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1 | INTRODUCTION
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Reignard Tan**

Abstract

This article investigates the accuracy of various crack width prediction models
and the newly proposed modified tension chord model (MTCM). A large num-
ber of experimental crack widths have been collected from the literature,
including 203 specimens of reinforced concrete (RC) members subjected to
bending and tension. The prediction models are described with upcoming new
formulations and database validation. The modeling uncertainty is found by
comparing the predicted crack widths against experimental data obtained
using a log-normal distribution. The results show that fib Model Code 2010
and MTCM provide the best crack width predictions of the collected databases;
MTCM has the fewest mechanical simplifications of the investigated models
and no empirical modifications for fitting towards experimental databases, in
contrast to the approaches in Eurocode 2 and Model Code. However, the latter
do predict the crack width to a reasonably good extent and are more suited for
practical dimensioning than the MTCM. The findings in this article suggest
that the MTCM should serve as a point of departure for further development
of crack width calculation methods, and that it may have an extensive range of
possible applications in the future.
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and Beeby?). Strict crack width limits in RC structures
often increase reinforcement amounts, and the economic

Cracks are common in reinforced concrete (RC) struc-
tures, and usually occur with irregular distribution and
different crack widths along an RC member. As long as
the crack width remains within an acceptable range,
these cracks neither impair the serviceability or bearing
capacity, nor the durability of the structure (Leonhardt'

consequences are significant.” Extensive research has
been carried out, and many approaches exist to predict
the crack widths, but conversely, it is difficult to predict
them consistently and accurately. This is reflected in the
many techniques and methods proposed in the litera-
ture.* There are, however, still substantial uncertainties
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in the calculations, mainly due to the large-scale concrete
structures, the large concrete covers applied in harsh
environments, and the introduction of more eco-friendly
modern concretes.’

The main objective of this article is to investigate the
accuracy of the various calculation models and to shed
light on ongoing discussions. This is performed by com-
paring the experimental crack widths reported with crack
widths predicted by selected analytical calculation
methods from design codes such as the present Eurocode
2 (EC2) and the draft for its new final version FprEC2
(2022),%” fib Model Code 2010 (MC2010) and its new
draft 2020 (MC2020),%° the German National Annex to
Eurocode 2 (DIN)'® and the recently published MTCM
by Tan et al."' The different strategies used by the codes
are categorized by Schlicke et al.'* as either mechanical
or calibrated models. The researchers behind MC2020
and FprEC2 have made their choices to improve the
models. Still, large uncertainties remain, and the CEN
member states must make their national application doc-
uments to FprEC2 in the coming years, and thus, more
research is needed. Therefore, a database of 203 RC speci-
mens of reinforced concrete (RC) members subjected to
bending and tension has been collected from the litera-
ture with a total of 733 data points. All of the reported
data was collected from various articles and books, with
validation and control checks of the data for unreason-
able values. The database validation was done by two dif-
ferent adjustments: one due to steel stress limitation and
one due to a theoretical maximum mean crack width.

The present article is part of ongoing research activity
related to the “Coastal Highway Route E39”, a project
launched by the Norwegian Public Roads Administration
(NPRA) and to MEERC (More Efficient and Environ-
mental Road Construction) being carried out at the Uni-
versity of Agder. Furthermore, the project aims to
provide guidelines and contribute to a more consistent
and correct crack width prediction methodology for RC
structures in Serviceability Limit States (SLS).

The main finding in this article is that MTCM, with-
out any empirical calibration, performs as well as, or
even better than, the investigated code type formulations,
which all are calibrated towards similar databases as
developed in this research study.

2 | ANALYTICAL CRACK WIDTH
PREDICTION METHODS

In this article, the following design codes are applied to
each experimental data series: Eurocode 2 (EC2),° the
new version of Eurocode 2 (FprEC2),” fib Model Code
2010 (MC2010),° the draft for the new fib Model

Code 2020 (MC2020),° and the German National Annex
(DIN).Y In addition, the modified tension chord model
(MTCM) developed by Tan'® is included.

All of the investigated models derive crack width for-
mulations that, in principle, are based on the same
formulae:

w=S(ésm - €em) (1)

where w is the crack width, S is the crack spacing, and
(ésm —€cm) is the difference between the mean steel
and concrete strain over the transfer lengths between
cracks, that is, over the crack spacing. The models apply
different simplifications to determine the parameters,
and the following section provides an overview of the for-
mulations used by each model to determine the crack
spacing, while the subsequent sections present the
methods used to determine the strain difference.

Classical derivations of crack width formulas mainly
stem from three theories: The no-slip theory is based on
the assumption of a perfect bond between reinforcement
and concrete. This assumption is based on the existence
of internal cracks near the steel-concrete interface, occur-
ring due to the strain incompatibility between reinforce-
ment and concrete. It has been shown by Terjesen et al.'*
and Cervenka et al." that good agreement between non-
linear finite element analysis (NLFEA) and experimental
crack widths of concrete beams can be achieved assum-
ing a perfect bond between reinforcement and concrete.
However, this is found by computational modeling with
a concrete damage plasticity model where the fracture
energy is the governing parameter for concrete cracking.
The second theory is the bond-slip theory, in which a slip
is assumed to occur between reinforcement and concrete.
The slip is assumed to be at its maximum at the crack,
and after a certain distance, it becomes zero, MTCM and
similar models, that is, the tension chord model (TCM).
However, as shown in this article, the MTCM also agrees
with experimental results. The last theory combines the
two theories and is applied by Eurocode 2 and fib
Model Code.

In addition to the investigated models, there are other
prediction models available in the literature, that is, Cha-
vin et al.'® proposed a crack width model representing
the stabilized cracking stage which is based on Beeby
et al.'”'® who observed that the steel strain variation is
linear on both sides of a crack. From tensile force equilib-
rium, it follows that the linear concrete strain variation is
related to a constant bond-stress relation. The model by
Chavin et al. applies empirical modifications to describe
the increase in crack width caused by the concrete cover.
The study is related to highly debated statements from
Beeby'”'” that (a) cover is a more decisive parameter for
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the prediction of crack width than the ratio ¢/p.s and
that (b) bond-slip conditions of reinforcement exert a nil
or negligible influence on crack widths.

The crack spacing prediction is a specific reference to
reality derived from experiments, whereby statistical
modification may address the prediction accuracy. The
various models predict either a characteristic-, mean- or
maximum crack width. These design models are based
on the stabilized crack stage, that is, no significant
increase in the formation of new cracks or decrease in
crack spacing with increased loading should occur.
In design, however, an argument made by the authors
in'? is that only the maximum crack width is essential
and that we should evaluate this against the experiments,
thus relating the crack width to the calculated transfer
length instead of a designated crack spacing formula
derived empirically from experiments. This statement
stems from the fact that the calculated transfer lengths to
each side of a crack are more critical than the crack spac-
ing measured itself. This calls for a calculation model that
can predict cracking in both the crack formation stage
and the stabilized cracking stage, thus making S in
Equation (1) a transient parameter explicitly dependent
on the load level as well as the geometrical and material
parameters.”>*! At best, determining a representative
maximum crack spacing from the experiments is chal-
lenging due to the input data's range of expected sizes,
such as tensile strength along the concrete member and
bond properties along the rebars. It is also challenging to
determine which current crack stage the RC member is
in with load levels based on experimentally measured
results, and reported crack spacings for members in
bending are often mean values with both a mean and
maximum crack width.

The MTCM proposed by (Tan)"® is an analytical cal-
culation model based on solving the second-order differ-
ential equation (SODE) of the slip between rebar and
concrete, to which the local bond-slip law according to
MC2010 with adjusted parameters to account for the
mechanical behavior of RC ties is applied. It yields
closed-form solutions for the so-called comparatively
lightly loaded member (CLLM) behavior being analogous
to the crack formation stage and non-closed form solu-
tions for the so-called comparatively heavily loaded mem-
ber (CHLM) behavior being analogous to the stabilized
cracking stage. It was derived based on the mechanical
behavior of RC ties and has not been calibrated towards
any experimental database, aiming to not limit the range
of applicability regardless of geometrical and material
parameters, in contrast to EC2 and MC2010. It was dem-
onstrated in Reference 13 that the MTCM provides excel-
lent potential for yielding consistent crack width
predictions for large-scale concrete structures, that is,

Jibl—

large covers, large cross-section dimensions and large
reinforcement amounts. However, the non-closed form
solutions for the CHLM behavior cannot directly figure
as a code-type replacement for EC2 or MC2010 yet.
Regardless, it can be applied at the project level, or it can
be included in the national application documents of a
country.

2.1 | Crack spacing

The applied methods predict the maximum crack
spacing assuming that the concrete stress between two
cracks can never be greater than its tensile strength. As
the only exceptions, FprEC2 and MC2020 predicts the
mean value and applies statistical modifications to pre-
dict the maximum crack width.

In the location of the crack, with corresponding steel
stress, two different crack stages may occur, namely, (a) a
single crack stage occurring when the steel force in the
crack can be re-transferred entirely back into the cross-
section without a new crack formation and (b) stabilized
crack stage occurring when crack formation has pro-
gressed to such an extent that the steel strain between
two adjacent cracks is greater than the ultimate tensile
strain of concrete (¢. =f./E.). Each solution strategy is
in agreement with the theoretical grounds (Equation 1)
for calculating the crack width; however, models differ in
estimating crack spacing and the strain difference
between the concrete and reinforcement.

2.2 | Differences in steel and concrete

strains

For determining the difference in mean steel and con-
crete strain at a stabilized crack pattern, the design
codes® ' use the expression in Equation (2).

os—k Lov (1+a*peff)

t Petf

E

(2)

Esm ~ €cm =

where o, is the stress in the tensile reinforcement assum-
ing a cracked section; k; is a factor describing the effect
of the duration of the load (0.6 for short-term loading and
0.4 for long-term loading); f., is the mean tensile
strength of concrete; p.y is the effective reinforcement
ratio, defined as Ag/Acefr; Acetr is the effective tension
area with an effective height h.er; o is the modular ratio
of steel and concrete defined as Eb;; .

The k; factor used in this article comparing theoreti-

cal and experimental results is the short-term value;

35UBD |7 SUOLILLOD BAIISID 3ceal|dde ay Aq pauenob ae sajote O ‘8sn Jo Sajni Joj Ariq1aulUQ AB|IAA UO (SUONIPUOD-PUR-SWBIALI0D" 3| 1M ARelq 1 BUl|UO//SdNy) SUO I IPUOD pue SWB | 3Y) 89S *[202/20/LT] Uo Al auliuQ A1 ' 04 1diBJay 8010AU| 1EaH 21|gNd JO @INHsU| UeIBaMION - Ussalid | 0N Ag Z9E00£202 00NS/200T OT/I0p/W0d" A3 | 1M Afelq1Bu|Uo//Sdny Wo. 4 papeojumod ‘0 ‘8v9.TS.LT



TERJESEN ET AL.

L fib

however, DIN use 0.4 for both short- and long-term load
cases.

For the crack formation stage, EC2 and DIN use
Equation (3) below, while MC2010 and MC2020 uses
Equation (4) and FprEC2 with § equal to k; defined
above. Equations (3) and (4) defines the lower boundary
for the difference in mean strains.

0.6 x 0y
- > 3
Esm — €m = E, ( )
1-p)*o
Esm — Ecm = (é# (4)
s

2.3 | Tension chord models

The TCM>*** was developed in the 1990s at ETH Zurich.
It models structural elements loaded in tension, includ-
ing the effect of the bond between reinforcement and
concrete, that is, the tension stiffening effect with only
the magnitudes of the bond stresses as empirical parame-
ters. The bond-slip behavior 7, — u is assumed to be rigid-
perfectly plastic, with a value z(u) = 7pp = 2f, for regions
where the reinforcement stresses are below yielding and
7(u) =1 =f after the onset of yielding. These regions
are visualized in Figure 1.

The model assumes that the nominal bond stresses
(zp) are independent of the slip (1) and instead step-wise
dependent on steel stress (o;), that is, 7,(cs). This
assumption enables the kinematic relations of a differen-
tial element of a reinforcing bar embedded in concrete to
be expressed as:

d
Tb
A
Tbo
255 IS .
» Slip (1)
uy (05 = fy)

FIGURE 1 Definition of the constitutive model used in TCM
before and after yielding.

Equilibrium conditions of the same element can be
expressed as:

doy(x) _dny(u(x)) 4z,
& b b

(6)

with &5(x), e.(x) =steel and concrete strains along the
reinforcement bar, os(x), 7,(x) =steel stress and bond
stress along the reinforcement bar, u = slip between rein-
forcing bar and concrete, ¢, = reinforcement bar diame-
ter. With the assumption that bond stress is entirely
determined by steel stress at a specific location (known
by equilibrium), the steel stress can be determined by:

Atpx

e (7)

os(X) =05 —

with oy = F/A; =steel stress at the crack. The steel stress
in Equation (7) yields a linear decrease in the steel
stress from the crack to the middle of the cracked ele-
ment caused by bond stresses.

The general expression for crack spacing for a stabi-
lized crack stage is found by equilibrium considerations
of a reinforced concrete tie between two cracks and is
visualized in Figure 2 and deduced in the following:

os:As = 05(Sr/2)As +fetm (Ac—Ay) (8)
O¢ = fetm \L
Fs Osr Osr Fs

[ R A —

—_—— — —

FIGURE 2 Distribution of steel and concrete stresses over the
cracked RC-tie according to TCM below steel yielding for a
stabilized crack pattern.
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S
Fotm(Ac — Ag) = 65 As — 65(Sr/2)As = Tb()l’lil'qﬁs?r (9)

Introducing an effective concrete area p; = As/A. the
concrete area can be expressed as:

A
A =" (10)
Pef

where p = ng’n/4A.. By inserting Equation (10) into
Equation (9), solving for crack spacing Sy max yields the
maximum crack spacing as:

:fctm¢s (1 B pef)

2TbO:D ef

(11)

Sr,max = STCM

For a stabilized crack pattern, the maximum crack
width can be expressed by the crack spacing and the dif-
ference in steel and concrete deformation. For the TCM,
this yields:

W =385 — 6 = Stcm(€sm — Ecm) (12)

By integrating the steel strains over the crack spacing
SteMm yields the mean steel strain as:

fibL

1 [Srem 1 S
fom = / e(x)dx=—=p Tbo OTCM (14)
TcM Jo

and mean concrete strains.

Furthermore, by inserting Equations (13) and (14)
into Equation (12), we can now express the maximum
crack width by TCM as:

1 Tho STCM 1 7poStcm
= Stom | = (o — 0OTEM ) 2 ) TWOOTEM| (g5
w TCM |:Es (Gsr ¢S ) Ecpef ¢S :| ( )

The German code DIN applies the same equilibrium
shown in Equations (5)-(9) but does not include the steel
area in Equation (9), yielding the following expression
for the maximum crack spacing.

_ fctm¢s

Spin =
2Th0Pet

(16)

DIN then assume 79 = 1.8f,, and inserting this into
Equation (13) yields the maximum crack spacing shown
in Table 1.

1 [Stem 1 Tho S ¢
Esm = / 8S(X)dx:— (Usr _M) (13) Smax # (17)
Stem Jo E bs “OPef
TABLE 1 Summary of crack Code Crack spacing formula Information
spacing formulae in the design codes
and MTCM. EC2 Sy max = ksc+ k1k2k4% k1=0.8, k3 =34, k;,=0.425
k, =0.5/1 (bending/tension)
prEC2 Sr.mjcal = 1.5c+";‘% ﬂ% < %3 (t5=2) o :1 " h—Xg—heert
kﬂ:i (1 +h——xg) ;kw =17
MC2010 Sr.max = le,m'dx -2 {kc+%j;:" %] k= 11 8f
T = 1.9 ctm
MC2020 Sr.max :ﬂw (kcc+k6/pkﬂkb{:;1:i) kck: 1% go/p :(128;,
) b=V.7, 7p = 1.0 ¢tm
kn—3 (1 4 —hfzgt““)
= 1.7 for stabilized cracking stage
W g stag
and 2.0 for the crack formation stage
MTCM?* 1148 (1 % CHLM (Maximum crack spacing in a
S o= stabilized cracking stage)
rCHIM = § |Eg, &y \27

2
s

1
SrcLim =2 % |:€sr (2%) 25}

“Parameters are explained in Chapter 3.3.

CLLM (Crack formation stage where
the maximum crack spacing is equal
to two times the transfer length)
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2.3.1 | Modified tension chord model

The MTCM was developed by Tan in 2019."° It is based
on solving the Second Order Differential Equation
(SODE) for the slip in Equation (18) analytically.

2
(W) =0 (18)
where y = (D n¢/AsEs)(14€) is a constant for equiva-
lent cross-sections when using the SODE for the slip with
the parameters ¢, As, and Es being the diameter, area
and the Young's modulus for the rebar. Furthermore, the
other constants are defined as &=agp,/yw, ag =Es/E.,
and p, =As/A., with A, being the sectional area of the
RC tie and E. the Young's modulus for concrete.
The parameter y <1.0 is a factor accounting for the fact
that plane sections do not remain plane in RC ties.*** It
was observed by Tan et al.'' that y = 0.7 seemed reason-
ably independent of geometry and load level.

The model considers the same equilibrium, compati-
bility and linear elastic material laws for steel and con-
crete as the TCM for a differential element in an RC tie.
However, it assumes that the nominal bond stresses (zp)
are directly dependent on the slip (u) as visualized in
Figure 3, and not rigid-perfectly plastic as for the TCM.
Solving for the slip in Equation (18) analytically requires
using a local bond-slip law. The MTCM applies the local
bond-slip law first proposed by Eligehausen et al.*® and
later adopted by MC2010 in Equation (19).

(1) = Tmax (;‘) ’ (19)

1

where u is the slip at the load level and the empirical fac-
tors Tmax = 5MPa, u; = 0.1 mm, and o =0.35 are assumed
to be representative of the behavior of RC ties. These fac-
tors were determined in Reference 27, with z(u) repre-
senting a sort of the mean of local bond-slip curves for an
arbitrary RC tie.

Tp

™ t(u) . Eq. (19)
/

u

» Slip (u)

FIGURE 3 Definition of the constitutive model used
in MTCM.

Inserting Equation (19) into (18) yields the SODE.

d2
AL Sy ) (20)

w )(ul"‘

The nonlinear homogenous SODE in Equation (20)
can now be solved analytically as described in Reference
11. Because the main application of the model is within
SLS, the following sections focus on steel strains and
stresses below yielding. In this state, the MTCM gives
two sets of boundary conditions grouped by the two con-
cepts of comparatively lightly loaded members (CLLM)
and comparatively heavily loaded members (CHLM).
These concepts are analogous to the crack formation
stage (CLLM) and stabilized cracking stage (CHLM). The
concept of CLLM is depicted in Figure 4a-c, in which the
transfer length S,0=S,cLm/2 denotes the abscissa,
where steel and concrete strains become compatible and
consequently zero slip. This point moves towards the
symmetry section L/2 with increasing load and a new
crack is formed at the location where the concrete stres-
ses exceed the tensile strength of the concrete, that is,
Srcrim/2=L/2 if €.(Srcrim/2) = €cmax = €ctm =fetm/Ee-
Afterwards, the concept of CHLM depicted in
Figure 4d-f governs with S,cuim as the crack spacing.
This concept now yields the response for the cracked
member, in which it is observed that the distribution of
steel and concrete strains remains incompatible over the
entire crack spacing, and the slip is zero only at the sym-
metry section, as depicted in Figure 4d.

The solution of the SODE in Equation (20) can now
be obtained by solving the equation for two sets of
boundary conditions for the case of CLLM and CHLM.
For CLLM, the slip and difference in strains are zero at
the end of the transfer length s,,. For CHLM, the slip is
zero at the symmetry section % however, the difference
in strains is always larger than zero. With the chosen
bond-slip law in Equation (19), the maximum slip at the
loaded end in the case of CLLM Figure 4a can be found
directly from the closed-form solution expressed as:

2\ 7
£
UyCcLLM = ( = ) (21)

27

with the constant y=yzma/(Pur®), x= > np,/AsEs)
(1+¢&), f=1+a and the bond-slip parameters u; =0.1
and a=0.35. For the case of CHLM, the maximum slip
urcurm depicted in Figure 4d has to be determined itera-
tively as a function of steel strain at the crack (e5, = F/As)
due to the non-closed form solution of the SODE for this
set of boundary conditions. The solution procedure for
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FIGURE 4 Distribution of slip,

(CLLM) — Crack formation stage.

fibl -

(CHLM) — Stabilised cracking stage.

bond stress, steel and concrete strains

L/2

A

(d)

F
over the cracked RC-tie for the concepts
(a-c) CLLM and (b-f) CHLM.
I
<
u
A
UcLLM
(@
(b)
©

determining the maximum slip is provided in Reference
11. Note that the slip in Equation (20) for both concepts
directly depends on the reinforcement ratio and rebar
size through the constant y.

For CLLM, the crack spacing (S,cLLm) expressed in
Equation (22) is twice the theoretical transfer length of
each side of a crack where steel and concrete strains
become compatible in Figure 4c. The transfer length
directly depends on the steel stain at the crack, which
makes the transfer length transient.

1 1\3]7
SrcLim =2+ 5|8 (2}/) (22)

In the case of CHLM, the steel and concrete strains in
Figure 4f are found by integrating over the transfer
length, which is defined as half the crack spacing and the
maximum crack spacing (S, carm) is given by:

2
[l

1 fctmﬂ i %
Em &y \2v (23)

SrcHLM = §

where §=(1—a)/2.
The mean steel and concrete strains for the CLLM
behavior can be expressed as:

1 eySrcrim +2uUrcrim

E = 24
S LM 1+¢ @)
S —2u
fom = wé  exSicLm 1,CHLM (25)
Sr.cLLm 1+¢
and for CHLM:
1 S, 2u
fon — EesrSy cHLM + 2Ur LM (26)
Sy.cHLM 1+¢
b = W&  esSrcHLM — 2Ur,cHLM (27)
Sy.cHLM 1+¢
with the crack width for both cases expressed as:
Werim = Sr.criM (Esm — €cm) (28)
Wenrm = Sr.cuim (Esm — €em) (29)
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In summary, both of the concepts of CLLM (crack for-
mation stage) and CHLM (stabilized cracking stage)
account for rebar size and reinforcement ratio for
calculating the slip, which is nonlinear, as seen in
Figure 4a, d. However, the main difference between the
two is that the steel and concrete strains become incom-
patible over the entire bar length in the case of CHLM, as
depicted in Figure 4f.

2.3.2 | The conceptual difference between
the TCM and MTCM

The TCM assumes a simple step-wise, rigid-perfectly
plastic bond-slip law that yields a slip (1) independent of
the load level in regions below and above yielding in the
reinforcement, as seen in Figure 1. The steel stress
between two cracks is found by considering equilibrium,
as shown in Equations (5)-(14), and the crack width is
found as the difference between the steel and concrete
deformation in Equation (15).

For the MTCM, the bond stress varies over the ele-
ment length depending on the load level according to a
given bond-slip relation. The maximum slip u;, which is
obtained in Equation (21) in the case of CLLM and itera-
tively in the case of CHLM, is required to calculate steel
and concrete strains in Equations (24)-(27). The crack
width is found by multiplying the strain difference with
twice the transfer length for the case of CLLM or the
crack spacing in CHLM, as shown in Equations (28)
and (29).

The conceptual difference between TCM and
MTCM is visualized in Figure 5 for steel stresses prior
to yielding and a stabilized crack pattern (CHLM), in
which the continuous and dashed lines represent steel
strains & and the corresponding concrete strains &.. Lin-
ear curves show that the strains vary over the bar length
with a constant slope of 47y /¢, for the TCM, while non-
linear strain distributions, in general, are observed for
the MTCM.

24 | New parameters in FprEC2 and
MC2020

FprEC2 and MC2020 include several modifications of
both the crack width and maximum crack spacing for-
mulas based on the work conducted by Caldentey
et al.*®

In MC2020, the factor ky is intended to account for
the effect of stress distribution within the effective con-
crete tensile area.

Sy = Sicuim

|
410X/ s :
i

_________

(4 Tb(]x‘/d)s)pef

FIGURE 5 Concept of steel and concrete strain distribution
over the bar length for a stabilized crack pattern below
reinforcement yielding of CHLM. Linear strain distribution
represents the concept of TCM, while Nonlinear distribution
represents the concept of MTCM.

1 h—x,—h f
L A Xe et
kn 2<—|— h—xg ) (30)

Equation (30) is valid for h>x,, where x; is the
height of the compression zone of the uncracked section,
and h.er is the height of the effective tensile area. The
value of the expression of ky approaches 1 for pure ten-
sion (neutral axis depth x; =0) and 0.5 for bending when
hcesr is equal to the entire tensile zone (h —Xxg).

Furthermore, for a rectangular cross-section under
pure flexure (xg=~h/2) Equation (30) can be simpli-
fied to.

h—h
kqa= A cef (31)

The factor k; accounts for the effects of the casting
process on the crack spacing, depending on whether the
tensile zone is cast in a poor or good position in regard to
the bond strength.

1.2 for poor bond conditions
b= (32)

0.9 for good bond conditions

In the crack width formula, a new parameter intro-
duced in FprEC2 is the curvature factor k;, describing
that, in bending, the value of the crack width increases
proportionally with the distance from the tensile
reinforcement.
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FIGURE 6 MC2020: Effective tension area of concrete (a) isolated bars and (b) group of bars.’

FIGURE 7 FprEC2: Effective
tension area of concrete in bending
(a) group of bars, (b) isolated bars
and (c) circular cross-section.?
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where d is the effective height, & is the height of the sec-
tion, while a,; is the cover plus half the rebar size.

Additional changes for the effective tension area
(Acef), represented by the effective height (h,.r) for single
or layered reinforcement bars, are described by
Equations (34a) and (34b) for MC2020, visualized in
Figure 6 and Equations (34c) and (34d) for FprEC2, visu-
alized in Figures 7 and 8.

Reef = min(ry 4+ 50;100;3.5r,) <h —x (34a)

Reef = min(ry 4 50;100;3.5r,) + (m —1)s, <h —x (34b)

R¢er = min (ay +50;100;3.5a,;h —x; Z) (34c)

Mot = min{ min{ay+ 50;100;3.5a, } + (n—1)sy;h —x; g}

(34d)

In which, r, and a,, are the distance from the concrete
surface to the centre of the bar in the y-direction and n; is
the number of reinforcement layers.

3 | DATABASE

An extensive database was created by collecting a large
number of experimental results from the literature on
reinforced concrete (RC) members subjected to bending
and tension. The data was sorted into three categories
before investigating the modeling uncertainties. In most
references, the specimens were investigated throughout
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TABLE 2

Overview of the databases with corresponding cross-sections.

First database: 97 experiments with beams in bending (429 data points)

e Hognestad,30 (35 beams)

e CUR report,3! (24 beams)

e Riisch — Rehm,32 (14 beams)
e Clark,33 (24 beams)

(@ )

Second database: 73 experimental RC ties (104 data points) of RC ties in pure tension

e Hartl,34 (49 ties)

e Garcia et al.35 (4 ties) "

e Rimkus et al.3¢ (10 RC ties)
e Wu & Gilbert,37 (2 RC ties)
e Tanetal® (8 RC ties)

i £ 4 f £ ’ hc.af _‘ ______ 4 py
& . E v
‘ hc,a! yi s ) hc.ef ) ’ %
(c) (d) (e)

Third database: 33 experimental slabs in bending (200 data points)

e CUR report,3! (7 slabs)
e Clark,33 (26 slabs)

the serviceability limit state and, occasionally, until yield-

ing or failure occurred. Stress levels and measurement

results were reported, such as steel and concrete strains,

mean and maximum crack widths, and average crack

spacing. For several experimental investigations, results

at different load steps were available from the literature.
The three databases are presented in Table 2:

1. Beams in bending
2. RC tensile ties
3. Slabs in bending

The effective heights h.¢r of the cross-sections were
calculated following the procedures in the calculation
models. For the MTCM applied to the first and third
databases related to bending, the effective height was cal-
culated according to EC2.

Figure 9 shows an overview of the databases’ cross-
section heights, with the first database primarily consist-
ing of heights in the range of 500-600 mm, the second
database in the range of 50-100 mm and the third data-
base in the range of 150-200 mm. As shown in
Figure 10a, the cover sizes for the first and second

databases are in the range of 10-50 mm, while in the
third database, the slabs have a cover in the range of 10-
30 mm. Figure 10b shows that the reinforcement ratio
varies significantly between 1% and 6% for all three
databases.

3.1 | Adjustment of the databases

Almost no maximum crack spacings for beams and slabs
in bending are reported in the database. In contrast, the
average crack spacing is registered based on each author's
subjective interpretation and choices. Hognestad®
reported average crack spacing based on primary cracks
and disregarded secondary cracks, that is, those close to
the major cracks were excluded from the calculations.
Rusch & Rehm’? did not calculate crack spacing but
made a detailed report of crack widths measured at five
different points along the concrete face and their location
along the beam length. From that, average crack spacing
was calculated by disregarding secondary cracks. Clark™
reported average crack widths calculated from all cracks
(major and secondary) in the constant moment zone. In
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FIGURE 10
in the databases.

addition, the crack widths and spacing in the location for
bending and shear cracks were included if the crack spac-
ing was less or equal to 6 inches (152.4 mm) in this zone.
Therefore, verifying which cracks (major and secondary)
are included or excluded is difficult due to limited infor-
mation or lack thereof. There are also uncertainties
regarding how the measured crack widths and spacings
were found across the RC member's width and length. In
some cases, it is also uncertain if the reported crack width
is a single point or an average of more readings, that is,
across the member's width at the bottom outermost con-
crete face. Hence, database adjustments are performed to
obtain consistent comparisons of predictions from calcu-
lation models with experimental results.

3.1.1 | First adjustment

In SLS, it is uncommon to have reinforcement stress
above 300 MPa; therefore, the first adjustment was

« Second database M Third database

(b)

*. First database

Distribution of (a) concrete cover and (b) of the reinforcement ratio, using the effective height set by EC2 for RC members

excluding data with stresses larger than this. This
requirement results into a reduction of data on 27%, 41%,
and 55%for the three respective databases.

3.1.2 | Second adjustment

A second adjustment was performed to further bench-
mark the experimental results by considering mean crack
width and spacings, and investigating if they were unrea-
sonably large. The focus on mean values is due to the lit-
erature's lack of reported maximum crack spacings.
Using the theoretical framework of all the investigated
methods described by Equation (1), we should be able to
predict an upper limit of the mean crack width by
neglecting bond stresses between steel and concrete or,
more rigorously, the tension stiffening effect, as given in
Equation (35).

(35)

Wmean,max = &S exp,mean
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Model Omean  Ovar Osp Ocov  Omin O max
(a) Beams subjected to bending, 429 data points

MTCM 1.05 0.083 0.309 0.294 0.433 3836
EC2 1.31 0.073 0.360  0.275 0.598 4857
FprEC2 1.34 0.060 0.335 0.250 0.651 4043
MC2010 1.11 0.065 0.286 0.258 0.439 3653
MC2020 1.33 0.059 0.327 0.246 0.651 4043
DIN 1.81 0.116 0.634 0.351 0.586 4852

(b) 315 data points, os; < 300 Mpa

MTCM 1.02 0.074 0.284 0.278 0.375 2199
EC2 1.30 0.073 0.358 0.276 0.598 4794
FprEC2 1.36 0.063 0.345 0.255 0.651 3359
MC2010 1.11 0.066 0.288 0.261 0.439 2734
MC2020 1.34 0.061 0.336 0.251 0.651 3359
DIN 1.83 0.123 0.663 0.362 0.586 4649
(c) 227 data points, results included if Wyean.exp < Smean&sr

MTCM 0.98 0.075 0.278 0.278 0.433 2187
EC2 1.27 0.080 0.369 0.290 0.598 4794
FprEC2 1.40 0.069 0.374 0.266 0.746 3605
MC2010 1.10 0.074 0.304 0.277 0.439 2734
MC2020 1.36 0.064 0.349 0.257 0.651 3359
DIN 1.69 0.116 0.592 0.350 0.586 4522

where g5 is the steel strain at the load level of the
reported mean crack spacing Sexpmean- Data points which
had measured mean crack widths larger than Wmean max
were excluded from the database. An aspect of this
adjustment is due to uncertainties if shrinkage could
have affected the experiments. Significant shrinkage
might result in a negative tension stiffening, but by
excluding tests with reported mean crack widths larger
than Equation (35), the tension stiffening (TS) factor is
always <1.0, and the shrinkage problem is assumed to be
accounted for.

4 | RESULTS

The accuracy of the investigated crack width prediction
models was determined by applying the concept of
modeling uncertainty according to the method provided
by Engen et al.*® and Tan et al.*”” The method assumes a
log-normal distribution, according to the guidelines of
the JCSS Probabilistic Model Code*® and is thereby con-
sidering the natural logarithm of theta (6) as a normal
distribution and is determined as:

n®>1) O>1)% TABLE 3 Modeling uncertainty.
225 52.4
361 84.1
368 85.8
253 59.0
366 85.3
417 97.2
155 49.2
262 83.2
270 85.7
187 59.4
268 85.1
304 96.5

98 43.3
178 79.5
194 86.6
128 57.1
191 85.3
213 95.1

g=2o (36)
Weal

where wey, is the experimental crack width reported
from the experiments and w,, the crack width calculated
by the various methods. The uncertainty, determined by
the quality of a model, represents the lack of knowledge
and is called epistemic uncertainty. The best agreement
between the prediction models and the experiment is
obtained when 6 is close to 1.0. Tables 3-5 show the sta-
tistical properties of the modeling uncertainty for each
calculation model for the databases previously described
and are graphically presented in Figures 12-16 with the
mean value (Omean), the variance (0y,;), the standard devi-
ation (fsp), the coefficient of variation (Ocov), the mini-
mum (Onin) and maximum (6, ) values of 9, and the
number of observations n for which the crack widths
measured exceed the maximum crack widths pre-
dicted (0> 1).

« Table 3(a) shows the statistical properties of the model-
ing uncertainty from the first database consisting of
92 RC beams and 429 data points.
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TABLE 4 Modeling uncertainty. Model Omean  Ouar Osp Ocov Omin 0 n@® > 1) 0>1)%

(a) RC ties in tension 104 data points

MTCM 0.86 0.131 0.320 0.374 0.17 2.04 18 17.3
EC2 0.64 0.113 0.221 0.345 0.10 1.62 2 1.9
FprEC2 1.03 0.093 0.321 0.312 0.23 2.34 34 32.7
MC2010 0.96 0.110 0.327 0.340 0.20 2.58 27 26.0
MC2020 1.01 0.108 0.342 0.338 0.19 3.01 33 31.7
DIN 1.18 0.140 0.459 0.388 0.19 2.29 51 49.0
(b) 61 data points, o5 < 300 Mpa

MTCM 0.92 0.152 0.372 0.405 0.17 2.04 16 26.2
EC2 0.73 0.153 0.298 0.406 0.10 1.61 2 33
FprEC2 1.07 0.106 0.358 0.335 0.23 2.32 31 50.8
MC2010 1.01 0.124 0.368 0.363 0.20 2.57 25 41.0
MC2020 1.08 0.119 0.386 0.356 0.23 2.99 31 50.8
DIN 1.17 0.144 0.459 0.394 0.19 2.28 38 62.3

TABLE 5 Modeling uncertainty. Model Omean BOar Osp Ocov 0 min O max n( >1) 0@>1)%

(a) Slabs subjected to bending, 200 data points

MTCM 0.90 0.113 0.313 0.346 0.21 2.14 63 31.5
EC2 1.80 0.189 0.823 0.456 0.32 543 178 89.0
prEC2 1.59 0.163 0.667 0.421 0.30 4.39 174 87.0
MC2010 1.20 0.165 0.508 0.423 0.29 3.31 128 64.0
MC2020 1.72 0.152 0.698 0.405 0.34 4.39 182 91.0
DIN 1.75 0.255 0.943 0.539 0.25 5.09 156 78.0

(b) 90 data points, results included if o5 < 300 MPa and Wiean.exp < SmeanEsr

MTCM 0.82 0125 0299 0365 021 1.37 17 18.9
EC2 1.54 0.197 0.719 0.467 0.32 2.90 72 80.0
prEC2 1.35 0176 0592 0439 030  2.55 68 75.6
MC2010  1.05 0.160 0436 0416  0.29 1.92 47 52.2
MC2020  1.59 0.186 0.721 0452 034  3.19 77 85.6
DIN 1.41 0248 0.749 0.530 025 3.25 59 65.6
o Table 3(b) shows the statistical properties after the o Table 5(b) shows the statistical properties after the
first adjustment. first and second adjustments.

o Table 3(c) shows the statistical properties after the
second adjustment.
« Table 4(a) shows the results from the second database

consisting of 73 experimental RC ties and 104 data 4.1 | First database (beams subjected to
points. bending)
o Table 4(b) shows the statistical properties after the

first adjustment. Table 3(a) shows the modeling uncertainty for all 92 RC

« Table 5(a) shows the results from the third database beams included in the reviewed literature with 429 data
consisting of 33 experimental slabs in bending and  points. After the first adjustment, as shown in Table 3(b),
200 data points. and the second adjustment in Table 3(c) of the database,
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we can see the change in the model uncertainties. The
best agreement between the prediction models and
the experiment () is achieved by the MTCM and
MC2010 described by Opean of 0.98 and 1.10, with an
underestimated crack width in 43.3% and 57.1% of the
cases. The rest of the codes has a e, between 1.27 and
1.69 with an underestimated crack width in 79.5-95.1%
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Modeling uncertainty from Table 5(a) with the long dash line (red) as the global mean value and the solid black line

of the cases. The scatter of the prediction models and the
experiment expressed by the coefficient of variation (6.ev)
are lowest for FprEC2 (O, =0.266) and MC2020
(Bcov =0.257) while the largest are EC2 (Ocov =0.29),
MTCM  (Oooy =0.293), and DIN  (feov =0.35).
These changes are graphically illustrated in Figures 11
and 12.
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FIGURE 16
from Table 6 and solid black line as 1 to 1.

Table 3(b) shows the modeling uncertainty after dis-
regarding steel stresses >300 Mpa from Table 3(a).

Table 3(c) shows the modeling uncertainty after the
second adjustment, disregarding the tension-stiffening
effect described in Equation (28) in Table 3(b).

4.2 | Second database (RC ties in
tension)

Table 4(a) shows the modeling uncertainty for all 73 RC
ties included in the reviewed literature with 104 data
points. After the first adjustment of the database shown
in Table 4(b), we can see an improvement for almost all
prediction models except for DIN, which has an increase
in all statistical uncertainties except Oye.n. However, the
reported crack spacing is the maximum at the last load
level, and no other spacing was reported; therefore, the
second adjustment by neglecting concrete strains, that is,
tension stiffening, was not performed. The best agree-
ment between the prediction models and the experiment
(0) expressed by Opean are MTCM, FprEC2, MC2010 and
MC2020 with 0.92, 1.00, 1.07 and 1.08, respectively. The
scatter of the prediction models and the experiment
expressed by the coefficient of variation (6., ) are higher
than for all the models in the first database with RC
beams in bending with a ., between 0.358 and 0.406.

W,

W max,exp

max,cal Wmaxcal

MC2020 DIN

w

max,cal max,cal

Modeling uncertainty from Table 5(b) black dotted line as the mean value, long dash line (red) as the global mean value

These changes are graphically illustrated in Figures 13
and 14.

Table 4(b) shows the modeling uncertainty after the
first adjustment, excluding data with stresses larger than
300 MPa.

4.3 | Third database (slabs in bending)
Table 5(a) shows the modeling uncertainty for all 33 RC
slabs included in the reviewed literature with 200 data
points. After the first and second adjustments of the data-
base, we can see a change in the model uncertainties,
presented in Table 5(b). The best agreement between the
prediction models and the experiments () are MTCM
and MC2010, described by Oean of 0.82 and 1.05, while
the rest of the codes has a 0c.n between 1.27 and 1.59.
The scatter of the prediction models described by the
coefficient of variation (f..) are best for MTCM with
0.365, and the other design codes vary between 0.42 and
0.53. These changes are graphically illustrated in Figures
15 and 16.

Table 5(b) shows the modeling uncertainty after the
first and second adjustments, excluding data with stresses
larger than 300 MPa and disregarding the tension-
stiffening effect described in Equation (28) from
Table 5(a).
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5 | DISCUSSION

Established databases with crack width measurements
can be complicated to use for benchmarking purposes,
and misinterpretations are bound to occur if special care
is not taken. The complexity stems mainly from the lack
of homogeneity in the measurement criteria used in dif-
ferent laboratories, and also because test reports are not
always well documented, so it is complicated to under-
stand the measuring procedures. In the case of crack
width measurement, subjective factors may play a major
role. Therefore, evaluating calculation models towards
experimental results should be done with a critical view.
There could be grounds for confusion between the experi-
mental results and the analytical prediction models, as
stated by Schlicke et al.'? Therefore, the correlation
between theoretical formulations and their reference to
reality is necessary, and combining experimental data
from various sources might be especially challenging.

51 | Adjustment of the database

The content and methods used to establish a comprehen-
sive database like this could influence the results due to
the nature and properties of the input data (random
products), even though the statistical properties are
almost homogenous for all the codes. As noted from
Table 3, all models show large numbers of observations n
for which the crack widths measured exceed the pre-
dicted crack width (6>1). Such population behavior
might lead to thinking that the predicted crack widths
are too small or incorrect, and that the crack width
values measured experimentally are too large or inconsis-
tent. There is generally a large scatter from all models,
which can be related to the aleatory uncertainties and

Jibd—

the subjective interpretations and choices made by the
reporting authors. Observing that the statistical proper-
ties for the model uncertainties of the calculation models
are in the same order of magnitude justifies these
viewpoints.

Several experimental tests reported large -crack
widths, such as Riisch & Rehm>?: For Beam No R-69, a
maximum crack width of 1.2 mm at 390 MPa was
reported, while the average crack width from the predic-
tion models was 0.27 mm. The reported reinforcement
yield stress was 400 MPa. Therefore, plastic deformation
in the steel could have affected the crack and supported
the choice for the first adjustment. Even if the difference
in terms of maximum crack width given by the prediction
model was irrelevant, it is evident how such outliers can
affect the modeling uncertainty; hence, the need to
benchmark the models.

Table 6 shows that 28 data points from 14 beams
tested by Riisch & Rehm®* exceed the theoretical maxi-
mum mean crack width given in Equation (35), and
90 data points by Clark,*® as shown in Table 7.

As seen in Table 8 and Figures 17 and 18, it is compli-
cated to interpret crack spacings from the experimental
tests consistently. To improve the accuracy of the second
adjustment for Riisch & Rehm, the experimental results
would require detailed interpretations of the crack pat-
terns. A solution strategy could be to determine
maximum- and average crack widths and spacings based
on their size and crack propagation into the effective ten-
sile sone, that is, if a crack width is constant and not
increasing its propagation in the beam height with
increased reinforcement stress, the crack would be disre-
garded as a secondary crack. Different interpretations of
crack spacings may not be wrong, but to achieve consis-
tent results, the same basis of interpretation should be
used for all experimental tests.

TABLE 6 Number of experimental data points exceeding the mean crack width criterion (neglecting tension stiffening).

Criteria Hognestad CUR-report
Wi, mean < gsrsr,mean,exp 114 92
Wk, mean > €sr5r,mean,exp 0 0

Rusch-Rehm Clark Total numbers
41 64 311
28 90 118

Note: S mean,exp 1S based on different interpretations of crack spacings for each database.

TABLE 7 Number of experimental beams where the mean crack width requirement is exceeded for at least one data point.

Criteria Hognestad CUR-report
Wk, exp < 5srsr,mean,exp 30 24
Wk, exp > esrsr,mean,exp 0 0

Rusch-Rehm Clark Total numbers
4 1 59
10 23 33

Note: S mean,exp 1S based on different interpretations of crack spacings for each database.
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TERJESEN ET AL.

TABLE 9 Predicted crack width location.

At reinforcement height and outermost concrete

At reinforcement height and outermost concrete

Jib1—

I

N
L

Representative crack width over the surface of the

Representative crack width over the surface of the

Model Description
EC2 w, At the outermost concrete face
FprEC2 w, At the outermost concrete face
MC2010 wy, Wy
face.
MC2020 wy
face.
MTCM —
effective tensile area
DIN -
effective tensile area
5.2 | Crack width location

The crack width predicted by the investigated models
does not represent the crack width at the same location,
as seen in Table 9. MC2010 determines the crack width
at the reinforcement height with the option to extrapolate
to the outermost concrete surface. The current EC2 does
not directly state the predicted crack width location; how-
ever, the work described in fib bulletin 92*° supports that
the predicted crack width is at the outermost concrete
face. In FprEC2, it is now directly stated that the crack
width is at the outermost concrete face. The German
annexe to EC2 (DIN) is based on Model Code 1990,
which takes no explicit account of cover and is based pri-
marily on defining the transfer length based on rebar size
and reinforcement ratio, which includes no explicit
empirical cover term like the formulations in the TCM
and MTCM. The predicted crack width by DIN and
MTCM is a representative maximum crack width over
the effective tensile area.

5.3 | Effective concrete area
For beams in bending, EC2 and MC2010 define the effec-
tive height as.

hes = min (Z.S(h —d); h%) (37)

In both cases, the effective height limitation (h—x)/3
is included to distinguish between elements in bending
and tension. The explanation for this limitation is based
on the stress distribution over the cross-section height in
bending; however, as pointed out by Reference 42, there
seems to be no published justification for this factor
which seems to be originating from curve fitting to test
data. Therefore, when calculating the effective height by

MTCM, the effective height was defined as
het =2.5(h — d) for beams and slabs in bending.

For RC ties in tension, MTCM applies the EC2 and
MC2010 definitions:

hes = min<2.5(h—d);2.5<c+%>;g> (38)

54 | The difference in bond stress and
crack spacing formulas by the models

The applied codes EC2, Model Codes and DIN assume
that the bond stresses are proportional to the concrete's
tensile strength with the assumption of a perfectly plastic
bond-slip relation, as shown in Figure 1. MC2010 and
DIN apply constant mean bond stresses equal to 1.8 times
the tensile strength of concrete (75 =1.8f ), while EC2
applies 2.5 or 1.25 depending on if deformed or smooth
bars are used. This assumption means that the bond
stress is independent of the slip between rebar and con-
crete, and the effects of geometry and stress level are not
directly considered. In contrast, MTCM yields different
mean bond stresses directly dependent on the slip where
geometry and stress level are accounted for. This effect is
illustrated in Figure 19 for constant reinforcement ratio
versus increasing rebar stress and different rebar sizes.
Another major difference between MTCM and the
code formulations that should be highlighted is how
the transfer length in the crack formation stage is
accounted for. No explicit term is provided for the code
formulations, while MTCM provides a solution method
by means of the CLLM behavior. Capturing this behavior
has previously proven essential for sections with large
covers, as stabilized cracking might not be obtained even
for relatively large steel stresses.’® The transfer lengths
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between formed cracks will not overlap and interfere in
such cases. This will, for instance, lead to incorrect and
inconsistent calibration of code formulations if such spac-
ing between cracks is interpreted as a specific maximum
crack spacing. Unlike the code formulations, MTCM does
not use the crack spacing as a primary variable deter-
mined a priory to calculate the crack width but rather
deduced from the calculations as a state variable. This
means that only the maximum crack width is the pri-
mary variable returned from an MTCM calculation. The
authors are thus of the opinion that the calculated trans-
fer lengths of each side of a crack are more critical than
the crack spacing measured itself. Two further develop
this opinion, two parametric studies were carried out for
Hognestad B-5, the first shown in Table 10, with
increased concrete cover as the only variable. The results
for predicted crack spacing are shown in Figure 20 for
MTCM and EC2.

The second study was performed for the same beam
with increased cover sizes and keeping the reinforcement
ratio constant by increasing the reinforcement diameter,

Mean Bond Stress [MPa]
»

0 50 75 100 125 150 175 200 225 250 275 300 325 350

Reinforcement stress [MPa]

—&— MTCM 4 bars 19 —e— MTCM 2 bars 9=26,87 —<— MC2010 & DIN —@—EC2

FIGURE 19 Bond stresses for different rebar sizes with
constant reinforcement ratio between MTCM, EC2, MC2010 and
DIN for Hognestad Beam No 5.

TABLE 10

Hognestad B-5, 4019
Width (mm)
203 406* 360
430
455
480
505

Height (mm) Effective depth (mm)

*Tested beam.

as shown in Table 11. The results for predicted crack
spacing are shown in Figure 21 for MTCM and EC2.

Figures 20 and 21 show that the crack formation stage
(CLLM) and the stabilized cracking stage (CHLM) in
MTCM heavily depend on the reinforcement ratio and
rebar size. The difference between predicted crack spac-
ing in the stabilized cracking stage of MTCM and Euro-
code 2 is even more significant for large-scale concrete
structures, which could yield maximum crack spacing up
to over 1 m with large covers, small rebars and a low
reinforcement ratio. This would, in practice, never be the
case as crack spacing for stabilized cracking rarely
becomes larger than half a meter, justifying the code for-
mulation's inconsistency.

The aforementioned oversimplifications made by the
codes result in the effect of cracking only being captured
by empirical calibration of the predicted crack spacing.
Considering that the empirical calibration is performed
with respect to a specific database suggests that the code
formulation cannot capture the cracking behavior of an
arbitrary section properly judged from a mechanical
viewpoint. This further implies that the formulation in
the codes should have a strictly limited range of applica-
tions and that care should be taken when applying the
calculations, in particular to cross-sections with proper-
ties deviating from those in the database, for example,
cross-sections with large heights, covers, rebars or the
combination of them. Figures 22 and 23 compare mea-
sured crack width versus calculated crack widths for
databases 1 and 2 when the data are separated into nor-
mal and large covers.

In the case of MTCM, for beams in bending with
cover in the range of 38-48 mm, shown in Figure 22, the
predicted crack width is in good agreement with experi-
mental data. However, with larger concrete covers in the
51-102 mm range, the predicted crack width is underesti-
mated. Both DIN and MTCM transform an arbitrary
cross-section into an equivalent cross-section. Further-
more, DIN solves this problem by assuming a constant
bond stress distribution while MTCM acknowledges that

Parametric study of increased cover with effective depth kept constant for Hognestad B-5 beam.

hes =2.5(h—d) (mm) Cover (mm) Pei (%)
115 25 4.86
174 50 3.22
236 75 2.46
299 100 2.33
361 125 2.21
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CEB-FIP
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FIGURE 20 Crack spacing/transfer length for MTCM and EC2 for different cover sizes of Hognestad B-5 beam with values from
Table 10.
TABLE 11 Parametric study of increased cover with effective depth and reinforcement ratio kept constant with different rebar sizes for

Hognestad B-5 beam.

Hognestad B-5, constant reinforcement ratio, n = 4
Width (mm)
203 406" 360

432

459

486

512

Height (mm) Effective depth (mm)

*Tested beam.

MTCM
__ 600
€
£ 500
2 200
(s}
O
2 300
4
& 200
S
< 100
o
g 0
E 0 100 200 300
é Reinforcement stress [MPa]
=
c=25 - = =c=50 - = c=75
- . . =100 — e =125
FIGURE 21

Table 11.

the bond stress distribution around the rebar is not uni-
form in a non-symmetric RC tie by applying the parame-
ter y =0.7. However, a considerable difference between
the vertical and horizontal concrete cover, which was
25mm for the case of 63 and 102 mm vertical cover, is a

115
180
247
314
381

hes =2.5(h —d) (mm) Cover (mm) 95 (mm) Pet (%)
25 19.00 4.86
50 23.76
75 27.86
100 31.43
125 34.58
EC2
600
500
400—-.—--—.-—--—-~—--—
1 R s L
200 P s =s=sSss s s ss===
100
0
0 100 200 300
Reinforcement stress [MPa]
c=25 - = =¢=50 - = c=75
— - - ¢c=100 — — =125

Crack spacing/transfer length for MTCM and EC2 for different cover sizes of Hognestad B-5 beam with values from

natural explanation for the considerable underestimation
of the crack width in these cases for both DIN and
MTCM. 1t is also seen that MTCM performs well in cases
of a relatively small difference in vertical and horizontal
covers. For the RC ties in tension shown in Figure 23,
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CEB-FIP

Database 1, 38<c<48 mm
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FIGURE 22
Database 2, RC ties, c=40-50
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A EC2 o Fprets s MC2010
& MC2020 = DIN + MTCM
——1to1line
FIGURE 23

Database 2 RC Ties

Smax,exp

0 150 300 450
S

& MC2020 = DIN

'max,cal

A EC2 e FprEC2 + MC2010

there is perfect symmetry in all cases regarding vertical
and horizontal cover, and both DIN and MTCM are in
good agreement with the experimental results for both
normal and large concrete covers.

Figure 24 shows the maximum measured crack spac-
ing versus calculated crack spacing with clear indications

+ MTCM

Database 1, c=51, c=63, c=102 mm

0.60

0.40

[

g

3

S
2 020

0.00

0 0.1 0. 0.3 0.4 0.5 0.6
max,cal

A EC2 e FprEC2 + MC2010
& MC2020 + MTCM = DIN

Comparison of measured crack width with calculated crack width for Database 1 with different concrete covers.

Database 2, RC ties, c=90
0.7

0.6
0.5
0.4
0.3
2 02

0.1

max,exp

00 01 02 03 04 05 06 07

Wmax,cal

A EC2 e FprEC2 ¢ MC2010
& MC2020 = DIN + MTCM
——1to1lline

Comparison of measured crack width with calculated crack width for Database 2 with different concrete covers.

FIGURE 24
crack spacing versus calculated

Measured maximum

maximum crack spacing for reported
values in Database 2 cover sizes of
20-90 mm.

600 750

——1to1lline

that EC2 and MC2010 overestimate the crack spacing for
RC ties. The MTCM predict the crack width and spacing
for RC ties to a good extent, even though the crack spac-
ing is not a primary variable in the MTCM.

The MTCM is purely based on a mechanical formula-
tion and has not been calibrated towards any
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experimental databases at all. Observing that it performs
as well as the code formulations, not to say even better,
suggests that it (i) offers a wider range of applications
and, thus, (ii) shows greater potential for development
than the codes. The current drawback is that the MTCM
calls for a numerical solution procedure, which makes it
more complicated to handle for a code type formulation
and daily use for design purposes. This also makes sense
since it is a refined calculation model compared to the
code formulations. Hence, this calls for the development
of a simplified version of the MTCM, which can be com-
pressed to a code-type formulation for the purpose of
becoming a direct competitor to the current code formu-
lations. This can be obtained by applying the mechanical
basis in the MTCM to formulate a closed-form solution
for the CHLM case instead of a non-closed solution. The
authors of this article are currently working on develop-
ing such a model.

6 | CONCLUSIONS

This article shows the performance of the crack width
calculation methods according to Eurocodes (EC2,
FPrEC2), fib Model Codes, German Annex to Eurocode
2 and the new MTCM, applying the principles of model
uncertainty. The calculation methods are benchmarked
against experiments performed by various authors in the
literature, which further was collected into a comprehen-
sive database consisting of 429 data points obtained from
bending tests of beams, 104 data points obtained
from tensile tests of RC ties and 200 data points obtained
from bending tests of slabs. The modeling uncertainty
shows that the MTCM performs best for beams in bend-
ing with Opean = 0.98, for MC2010 RC ties in tension with
Omean = 1.0 and for slabs in bending with @pean = 1.05.
DIN underestimate the crack width to a relatively large
extent for beams in bending with Opean =1.69. The
majority of the experimental tests in the database have
already been used to develop the code formulations by
means of empirical calibration.

The crack width models compared are based on the
same theoretical framework expressing the crack width
as a product of crack spacing and strain difference
between reinforcement and concrete. However, the
models incorporate mechanical properties such as bond
stress distribution, effective tension area, strain gradients
and consideration of the crack stages differently. In addi-
tion, Eurocode 2 and Model Code use empirical modifica-
tions to adjust the calculated crack width, that is, cover
term in the crack spacing formulas. The reason behind
this is justified from an empirical standpoint in the
literature,”*’ which clearly shows that cover is a

Jibl—

significant factor in crack spacing. The proposed changes
from EC2 to FpEC2 are well documented by Caldentey
et al.** The first and third databases have a majority of
the experimental members with relatively small covers
of 20-30 mm and 10-20 mm which do not favor the new
empirical kg factor in MC2020 and FprEC2 intended to
account for the effect of stress distribution within the
effective concrete tensile area. Therefore, the authors of
this article find it challenging to conclude the general
effect of the new empirical and mechanical modifications
from the results included in the existing databases. It can
however be argued, from a mechanical viewpoint, that
the largest inconsistencies in the code formulations stem
from the oversimplifications of (i) an excessive focus on
crack spacing rather than the maximum crack width
itself and (ii) assuming constant bond stress regardless of
geometry and stress level. The lack of mechanical under-
standing and interpretation in the code formulation is
compensated for by experimental calibration against a
chosen database. This will provide a strict range of appli-
cability. In contrast, the results in this article show that
the MTCM performs as well as the code formulations
without calibration towards a specific database.

7 | SUGGESTIONS FOR FURTHER
RESEARCH

The findings in this article suggest that a simplified
version of the MTCM should be developed to obtain a
code-type formulation that can challenge the current
code formulations investigated in this study. The first
step in this approach would be to obtain a closed-form
solution in the case of CHLM in the MTCM. The authors
are currently working on such a calculation model.
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