N Ns rin,
rest pring

]

AL

— eimp -

Figure 11. Equilibrium of forces and compatibility of deformations in a partially restrained tie under imposed
shrinkage strain (after [45]).

The restraint factor is defined on the basis of strains by Eq. (2) which can be expressed on the basis of

deformations as:

R = M =1 AL (5)
Eimp'L Eimp'L

where L is the length of the element and AL is its elongation due to imposed strain (see Fig. 1b). If the
degree of external restraint is expressed with the stiffness of the spring k (Fig. 11), the conditions of

equilibrium of forces Nyese = Ngpring and compatibility of deformations AL = ALgping Can be defined.

With:
— e o] 4 DNrest |
AL = Eimp L+ Ec(t) Ac(1+aep) L (62)
Nsprin
ALspring = % (6b)

the degree of restraint can be expressed as:

1
1 Ec(t) Ac(1+aep) (7)
k L

R =

1+

where E.(t) - A. - (1 + a,p)/L is the axial stiffness of the element with respect to the included
reinforcement. It can be noticed that in an uncracked element with the progressing time during
hardening of concrete, due to the developing modulus of elasticity of concrete, the axial stiffness of the
element will increase, thus the degree of restraint of the element decreases. However, once the cracking
occurs, it will decrease the stiffness of the element, increasing the degree of restraint. This has been
experimentally proven in [45].

When related to the actual case of a wall on foundation as the analysed case of a tank wall segment, the
effect of increasing degree of restraint due to cracking can be illustrated with Fig. 12. Imposed

deformations will cause tension over a certain height of the wall, and compression in the foundation,
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which magnitude will increase with increasing imposed strains until tensile capacity of the wall is
reached and a crack is formed. This will cause a relief of stresses immediately after cracking, both in
the wall and in the foundation. This drop in the compressive stress in the foundation will lead to the
extension of the foundation which, in turn, will cause additional opening of the crack, as a result of
additional redistribution of imposed deformations. Therefore, if the width of the crack is to be calculated
with the use of the approaches proposed in the standards, i.e. by applying the restraint factor for
uncracked systems, then its magnitude in the cracked element must be higher than it would appear from

the analysis of the uncracked element if the width of the crack is not to be underestimated.

‘ —_— gimp ——
: : i ‘; ©
| WALLSEGMENT |  WALLSEGMENT |  WALLSEGMENT
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: @‘
opening
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@

Figure 12. Changes of deformation and stresses in a wall subjected to imposed shrinkage strain: (top) right before
cracking; (b) right after formation of a crack and stress relief.

Nevertheless, exact calculation of the value of the restraint factor in the cracked elements is a
challenging task which requires further studies and authors are not yet confident to provide here a
guantitative recommendation. Therefore, for now, a conservative value of the restraint factor in an
uncracked state of 0.8 was used for further calculations at all stages of the crack width control.

The input data for calculation of the expected crack spacing and crack width as well as their change in

time are collectively presented in Table 8.
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Table 8. Input data for calculations of crack widths and their change in time in a tank wall.

16 days

90 days

Source of load

Hardening temperature

Autogenous shrinkage

Autogenous shrinkage

Drying shrinkage

Ambient temperature fluctuations

Imposed strain ;p, [ue] 150 395
Restraint factor R 0.8 0.8
Effect of creep K 0.65 0.60
Modulus of elasticity E.,,, [GPa] 18.8 22.0
Tensile strength f..,, [MPa] 1.61 1.99

The crack-inducing strain was calculated from the restrained part of strain and strain relief as

recommended by the methods. The calculated strains are collectively presented in Table 9.

Table 9. Crack-inducing strain [ue] in a tank wall segment calculated with different standardised methods.

Strains [pe] Restrained strain Tensile capacity Crack-inducing strain
16 days 90 days 16 days 90 days 16 days 90 days
EN 1992-1-1:2004 & 78* 190* 86 91 78 190
EN 1992-3:2006
CIRIA C766 78* 190* 92* 127* 32 126
EN 1992-1-1:2023 78* 190* 86 91 27 135
CIA Z7/06 120 316 86 91 34 225
AlJ-SRC nfa* n/a* 100*** 150*** 351 **** 480%***
ACI 207.2 & 224 120 316 100*** 150*** 20 166

* considers the effect of creep on reduction of strain;

** considers sustained character of loading and effective modulus of elasticity

*** recommended fixed value

**** crack formation stage assumption

Large differences between the expected values of the crack-inducing strain can be observed, even

though the same values of the imposed strain and restraint factor were assumed in all the methods (for

basic assumptions of the methods refer to Table 2). This is related to the way in which each method

takes into account the effect of creep on the restrained strain and how it predicts the level of strain relief

after cracking. In EN 1992-3:2006 the restraint factor is reduced to consider creep but no strain relief is

taken into account, thus the value of the crack-inducing strain is the highest. In case of CIRIA C766

and EN 1992-1-1:2023, the level of extensibility is expected to be 0.5¢.4, (46 and 63 pe) and 0.6,
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(51 and 54 pe), respectively, in addition to the same assumed reduction in the restraint factor, which
explains lower values of crack-inducing strain. Finally, CIA Z7/06, AIJ-SRC and ACI 207.2 assume
the level of extensibility at full €., . In case of CIA Z7/06 and ACI 207.2 no effect of creep is
considered, so the methods predict by far the greatest values of the restrained strain but also the highest
level of extensibility. As a results, the estimated values of the crack-inducing strain are in comparison
moderate. Situation is different in case of the AlIJ-SRC method which is based on the assumption of the
crack formation phase. The crack-inducing strain, calculated considering creep, is much higher than
predicted by other methods (even an order of magnitude at early age). However, its change in time is
much less dramatic — the increase is by ~35% while for other methods the increase is from ~3 to even
up to ~8 times.

5.3 Early-age and long-term crack width calculations

In the final step the crack spacing and crack width were calculated with the analysed methods with the
focus on crack spacing and crack width change with the progressing increase of the imposed strains in
time. The results of calculations are collected in Table 10.

Table 10. Early-age and long-term crack width in a tank wall segment.

Crack spacing (mean) [cm] Crack width (max) [mm]

16 days 90 days 16 days 90 days
measured Sym = ~24cm | s, =~20cm 0.025-0.05, <0.1,

individual cracks individual cracks
0.075 0.15

EN 1992-1-1:2004 & Sem = 17.6 cm 0.023 0.057
EN 1992-3:2006
CIRIA C766 Sem = 21.7 cm 0.012 0.047
EN 1992-1-1:2023 Sym = 14.8 cm 0.007 0.034
CIA Z7/06 Sym = 21.7 cm 0.013 0.083
AlJ-SRC Sym = 175.6 cm | S, = 36.7 cm 0.057 0.078
ACI 207.2 & 224 Sym =57.3cm | S, =11.3cm 0.019 0.032

It can be concluded that almost all the methods underestimated the crack widths to a probably
problematic degree. Only the method of AlJ-SRC was somewhat closer to the measured value. With an

accepted error of £ 20% the predictions of this method would expect that majority of the cracks would
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not exceed 0.057 mm and 0.078 mm, and would allow for the individual cracks of up to 0.068 mm after
16 days and 0.094 mm after 90 days, respectively.

The method of Eurocode 2 and all related to it, i.e. EN 1992-1-1:2004 & EN 1992-3:2006, CIRIA C766,
EN 1992-1-1:2023 and CIA Z7/06, are based on the simplifying assumption of the same bond strength
for the stabilised and the crack formation phase, and irrespectively of the level of imposed strain. This
means that regardless of the crack stage the same formula is used for calculation of the crack spacing /
transfer length (s, max = 2l max)- HeNce, with the progressing imposed strain, the transfer length does
not change and the width of the crack increases proportionally to the increase of the strain. Both EN
1992-1-1:2004 and EN 1992-1-1:2023 predict twice the transfer length to be lower than the measured
crack spacing, especially EN 1992-1-1:2023, where the predicted spacing is 14.8 cm in relation to the
measured values of 24 and 20 cm (Table 10), which may indicate that the wall had still been in the
crack-formation stage. The low value of the transfer length might be one of the reasons for
underestimation of the crack width, especially at early age.

In that sense the philosophy of the models implemented in AlJ-SRC and ACI 207.2 guidelines better
reflects the actual behaviour of the wall where an increase in imposed strain caused not only widening
of the existing cracks, but also formation of new cracks. Consequently, over the analysed period
between 16" and 90" day the imposed strain increased over 2.5 times while the mean crack width only
doubled which was associated with a decrease of mean crack spacing by almost 20%. This effect is
observed in the predictions of both methods, however, in both cases the methods expect rather an
increase in the number of cracks than an increase in their width. According to AlJ-SRC the increase in
crack width is by 1.4 times while the decrease in spacing is by 5 times. In case of ACI 207 the increase
in crack width is by 1.6 times with also the 5-time decrease in spacing. Nevertheless, due to ~3 times
smaller crack spacings at both analysed time instants, the crack widths predicted by the ACI 207.2
method are ~3 times smaller than as per AlJ-SRC.

Another issue is that none of the crack models take into account larger shrinkage strains from drying
that occur at the surface of the element. These models only take into account the mean value, which for
the analysed wall may be several times smaller than the shrinkage at its surface. Thus, crack-inducing

strain in the locations of crack width measurements are underestimated in these models. Additionally,
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the precise determination of the restraint factor after cracking remains an open issue [46]. Currently,
code models are based only on approximate values for an uncracked structure.

6 Conclusions and future work

The paper presents a critical analysis of the predictive capacity of standardised methods for crack width
control in edge-restrained reinforced concrete elements subjected to imposed strains. The study covered
relevant standardised methods implemented in the documents from Europe, Australia, Japan and the
USA. The predicted crack widths were compared for the three distinct case studies: a theoretical
demonstration example of a typical base-restrained wall, a massive wall on a raft foundation (Case
study 1) and a heavily-reinforced semi-massive tank wall segment with combined restraint conditions
(Case study 2). The study allowed to draw conclusions on the applicability of the methods for design
of various externally restrained elements for serviceability limit state of cracking.

All the analysed models for determination of the crack spacing are based on the model of a tie. This can
be a reasonable assumption to treat the element restrained along its edges as composed of the ‘slices’
behaving as ties, but only given that the actual degree of restraint is taken in calculations, not full
fixation at its extremities. This is done only in the methods implemented in AlJ-SRC recommendation
and ACI 207.2 report.

Furthermore, the cracking behaviour of the elements subjected to restrained imposed strains is governed
by the crack formation stage. The increase in the restrained strain 