ACI STRUCTURAL JOURNAL TECHNICAL PAPER

Title No. 116-S56

A New Model for Crack Control in Reinforced Concrete
Tank Walls—Part I: Analytical Investigation

by Mariusz Zych

A new calculation model for crack control in semi-massive rein-
forced concrete tanks used for liquid storage is proposed. The
model includes three basic stages for the development of the crack
width. The first stage covers the formation of early-age cracks
occurring as a result of imposed loads acting during concrete
hardening. The second stage concerns the formation of a stabi-
lized spacing of basic cracks as well as the early period of imposed
loads acting on a structure. The third stage involves sufficiently
high values of imposed loads or, most frequently, service loads that
result in the occurrence of second-order cracks and a simultaneous
increase in the width of cracks formed in previous stages. In addi-
tion, instead of the degree of restraint, an average degree of relax-
ation was suggested as the basic parameter determining the crack
width and spacing.
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INTRODUCTION

Some of the first experimental research on the cracking
of base-restrained members was carried out by Stoffers.! It
was demonstrated that cracking depends primarily on the
degree of reinforcement and curvature of the element. The
verification of standard formulas®> or approaches by various
authors®” in comparison with the study of wall cracks on a
natural scale, is extremely rare. As demonstrated by Zych,®
the models®’ for certain cases are more accurate than those
contained in EN 1992-3.4 Computational models predeter-
mine a fixed crack spacing, as in the case of EN 1992-1-1,°
and EN 1992-3* results from the model of a tie restrained
at opposite ends and loaded with external forces. However,
the crack spacing according to the Ivanyi® and Rostasy and
Henning’ models is equal to (1/2)H, which meets the condi-
tion of the minimum degree of reinforcement from Stof-
fers’s' tests and is an arbitrary assumption for all computa-
tional cases.

Parametric analyses of the risk of cracking hardening
concrete using advanced numerical models are presented in
the following studies: Buffo-Lacarére et al.,'” Klemczak and
Knoppik-Wrébel,!'" Liu et al.,'” and Wu et al.'* In contrast,
Kheder,'* Kheder et al.,'* and Al Rhawi and Kheder'®
presented an analytical approach to determine the width
of cracks in the walls restrained at the bottom edge while
taking into account the pre- and post-cracking restraint coef-
ficient; similar to the approach presented by Scott and Gill,"”
they took into account the reduction in the crack width by
reducing the imposed strain by 1/2¢,,,. The current European
standard dependencies (EN 1992-3%) regarding both cases
of restraint—that is, along the bottom edge and the opposite
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edges—were commented on by Beeby and Forth!® as well as
by Beeby and Narayanan.'’

Meanwhile, an analysis of the temperature field distribution
and the resulting changes in the degree of restraint in base-
restrained walls were presented by Anson and Rowlinson.2%2!
It was demonstrated that the maximum degree of restraint
did not occur at the bottom edge. Next, Pettersson and Thel-
andersson?? and Pettersson et al.?* presented an analysis of
walls restrained by foundation cracking while assuming a
temperature change AT as a constant value in the section
and in bilinear form. It was proven, most importantly, that
the cracks first appeared at the level where the temperature
profile changed along the height from linearly variable to
uniform.

In practice, a continuous increment of the load over time
results in an increase in both the width and the number
of cracks. In the author’s opinion, standard models—for
example, in EN 1992-3,* in which the stabilized spacing
of cracks is predetermined at the concrete hardening stage
(after thermal shrinkage only) and throughout the subsequent
period of structure loading—are excessively simplified. In
fact, the spacing of original cracks (that is, those that occurred
from the low mechanical properties of concrete) is much
larger. In contrast, the imposed loads generated by external
restraints are too small (due to the concrete relaxation zones,
Sections 2%* and 4*%) to stabilize the crack spacing after only
5 days of concrete hardening. Therefore, in practice, the
designer defines a standard crack spacing that is smaller than
the actual one, thereby erroneously assuming effective crack
propagation by reinforcement. Such an assumption is valid
only for the tie model and the external loads from which the
model originates. The thermal load during design is adopted
as probable for actual thermal changes instead of a load that
may result in the stabilized spacing of cracks. The effect of
the aforementioned assumptions is a large underestimation
of the calculated crack width. In other words, in the walls
of reinforced concrete tanks cracked from imposed defor-
mation, the crack spacing is both a function of the degree of
external restraint, self-equilibrating stress, and the presence
of reinforcement, the influence of which is not as dominant
as in the case of tie models.

The only a general recommendation of allowing for the
combined effect of imposed deformation and external loads

ACI Structural Journal, V. 116, No. 3, May 2019.

MS No. S-2018-140.R3, doi: 10.14359/51713317, received June 12, 2018, and
reviewed under Institute publication policies. Copyright © 2019, American Concrete
Institute. All rights reserved, including the making of copies unless permission is
obtained from the copyright proprietors. Pertinent discussion including author’s
closure, if any, will be published ten months from this journal’s date if the discussion
is received within four months of the paper’s print publication.

85



ACI STRUCTURAL JOURNAL TECHNICAL PAPER

Title No. 116-S57

A New Model for Crack Control in Reinforced Concrete
Tank Walls—Part Il: Comparison with Experimental Results

by Mariusz Zych and Andrzej Seruga

This research paper demonstrates the use of a new crack control
model, described in detail in PART I of the series, based on the
results of in-place analyses of semi-massive reinforced concrete (RC)
tank wall segments. The following results of the measurements are
presented: changes in the temperature profile of the segment along
its height and the imposed strains and changes in crack widths as
a function of time. The calculations take into account the stages
of the occurrence of imposed and external loads and the resulting
changes in the crack widths. The results obtained are also presented
with reference to the currently applicable provisions of the current
European standard. In addition, the authors point to those elements
of the model from EN 1992-3 that should be analyzed at this stage
to make possible amendments to the guidelines of the standard.
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stresses.

INTRODUCTION

In reinforced concrete (RC) tanks, cracks of excessive
width cause leaks that prevent the proper use of the concrete
tanks as well as the loss of durability and consequent loss of
load-bearing capacity. This aspect frequently determines the
degree of horizontal reinforcement in the walls. According
to EN 1992-3! and other related standards (EN 1992-1-1,2
EN 1990,> EN 1991-1-1,* EN 1991-1-3, EN 1991-1-5, EN
1991-4,7 EN 1997-18), the crack criterion should be analyzed
using various calculations resulting from the characteristics of
a given tank.

Beeby® was one of the first to introduce the mechanism
of crack formation in the axially tension-loaded member.
Concrete is most often assumed to be a linear-elastic and
brittle material, as confirmed in studies by Scott and Gill'”
and Beeby and Scott.!!

Another crack mechanism, mainly explaining large strains
in sections between the cracks, was presented by Goto,'?
who also considered the possibility of the formation of
internal cracks. This theory was developed using the finite
element method (FEM), for example, by Forth and Beeby.?

The issues of interaction between the reinforcement and
concrete around the crack as well as their impact on stiffness
have been the subject of numerous studies, including, for
example, Beeby and Scott,'* Beeby et al.,'> Clark and Cran-
ston,'® Floegl and Mang,'” Whittle and Jones, '® Vollum,'? and
Scott and Beeby.?® The progressive loss of adhesion between
steel and concrete, resulting from long-term loading as well
as additional loads, causes decreased stiffness of the member
and, in the case of imposed loads, also causes its relaxation.

In 1968, Evans and Hughes®' carried out one of the first
studies on strain and temperature changes in an RC tank wall
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with the degree of reinforcement of 0.57%. They demonstrated
that greater efforts should be made to minimize temperature
changes rather than shrinkage strains. They proposed a method
for calculating the crack spacing in long walls restrained
along the bottom edge using the following expression

fort L go a0

(1

They predetermined that, initially, the spacing of the
cracks was twice as large until the next cracks appeared,
while stresses in the concrete increased linearly from zero in
a cracked cross section to the maximum value in the section
distanced by s,,i.

In 1970, Hughes and Miller?? were the first to measure
the strain, temperature, and humidity of concrete as well as
the strains of reinforcing steel on three RC walls in a natural
scale constructed under various sets of ambient conditions.
They exhibited good conformity with the expressions for
crack spacing (Eq. (1)) and their widths.

In BS8007,% the method of calculating the crack width
was, to a certain extent, very similar to the current provisions
of EN 1991-1-3." The width of the crack was calculated from
the formula shown as follows

Wiax = Smax * € (2)

where the spacing of the cracks was defined as in the model
developed by Evans and Hughes?!

Smax = (fedf) - 0/2p (3)
whereas the strain could be determined as
€= [(gs + &) — 100X 10 ore=R-az- AT  (4)

Al-Rawi and Kheder,>* when modifying Eq. (3) for the
spacing of cracks included in BS8007,2 predetermined that
in the walls restrained at the base, the spacing of cracks
depended both on the strength of reinforcement and the degree
of restraint along the bottom edge. Thus, the expression for
crack spacing took into account the height of the wall
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S,y =————ands, =2s %)
p-H+k-¢

where & = f/(4f,) = 0.57, 0.68, and 0.85 for deformed,

indented, and plain reinforcement, respectively.

Kheder and Fadhil®® continued the approach of Al-Ravi
and Kheder,”* and they took into account the effect of elastic
shrinkage of the foundation with the K factor, according to
ACIL2% Then, they modified the expression for the maximum
crack width contained in BS8007.% Finally, they obtained
an expression that depended on the degree of restraint and
elastic shrinkage of the foundation

Wiax = 0.58 pax - (OSKR : (glh + gsh) - 8clu) (6)
Equation (6) was very similar to Harrison’s?’ proposal
Winax = Smax * (OSRb ’ (glh + 8sh) - gull/z) (7)

which was a modification of the expression contained in BS
5337%8

Winax = Smax (O~581h + &y — gull/z) (8)

The expressions for calculating the crack width were
evolving. However, a major amendment was presented by
Harrison?’ (Eq. (8)). This amendment introduced the coeffi-
cient of the degree of external restraint, which allowed the
prediction of the change in the crack width along the height
of the wall, while in BS 5337,%® a constant crack width was
defined. In addition, in BS 5337,%% as in BS 8007,%® concrete
creep was included in a 50% reduction of the restrained part
of thermal strains.

Kheder and Fadhil?® claimed that limited widths of cracks
in the walls restrained along the bottom edges result both
from reinforcement and restraint at their bases. Therefore,
less reinforcement could be used than in the members
restrained at opposite ends only. In addition, they stated
that to use more economical solutions, the degree of rein-
forcement should depend on the changing degree of restraint
of the wall. In the next study, Kheder et al.* defined the
formula for the crack width in the following form

Wiax = Smax * [Cl(Rb - CZRa) * Efice — E‘:ctu/z] (9)

where R, is the coefficient of restraint before cracking in
the middle of the wall length; and R, is the coefficient of
restraint after cracking on the wall edge (defined using FEM
for the segment with a L/H ratio that is two times smaller and
without reinforcement).

Due to the important role of the restraint coefficient, Klem-
czak and Knoppik-Wrobel*® demonstrated the significant
influence of support conditions on its value. They demon-
strated that if the possibility of wall rotation was consid-
ered, the degree of restraint in the structural joint increased,
whereas it decreased in the upper part of the wall. This influ-
ence is more noticeable for longer walls and is almost unno-
ticeable in the case of shorter walls.
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According to the authors, there is a need to create a model
that can combine the specific behavior of the shells of RC
tanks, especially under the influence of imposed loads, both
in the case of segments restrained at the base and along three
edges, including the possible increase in the crack width
under the influence of the value and type of loads (imposed
and external). This conclusion is confirmed by the research
on the manner of cracking of the walls of RC tanks presented
in the research paper,®! which demonstrated a different char-
acteristic than was assumed in tie models. The only general
recommendation of allowing for the combined effect of
imposed deformation and external loads on the crack width
calculation was introduced with certain restrictions in DIN
EN 1992-1-1/NA.3? This approach is fully based on equa-
tions defined in EN 1992-1-1.2

RESEARCH SIGNIFICANCE

The results of in-place studies of a semi-massive segment
of the RC tank wall provide information about the devel-
opment of cracks over time as the imposed load changes.
The research also provided the basis for the verification of a
new crack control model, which considers the influence of
the staging of imposed loads on changes in the crack width,
which is an issue that was previously unrecognized in the
world literature or current standards. The results can serve as
a basis of future code changes for crack control coming from
hydration temperature, elevated temperature, shrinkage, and
external load effects.

EXPERIMENTAL INVESTIGATION

Results of in-place research studies

The subject of this research is the wall segment restrained
along three edges with dimensions of L/H/h = 15.7 m/6.4
m/0.6 m (51.5 ft/21 ft/2 ft), described in detail in the
research paper.’! Figure 1 illustrates a simplified distribu-
tion of the cracks that were formed before Day 16 after the
concreting of the wall, which resulted from the early-age
imposed loads. Considering the early age of hardening of the
concrete, the concrete shows numerous cracks, which were
caused by a very high degree of reinforcement. Figure A-1"
illustrates a further stage of the cracking, just before the
water-tightness test—3 months after the concreting of the
wall. When compared to the layout of the cracks from Day
16, the wall is characterized by a significant increase in the
crack length and the formation of new cracks, reducing the
average spacing from 0.24 m (0.79 ft) to 0.20 m (0.66 ft).
Such heavy cracking was caused by imposed loads only. The
last of the presented stages of the cracking is 9.5 months
after the concreting of the segment, which includes a tank
water-tightness test carried out in the winter period (water
was not allowed to freeze [Fig. A-2]). Compared to the
layout of the cracks before the water-tightness test, a small
number of newly formed cracks and the occasional exten-
sion of the cracks toward the bottom edge of the wall were
observed. In the first stage (Fig. 1), the crack width measured

“The Appendix is available at www.concrete.org/publications in PDF format,
appended to the online version of the published paper. It is also available in hard copy
from ACI headquarters for a fee equal to the cost of reproduction plus handling at the
time of the request.
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Fig. 1—Layout of cracks formed over period of 16 days after concreting on segment 13: (a) on north side;

side. (Note: 1 m = 3.28 ft.)

with the Brinell’s magnifying glass did not exceed 0.1 mm
(3.9 mil) and, in most cases, the cracks were limited to 0.075
mm (2.9 mil) (compare detailed Fig. 7°%). In the second stage
(Fig. A-1), the crack width measured only occasionally and
locally (that is, on very short sections of the cracks) reached
the values of 0.15 mm (5.9 mil), and in the remaining cases
they were limited to 0.1 mm (3.9 mil). During the last
measurement stage (Fig. A-2), the cracks did not widen.

The concrete was poured on a hot day, so the initial
temperature of the concrete soared up to 29.0°C (84.2°F). The
increasing hydration heat contributed to the wall’s maximum
temperature of 45°C (113°F), measured at the height of 2.5 m
(8.2 ft) from its base. The formwork was removed from the
southern surface after 20 hours of concrete maturing, which
prevented further increase of concrete temperature. In case
of the northern surface, the formwork was removed after 40
hours of concrete maturing. Specific changes of temperature
during concrete maturing, in the wall’s cross section, were
presented by Seruga and Zych.** As seen in Fig. 2, the differ-
ences in temperature of the concrete in the middle part of
the wall, determined in relation to its maximum value, in the
subsequent stages were as follows:

AT, = 17.1°C (30.8°F) on 28-08, 10:30 (2.6 days after

concreting),

AT, =29.6°C (53.3°F) on 31-08, 10:00 (5.6 days after

concreting),

AT, =39.5°C (71.1°F) on 21-09, 7:30 (26.5 days after

concreting),

AT, =41.4°C (74.5°F) on 26-10, 10:00 (61.6 days after

concreting),

AT, =49.0°C (88.2°F) on 24-11, 11:00 (90.6 days after

concreting).
Because the strength of the concrete in the cross section
at the wall thickness is also determined by the tempera-
ture difference there, Fig. 3 illustrates those differences
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Fig. 2—Measured temperature changes inside wall and at of
outer layer of horizontal main reinforcement (at north and
south surfaces of wall). (Note: 1°F = 1.8°C + 32.)

(AT,) between the temperatures measured at points located
at different distances from the surface of the wall and the
temperature measured in the middle of the wall thickness.
The sensors were placed at the height of 2.5 m (8.2 ft) from
the base of the added segment. Figures 3(a) and (b) relate
to the points located in the wall halves located on the south
and north sides, respectively. The differences in the values
obtained for the southern and northern parts of the wall are
essential and are directly related to the varied solar radiation
on both surfaces. The short measurement period presented,
from the moment of concreting to Day 16, results from the
repetitious values of A7), later on. The values are smaller in
the winter. At a characteristic point of time, the temperature
differences between the inside of the wall and the northern
wall surface (AT,,) and the southern wall surface (A7),,) are
as follows:

t = 1.1 days, AT, = —4.5°C (-8.1°F), AT,, = —14.5°C
(-26.1°F),

t = 2.2 days, AT,
(-14.8°F),

t = 2.7 days, AT,
(+15.1°F),

= -7.8°C (-14.0 °F), AT,; = -8.2°C

= -3.1°C (-5.6°F), AT,, = +8.4°C
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Fig. 3—Measured temperature differences between points
distributed over wall thickness and interior of wall: (a) for
points located on southern side; and (b) for points located on
northern side. (Note: 1°F = 1.8°C + 32.)

* t=15.2 days, AT,, = —4.6°C (-8.3°F), AT,; = —4.6°C

(-8.3°F),

« 1=15.7 days, AT, = —0.6°C (-1.1°F), AT, = +11.5°C
(+20.7°F),

« 1=17.7 days, AT,, = +1.0°C (+1.8°F), AT, = +12.2°C
(+22.0°F).

Negative values mean a lower temperature at the wall
surface than inside the wall. Such a case is dominant in the
early stage of concrete hardening and means that additional
tensile stresses occur at the surface of the wall in relation
to the tensile stresses resulting from changes in the average
temperature and degree of external restraint. From a prac-
tical point of view, one can conclude that the temperature
differences later do not exceed +5°C (9°F), except for the
surface of the wall subjected to intense solar radiation,
which results in the reduction of tensile stresses on the
sunlit surface and the increase in tensile stress on the shaded
surface of the wall. However, at the time when the southern
surface is shaded, it is cooled down even by 15°C (27°F) in
a very short time.

Figure 4 illustrates the measured changes in concrete
strains, constituting an unrestricted part of the imposed
strains. In the early period, when the temperature rises, a
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Fig. 4—Changes in free strain measured in concrete.

small swelling of concrete, up to 50 pe at the measured
height of 5.4 m (17.7 ft) and 19 pe at the measuring height
of 1.4 m (4.6 ft), is observed. The temperature drop inside
the wall of AT,, = 29.6°C (53.3°F) occurs up to 5.6 days
after concreting and contributes to the formation of strains
of the opposite sign, with the values of ~158 and 115 pe,
respectively. After 3 months, when AT, = 49.0°C (88.2°F),
these strains are ~340 and 250 pe, respectively. The results
presented in Fig. 2 and 4 define the value and constant
increase in the imposed load, which may suggest continuous
changes in the widths and number of cracks.

However, Fig. 5(a) and (b) demonstrate the measured
changes in the widths of selected cracks on the north and
south sides of the wall segment, respectively. The diagrams
were prepared based on the measurements of the strains
carried out with the Demec sensor on a 100 mm (3.9 in.)
measuring stand (in the same way as illustrated in Fig. 5%
and 63%). The results of the measurements of the strains along
the entire length of the segment on its northern and southern
sides are illustrated in Fig. 4.3 The descriptions in the
legends to Fig. 5(a) and (b) refer to the location of the cracks
along the length of the segment (compare with Fig. 1).

Figure 6 presents the measured mean value of shrinkage.
The dashed lines represent the results of the calculations
of total shrinkage according to EN 1991-1-1> made for the
analyzed samples for the relative humidity RH = 50 and
80%. Starting from Day 22, the measurement results fall
within the range of values calculated in accordance with EN
1991-1-1.2

An important role in the calculation of stresses and widths
of cracks is played by the mechanical properties of concrete
and, in particular, the changes in these mechanical proper-
ties over time in the period of intense temperature changes
mainly originating from the development of the heat of
hydration. In this case, concrete with C30/37 strength class
was used on CEM III/A 32.5N cement. The average tensile
strengths of 0.736, 0.921, 1.1025, 1,256, 1.437, 1.71, 1.839,
and 1.987 MPa (0.11, 0.13, 0.16, 0.18, 0.21, 0.25, 0.27, and
0.29 ksi), respectively, were obtained from the axial tensile
strength tests carried out on $150 x 300 mm (¢5.9 x 11.8 in.)
samplesat?r=1.5,2,4,5,7,28, 60, and 90 days, respectively.
The results of concrete modulus of elasticity tests carried out
on ¢$150 x 300 mm samples are presented in Fig. 7. It was

ACI Structural Journal/May 2019



a)

0.09 -
W, [1mm]

0.06
0.03
0.00 £

0
Abscissae ¥ of cracks presented in Fig. 1
— 0.3m [1 fi] ——1.41m [4.6 ft] — =45m[14.8 fi]
------- 49m(16.1 fi] —54m[17.7 fi] == 5.6m[18.4fi]
—-5.9m[194 fi] 8.8 m[289 fi] ==113m([37.11]

— -13.2m{43.3 fi]

b)
0.09
0.06
0.03
0.00 +
0 5 10 15 t[days] 20
Abscissae x of cracks presented m Fig. 1
—0.9m[2.9 fi] ——52m[l17.14] 54m[17.7 ft]
— -5.9m[19.4 fi] — -6.4m[2] fi] == 6.6m[21.6fi]

— -8.1 m[26.6 fi]
— -12.7m [41.7 fi]

-=-99m[32.5f] =10 m [32.8 ft]

Fig. 5—Measured changes in widths of selected cracks over
time, located in Fig. I according to abscissae x, determined
based on measured strains as illustrated in Fig. 4%: (a) on
north side, and (b) on south side of wall segment. (Note: 1 m
=328 fi; 1 mm = 0.0394 in.)

necessary to calibrate the basic function (Eq. (3.2)?) in which
the coefficient s played an essential role in the increment
rate of the mechanical properties of concrete. According to
EN 1991-1-1.> for the cement used in CEM III/A 32.5 N,
the value of s is equal to 0.38. The obtained development
of the modulus of elasticity for this value of the coefficient
is illustrated with a continuous line in Fig. 7. In comparison
to the examined values, a significant overestimation of the
development rate of the modulus of elasticity was observed
at the early age of concrete curing, as was the underestima-
tion of the rate for # = 90 days. The conducted calibration of
the coefficient s up to the value of 0.79 allowed a satisfactory
consistency with the test results to be obtained, as illustrated
by the dashed line.

COMPARISON OF PREDICTIONS AND
EXPERIMENTAL RESULTS

Mechanical properties of concrete

When the increase in mechanical properties of concrete
over time was being determined, the thermal conditions
under which concrete was hardening were considered.
When the increase in tensile strength and secant modulus
of elasticity of concrete over time were being determined,
the thermal conditions under which concrete was hardening
were considered.
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Fig. 6—Measured and calculated shrinkage of C30/37
concrete.
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Fig. 7—Measured and calculated development of modulus
of concrete elasticity. (Note: 1 GPa = 145 ksi.)
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Fig. 8—Change in average temperature (T) of wall and
temperature difference (AT). (Note: 1°F = 1.8°C + 32.)

For this purpose, the dependencies B.10,> 3.2,> 3.4,% 3.5?
contained in EN 1992-1-12 were used. Based on the course
of the average temperature of the wall over time, an increase
in the temperature difference was obtained (A7 measured
from the maximum temperature 7,,,, [Fig. 8]).

Crack criterion

The adopted height #; = 1.15 m (3.8 ft) results from the
observation of the point of crack initiation for this segment
(Fig. 1) and from the measurement of temperature changes
at the height of this segment (compare with Fig. 23%). Hence,
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Fig. 9—Increase in thermal stresses and tensile strength.
(Note: 1 MPa = 145 psi.)
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Fig. 10—Width of crack as function of stresses in reinforcing
steel. (Note: 1 MPa = 145 psi; 1 mm = 0.0394 in.)

hi/H = 1.15 m/6.4 m = 0.18. Then, the coefficient of the
external degree of restraint in the critical cross section
was determined, which has a characteristic value of 4,/H =
0.18 (Table 1%), and interpolating for L/H = 2.45 and ap =
1.98/m (0.6/ft) (ap — value obtained from the expression o,
= Dy/E,,,), having determined k,(o;) according to Eq. (14)),
R,*(0.5L) = 0.979 was obtained. Tensile stresses were
determined using Eq. (10), taking into account the influence
of compressive stresses in the form of the coefficient k, and
the influence of creep by the coefficient &, and the influ-
ence of self-equilibrating stresses resulting from non-uni-
form temperature distribution. In general, self-equilibrating
stresses may lead to an increase of tensile stresses not only
at the element’s surface but also inside it. This depends on
when the formwork is removed, which causes a different
temperature distribution in the wall’s cross section.

6.(t) = (1-k,)k,R 0, AT(1)E,, (1)

ax e

(10)
+k,R“e_()E., (1)+ AT, (OR,E. (f)

0 Yax Cca
where k;, = 0.65; o7 = 0.00001/°C (0.0000056/°F); AT{(¢) is
defined as in Fig. 8; k. is 0.46 (value determined based on
previous studies [compare Fig. 11%7]); () is autogenous
shrinkage determined based on the relationships contained
in EN 1992-1-12 (refer to Fig. 6); AT), = 5°C (9°F); and R,
= 0.36. Coefficient k, = 0.65 used in Eq. (10) was adopted
following the CIRIA C660°* recommendations. It should be
emphasized that it is a simplifying assumption since CIRIA
C660,%® general recommendations do not take account of the
cement kind on the concrete creep extent.

Stress changes o,(¢) and increases in the average tensile
strength of concrete for calibrated value of s = 0.79 are
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Fig. 11—Distributed elastic stiffness from reinforcement in
entire cross section of crack as function of its width. (Note:
1 GPa/m = 44.2 ksi/ft; 1 mm = 0.0394 in.)

illustrated in Fig. 9. The first surface cracks will be formed
on the third day after the concreting of the wall segment,
precisely for 7., = 2.6 days. The trough cracks (which neglect
self-equilibrating stresses) will form 3.5 days after the
concreting of the wall segment— that is, the trough cracks
could be observed on the fourth day after the concreting of
the wall.

Stiffness of discrete crack

The effective depth of the cross section is d =/ — ¢, — d20
—020/2 =600 mm —40 mm —3/2 - 20 mm = 530 mm (1.74 ft).
According to EN 1992-1-1,% the effective reinforcement
ratio i8S p,ep = 0.54/Acer = 0.5 - 104.3 cm?/[1 m - (2.5(600
mm — 530 mm))] =2.98%. The length of the relaxation zone,
according to Eq. (3),% is: Sy, = Cpom + k1 = ko * ks * §/pp =40
mm +0.125 - 0.8 - 1.0 - 20 mm/2.98% = 107 mm (4.2 in.).

Figure 10 illustrates the crack width at the surface of the
wall as a function of stresses in steel, according to Eq. (11)

W(G):GS‘Z'S _kl.f;l,eﬁ(tcr)‘ . _kl.f;l,eﬁ(tcr)'z.s
Y " E,(,) ”
S, 50107 m —2ALIMPa 607 m

~ 200 GPa

200 GPa-2.98%
_0&LIIMPa ) 67 m = 1.0716, mm/GPa —0.022 mm
15.8 GPa

=0.2916, mil/ksi—0.866 mil

(11)

A significant change in the crack width mainly results
from the low mechanical properties of concrete and taking
into account two full-length relaxation zones s,,. The next
step involves the determination of adhesion stress

Fx=225 MM fur' =2.25-0.7- 1.0+ (0.7 - 1.11 MPa)
= 1.22 MPa (177 psi) (12)

Thus, the distributed stiffness between bond and slip along
the reinforcement bar is

k()= Ju 1.22 MPa
77 w(o,) 1.07lc, mm/GPa—0.022 mm
0.177 ksi

= 02910, milksi— 0866 mil ()
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As presented by Pettersson and Thelandersson,* the
general solution for the displacement of the bar u(x)
supported by springs arranged along its axis was first
proposed by Volkersen.*® Using this approach, a distributed
elastic stiffness from reinforcement &, was obtained for the
entire cross-section of the crack (Eq. (14)). The change in
stiffness £, as a function of the crack width is demonstrated
in Fig. 11.

kb (Gs ) ) Es
q) ’ ppsé’[f'
kr (GY) =

tanh(Aa)
1.071 lrf/églpao 022 mm 220 P2
0716, m a—0.022 mm 2.08%
_ 20 mm
tanh(A(c,)-0.107 m)
(14)
where
k T
7\-(GS)= b(Gx) T q)
E,- 4,
(15)
122 MPa :3.14-20 mm

1.0716, mm/GPa —0.022 mm
200 GPa-3.14 cm’

For further calculations, Dy; = k,(w;, = 0.03 mm [1.2 mil])
= 31.4 GPa/m (1388 ksi/ft); hence, ap = Dy/E..(t., = 2.6
days) =31.4 GPa/15.8 GPa = 1.98/m (0.6/ft) was adopted.

Spacing of first-order cracks

The average effective degree of wall relaxation (Table 1
of Part 1 of this study**) after the interpolation for /;/H =
0.18 and ap = 1.98/m (0.6/ft) is AR, (0.25L/L; 0.75L/L) =
0.0239. According to Eq. (17),>* a stabilized spacing of the
first-order cracks was obtained: s,,,; = 2H - 0.0239/0.3855 =
0.79 m (2.59 ft).

The coefficient of restraint in the cross-section distance
from the cracked critical cross-section s,,,; is a function of
hi/H and o, (Fig. 4(a)*'; Table 1*"). The variable x = 0.015
results from the product (s,,/2.45H) - (2.45/8). The first
component of the product defines the relative distance from
the crack to the place where the next crack may be formed.
The second component is the rescaling of variable x on graph
12 due to the length of the wall smaller than 8H. R, (S,
= R,"(0.5L) — AR, ((s,n/2.45H) - (2.45/8); (ap=1.98/m)).

According to the following expression

R, (x,0,) =y, + a~exp[—exp[_("];x")D—(R;{j (% = s)— R (% = 2.45])

(16)

and the coefficients from Table 2%°: for ap = 1.0 — a(1.0)
= 0.1633, b(1.0) = 0.0200, x,(1.0) = 0.0235, y,(1.0) =
0.8116,for ap = 2.5 — a(2.5) = 0.0662, b(2.5) = 0.0173,
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Fig. 12—Changes in degree of restraint around crack along
length of wall with L/H ratio of 2.45. (Note: 1/m = 0.305/ft.)
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Fig. 13—Changes in permissible (AT;) and real (AT)
temperature. (Note: 1°F = 1.8°C + 32.)

X,(2.5)=0.0264, y,(2.5) = 0.9182, the changes in the degree
of restraint were obtained around the crack (Fig. 12).

The effective degree of relaxation in the section spaced
by Srml

AR o (Symi/2-A5H) - (2.45/8); (0p = 1.98/m))
= AR ((S,mi/2-A5H) - (2.45/8); (0p = oo/m))
— {AR(($,mi/2.45H) - (2.45/8);
op = 1.0) + [ARu((8,mi/2.45H) - (2.45/8); ap = 2.5)
— AR ((S,mi/2.45H) - 2.45/8; ap = 1.0)](1.98/m —
1.0/m)/1.5/m} = 0.979 — [0.831 + (0.911 — 0.831)
(1.98/m — 1.0/m)/1.5/m] = 0.096.

Hence, R, (Symr) = 0.979 — 0.096 = 0.883.

Figure 13 illustrates the actual change in the temperature
difference AT and the values of AT calculated in accordance
with Eq. (17). The figure demonstrates that in the time of ¢
= 2.83 days, the first-order cracks will be formed in the s,,;
spacing—that is, there will be a stabilized spacing of the first-
order cracks, and the lengths of the local relaxation zones
will be reduced to s,,; corresponding to a temperature drop
from the maximum value by 12.6°C (22.7°F); therefore; the
temperature increase in relation to the temperature of crack
initiation is only 1.4°C (2.5°F). According to Eq. (15),** for £,
= 2.83 days, the following expression was obtained

AT\(f) = 12.6°C - [0.979/(1.11 MPa/15.8 GPa)]
110.883/(feum(t)/ Ec(1))] (17)

Crack width before stabilized spacing of first-
order cracks

According to Eq. (13) and (14)** and for L/H = 2.45, the
following expression was obtained
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——(0.25L 0.75L
w, =4H-AR,, (T;T)'eﬁeel 'k¢

(0'2%;#).(4H—1.225H)'8ﬁ3e1 -k

- ARaxAB o

(18)

in which the average effective degree of relaxation along
the wall length with the L/H =8, AR, (0.25L/L; 0.75L/L) =
0.0239; €1 = 07 - AT (2,) = 0.00001/°C - 12.6°C = 0.126%o;

5 (0.25L/L;

0.75L/L) along the wall length beyond its physical dimen-
sions—that is, on the difference in lengths between the wall
with L/H =8 (x = 0.25) and L/H = 2.45 (x = 0.077). Based
on Table 2,3 the degrees of relaxation of AR, (x = 0.25) =
0.008 and AR, (x = 0.077) = 0.020 were obtained. Hence,
the average value AR _,, (0.25L/L; 0.75L/L) = 1/2(AR,
(x =0.25) + AR, (x = 0.077)) = 0.014. By substituting in
Eq. (18), the following values (wy; = 0.059 mm — 0.024 mm
=0.03 mm [1.2 mil]) were obtained.

the average effective degree of relaxation AR

axA

Stabilized spacing of first-order cracks

The average effective degree of relaxation for the segment
—0.58,,/L to +0.5s,,,/L was determined based on Table 1.3*
After the interpolation for 4#;,/H = 0.18 and ap = 1.98/m,
AR, (=Symi/2L; S;mi/2L) = 0.138 was obtained.

The limit value of stresses in steel which, if exceeded,
will result in the formation of second-order cracks is o,/
= ke * k- fuep(2.83 days) - A./4, = 1.0 - 0.79 - 1.14 MPa
- 0.6 m*/104.3 cm? = 51.7 MPa (7.5 ksi). Thus, based on
Eq. (11) or Fig. 10, the limiting crack width was calculated,
which can be obtained with the concrete parameters for #, =
2.83 days close to 0.03 mm (1.2 mil). Therefore, there will be
no change in the crack widths in the period of the stabilized
spacing of the first-order cracks, but due to the high degree
of reinforcement, second-order cracks will be formed.

Changes in crack width during further temperature
change

There is a further significant drop in temperature until Day
5.5. This is the period of the formation of the second-order
cracks, when the values of the mechanical properties of the
concrete increase, and the existing cracks widen.

The change in the difference in average strains in the
immediate vicinity of the crack between the steel and
concrete during the time interval of 2.83 to 5.5 days cannot
be greater than A(egg,, — €c)1/' = 0.179%o0 — 0.157%0 = 0.022%0
Eq. (20),** from which according to Eq. (M.1') for t; = 2.38
days, a(2.38 days) = E/E.,(2.38 days) = 12.41, a(5.5 days)
=EJ/E.,(5.5 days)=11.31,k.=1.0,k=0.79, and p=1.74%
were obtained.

In the second stage of loading, until Day 5.5, the average
wall temperature was lowered by 29°C (52.2°F). Assuming
that the temperature difference between the surface and
the inside of the wall is at least 5°C (9°F), &, = a7 - (AT +
ATy.7) = 0.00001/°C - (29°C + 5°C) = 0.34 %o, &, = 0or - AT
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=0.00001/°C -29°C = 0.29%o, k» = (g1 + €,)/2&; = (0.34%0 +
0.29%0)/2:0.34 %o = 0.93 is obtained.

The spacing of the cracks considers ‘poor’ bond condi-
tions according to EN 1992-1-1% s,,,,, = 3.4 - 40 mm + 0.425
- 0.8 -0.94 - 20 mm/2.98% - 0.7 = 0.438 m (1.44 ft). The
increase in the crack width according to Eq. (21)** is Awy; =
0.438 m - 0.022%0 = 0.01 mm (0.4 mil).

The aforementioned calculations adopted the least favor-
able data due to 5, and Awys". If ATy, = 15°C (27°F) was
adopted as on the south side, and AT in the initial period of
the formation of the second-order cracks—for example, for
t=2.9 days, where AT = 13°C (23.4°F), then k, = (0.28%o +
0.13%0)/2 - 0.28%0 = 0.73 and s, = 0.374 m (1.23 ft) would
be obtained.

Changes in crack width in hardened concrete

The increase in the difference in average strains between
the steel and concrete within the time range of 5.5 to 90 days
calculated according to Eq. (22)** is A(&gn— Eem)iis’ = 0.261%o0
—0.179%0 = 0.082%o. The increase in stresses in reinforcing
steel due to external load is Ao,y = Ng/A, = 170 kN/104.3
cm? = 16.3 MPa (2.4 ksi), where Ny = 170 kN is the
maximum tensile force at the 4, level, for the entire length
of the analyzed wall segment from the external load—that is,
water pressure during the water-tightness test, defined based
on separate FEM calculations using linear analysis.

By applying Eq. (25),>* (26),3* and (24)* in this order, the
following expressions were obtained:

Aggur=[16.3 MPa—[(0.4 - 1.99 MPa)/2.98%] —[(0.4-1.99
MPa)/2.98%]1]/200 GPa = 0.082%o,

Agnr = [(0.4-1.99 MPa)/22.65 GPa] — [(0.4-1.99 MPa)/
22.65 GPa] = 0%o,

A(&sm — €em)rz = 0.082%0 — 0.0%0 = 0.082%o.

In the third stage, the average wall temperature is lowered
by 47.6°C (85.7°F). The temperature difference on the
surface and inside the wall is 5°C (9°F). In addition, based
on the conformity of the shrinkage measurement results and
the calculations according to EN 1991-1-12 (refer to Fig. 6),
drying shrinkage calculated in accordance with EN 1991-
1-12 was adopted in the calculation. It was predetermined
that shrinkage at the surface of the member for 90 days of
concrete hardening would approximately correspond to the
strains that would occur in samples with a cross-section of
0.1 x 0.1 m. Therefore, for RH = 80% and 90 days, drying
shrinkage is: €.y = €, — €. = 0.247%0 — 0.047%0 = 0.20%o.
From the above data, &, = o7 - (AT + ATy.,) = 0.00001/°C -
(47.6'C +5°C) + 0.20%0 = 0.726%0; & = ar - AT = 0.00001/C
-47.6°C=0.476%o; ky = [(1 + £2)/2&,] - b1/0.5 h = [(0.726%0 +
0.476 %0)/2 - 0.726%o] - 0.1 m/0.5-:0.6 m = 0.276, in which: b,
=100 mm (3.9 in.) was read from Table 8.1.4?

The spacing of the cracks according to EN 1992-1-12 is
Srmax = 3.4 - 40 mm + 0.425 - 0.8 - 0.276 - 20 mm/2.98%
- 0.7 = 0.226 m (0.74 ft). The increase in the crack width
from shrinkage according to Eq. (23)** is Awyzs” = 0.226 m
- 0.082%0 = 0.02 mm (0.8 mil). The increase in the crack
width from the external load according to Eq. (27)**: Awys,'
=0.226 m - 0.082%0 = 0.02 mm (0.8 mil). The total increase
in the crack width after 90 days from the concreting of the
wall: Awyz” = 0.02 mm + 0.02 mm = 0.04 mm (1.6 mil).
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COMPARISON WITH EN 1992-3

Due to the lack of the case of a member being restrained
along three edges contained in EN 1992-3,! the results for
the two schemes defined in the standard were presented. The
examined properties of the concrete were taken into account
in the calculations. For the member restrained at the opposite
ends, the widths of the cracks from the imposed load in time
t,. =4.2,22.5, and 90 days were 0.07, 0.09 and 0.094 mm
(2.8, 3.5, 3.7 mil), respectively. For a base-restrained wall,
these values were 0.04, 0.07, and 0.13 mm (1.6, 2.8, 5.1
mil), respectively. The crack width from the external load
was 0.02 mm (0.8 mil).

According to the model of the base-restrained wall, in
the initial period, the widths of the cracks were narrower
compared to the member restrained at the opposite ends, but
they were comparable to the values obtained according to the
proposed model. For # = 90 days—that is, having taken the
shrinkage of the concrete into account—better conformance
with the proposed model was demonstrated by the tie model
restrained at opposite edges. According to the authors, in the
case of the base-restrained wall, it is contradictory to say
that “the formation of a crack in this case only influences
the distribution of stresses locally”!, with the assumption
that the spacing of the cracks is according to Eq. (7.11).2
According to the authors, this approach to determining the
difference in strains according to R, - .. should be applied
to walls that fail to satisfy the condition of the minimum
degree of reinforcement. However, in the model of a tie
restrained at opposite ends, due to the necessity of also
taking imposed strains into account for hardened concrete
(for example, shrinkage), the sense of these calculations for
thermal loads during concrete hardening (regardless of their
value) is undermined because the crack widths obtained are
wider with the greater strength of the concrete.

In the proposed model, the obtained spacing between the
first-order cracks, compared to those obtained using the
approach according to EN 1992-3,! is twice as large. In addi-
tion, in EN 1992-3! there is some doubt about the lack of
any entrance regarding the need to determine the change in
the crack widths caused by imposed loads due to the loads
occurring later, especially external loads.

DISCUSSION OF RESULTS
The calculated maximum crack width at the individual
loading stages is:

*  From thermal load in the early period of temperature
drop in concrete at the stage of concrete hardening,
before the stabilized spacing of the first-order cracks of
0.03 mm (1.2 mil);

*  From thermal load in the early period of concrete hard-
ening, before the stabilized spacing of the second-order
cracks of 0.03 mm (1.2 mil);

*  From thermal load at a later time of temperature drop in
concrete at the stage of concrete hardening, at the same
time as the period of the formation of the second-order
cracks of 0.04 mm (1.6 mil);

»  After the occurrence of shrinkage strains in hardened
concrete at 0.06 mm (2.4 mil); and
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» After the occurrence of external loads in hardened
concrete at 0.08 mm (3.1 mil).

The calculations demonstrate that the first cracks will
occur on the third day after the concreting of the segment
and on the fifth day according to EN 1992-3.! This time is
consistent with the observations obtained from the object,
which demonstrates that the first cracks resulting mainly
from concrete temperature drop were formed between the
second and third days.

From the calculations performed and the measurements
of the crack spacing, one can conclude that just after the
first crack was formed, and for a very small value of the
increase of the imposed load of 1.4°C (2.5°F), the stabilized
spacing of the first-order cracks with the maximum value
of 0.79 m (2.6 ft) will be established. This resulting value,
from the predetermination of 2H in Eq. (17),>* represents
the maximum spacing for non-reinforced walls. Given that
this spacing usually falls within the range of 1H to 2H, then
the observed spacing of the first-order cracks should fall
within the range of 0.395 to 0.79 m (1.3 to 2.6 ft). In the
calculation model for the period of the stabilized spacing of
first-order cracks, according to the calculations, the second-
order cracks will start to form, and their maximum spacing
decreases to 0.44 m (1.44 ft) (when ¢ = 2.9 days and ATy =
15°C (27°F) 5, =0.37 m is used in the calculations), which
further shrinkage decreases to 0.23 m (0.75 ft). The calcu-
lated maximum values are greater than the average values
observed during the first (Fig. 1) and the second (Fig. A-1)
stages by 0.44 m/0.24 m = 1.83 (0.37 m/0.24 m = 1.54) and
0.226 m/0.2 m = 1.13, respectively. From the computational
model, one can conclude that even at the same temperature,
the spacing of the first-order cracks may correspond to the
spacing of the second-order cracks. Both from the compu-
tational model and from the research results, it follows
that the spacing of cracks is formed in the initial days of
concrete hardening, especially due to the high degree of
reinforcement as well as the geometry and how the segment
is restrained. These factors brought about a low degree of
wall relaxation after cracking, which resulted in the forma-
tion of numerous cracks at a very early stage. Therefore,
according to the authors, it is difficult to clearly distinguish
between the first- and second-order cracks, as could easily
be done for the example illustrated in Fig. 9. Nevertheless,
the study clearly identified longer and wider cracks corre-
sponding to the first-order cracks defined in the model, and
those very short and narrow cracks corresponding to the
second-order cracks.

The maximal calculated crack width before Day 5.5 was
0.04 mm (1.6 mil), which in the case of the mean values
measured from Fig. 5(a) and (b) for the four earliest cracks
(Fig. 5(a): 4.5, 4.9, 5.4, 8.8 m [14.8, 16.1, 17.7, 28.9 ft],
and Fig. 5(a): 0.9, 5.2, 6.6, 10 m [2.9, 17.1, 21.6, 32.8 ft])
were 0.036 and 0.039 mm (1.42 and 1.54 mil), respectively.
However, for the period after the water-tightness test, thermal
load in winter, and concrete shrinkage, the calculated crack
widths were 0.08 mm (3.1 mil), compared to the values of
0.1 mm (3.9 mil) measured for the vast majority of cases.

According to the calculations, because the crack was
formed in the first stage (0.03 mm [1.2 mil]), the crack more
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than doubled (0.08 mm [3.1 mil]). Such behavior of the
cracks that occur first is consistent with the observations of
other objects at a natural scale.>>*

On the basis of the performed calculations, it can also be
concluded that apart from the high degree of reinforcement,
the most crucial role in crack width restriction is played by
the design and actual erecting of the structure in such a way
that temperature variations during concrete hardening were
the smallest possible; that is, the application of cement of
low hydration heat and building the structure in conditions
under which it will not suffer from violent temperature
changes. The complete algorithm of the model described in
Part I** together with the dependencies used in the present
paper is provided in the Appendix in Fig. A-3.

CONCLUSIONS

Based on the results of these research studies on the
cracking of semi-massive RC tank walls, the following
conclusions can be drawn:

1. The crack widths, measured and calculated over time,
increase together with the increase in the imposed load.

2. In the present case, both the computational model and
the research results demonstrated a negligible effect of the
external load; that is, the pressure of the liquid on the increase
in crack widths and the stress of the reinforcing steel.

3. In the case of a high degree of reinforcement, the
spacing of the first-order cracks may be comparable to the
spacing of the second-order cracks. Then, the smaller but
primary increase in the width of the crack that is formed
as the first crack occurs with the smaller/more favorable
spacing of the second-order cracks. Contrary to popular
belief, non-uniform drying shrinkage plays a very advanta-
geous role in the presented example, as it contributes to the
reduction of the crack spacing, the increase in their number,
and consequently limits the further increase in their widths.

4. To determine the change in crack widths, it is necessary
to consider individual types of loads, starting from those
occurring at the construction stage of the tank to those from
the period of its use.

5. The proposed crack control model distinguishes the
type of crack defined herein—that is, the first-order and the
second-order cracks and considers the stages of crack forma-
tion and the increase in their widths during the subsequent
stages of loading.

6. In the case of long semi-massive internal walls, the
influence of the imposed load on cracking, compared to the
influence of the external load, is essential.

7. Up until now, only DIN EN 1992-1-1/NA32 provides
guidelines on taking account of combined impact of imposed
deformations and external loads on crack width checking.
The present paper, however, is the first to propose stepwise
development of crack width covering the specific impacts
both in the period of concrete hardening and the operational
life of the structure.

8. According to EN 1991-3,' the expression (£g, — €cm)
= Ry * €fee Tesults in the increase in the crack width being
largely dependent on the imposed load, without taking into
account residual stresses in the wall or its relaxation as a
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result of the formation of the crack and the adjacent cracks
along the segment length.

9. The results of the studies and the computational model
confirmed that cracks that are formed first may more than
double in a later period.
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NOTATION

C, = coefficient to include the effect of the creep of the concrete,
equal to 0.6

C, = 0.8 (value estimated from crack width measurements at the
level immediately above restraining base)

¢ = cover to longitudinal reinforcement

= normal stiffness modulus

Een = secant modulus of elasticity of concrete

E; = modulus of elasticity of reinforcing steel (200 GPa [2.9 Mpsi])

o = mean bond strength

S = tensile strength of concrete

Seter = mean value of tensile strength of concrete effective at time
when cracks may be expected to occur: fo; o= fem(t, T)

Sfem = mean value of axial tensile strength of concrete

H = height of wall

hy = height of critical section where cracking occurs first

k = coefficient that takes into account effect of non-uniform
self-equilibrating stresses, which lead to reduction of restraint
forces

ki = coefficient that takes into account bond properties of bonded
reinforcement

ke = coefficient that takes into account distribution of strain

= coefficient that takes into account stress distribution within
section immediately prior to second-order cracking
= coefficient dependent on duration of load

ky = 0.65; coefficient that takes into account concrete creep

L = length of segment wall

Ny = characteristic value of tensile force from external loads

R = degree of external restraint

R, (op) = degree of restraint in discreet crack as function of stiffness

R, = restraint factor for cracked element

R, = restraint factor for noncracked element

h = time in which cracks are formed in s,,; spacing

op = ratio of stiffness in discreet crack D, to modulus of elasticity
of wall, E,,,

O = ratio EJ/E.,

or = thermal expansion coefficient of concrete

AR, = degree of relaxation

= mean degree of relaxation
(0.5L/L) = mean degree of relaxation for crack spacing 0.5L

(s,m/L) = mean degree of relaxation for crack spacing s,,;

AT = concrete temperature change

AT, = temperature change resulting in formation of first crack in
time equal to #,,

AEeir = change in mean strain in concrete between cracks from
external loads

AEgnnr = change in mean strain in steel between cracks from external
loads

Eem = mean strain in concrete between cracks

€5 = shrinkage strain

Eem = tensile strain capacity of concrete

Efree = imposed strain

Eom = mean strain in reinforcement

€ = thermal strain
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() = bar diameter

m = coefficient related to quality of bond condition

p = degree of reinforcement

ppey = effective degree of reinforcement = A/A. o5 (Ao — as defined in
EN 1992-1-1%)

oy = stress in the tension reinforcement after cracking

o,; = additional stress in steel from external load
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THE ACI CONCRETE CONVENTION
AND EXPOSITION
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ipate in the development of industry codes and standards,
learn about the latest in concrete technology, network
with leading concrete professionals, and fulfill potential
continuing education requirements.

ACI technical and educational sessions, which are held
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earn Professional Development Hours and Continuing
Education Units. ACI committees, whose meetings take
place during the ACI Convention, develop the standards,
reports, and other documents needed to keep those in the
industry up to date with the latest technology. Committee
meetings are open to all registered convention attendees.

The ACI Convention takes place twice a year—once in
the fall and once in the spring. ACI reserves rooms at local
hotels and offers a discounted rate to members. Networking
and other nontechnical events are coordinated through ACI
and take place at each convention.
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presentations, webinars, and ACI education documents are
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Fig. 1—(a) Exemplary changes in average wall temperature
during concrete hardening; and (b) development of hori-
zontal stresses in critical sections resulting from tempera-
ture changes.

on the crack width calculation was introduced with certain
restrictions in DIN EN 1992-1-1/NA.> This approach is
fully based on equations defined in EN 1992-1-1.°

RESEARCH SIGNIFICANCE

This research paper is important for the crack control
and water-tightness of semi-massive reinforced concrete
tank walls, in which cracking may occur at the construction
stage and develop later as a result of imposed deformation
or external loads. The stepwise development of the crack
width is not defined in EN 1992-3* or in the world literature
and is a new concept of the proposed model. The results of
this study can serve as a basis for future code changes for
crack control derived from hydration temperatures, elevated
temperatures, shrinkage, and external load effects on crack
propagation.

MODEL ASSUMPTIONS

Crack control must be performed, especially in critical
sections subjected to the greatest tensile stresses during the
cooling period. The sections are located at the height /; from
the connection to the foundation (Sections 126 and 22°) corre-
sponding to the height at which the wall temperature profile
changes from linear to uniform.

Figure 1(a) illustrates an average temperature change
in the wall section and the corresponding change in the
concrete stress. A simplification is often used consisting
of completely leaving out the compressive stress occur-
ring during the temperature increase due to the low level of
this stress. However, the level of tensile stress is also rela-
tively low. Therefore, in the author’s opinion, it is equally
reasonable to adopt the coefficient &, representing the ratio
of compressive stress in the period of temperature increase
to tensile stress in the period of its decrease determined
for the first days of concrete hardening. Zych?’ presented
that, for real conditions of implementing construction, the
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Fig. 2—Reduced degree of restraint depending on crack
spacing.

proportions of compressive and tensile stresses just before
the first cracks occur are strongly dependent on solar radi-
ation, and it makes the levels of both stresses on the outer
and inner surfaces of the cylindrical wall segment vary by
nearly 100%. Due to the high variability in the coefficient £,
depending on, for example, the cement type, external condi-
tions, water curing method, degree of external restraint, and
cracking time, according to the author, it is recommended to
adopt a safe value of k; = 0.2 corresponding to a 20% reduc-
tion in the tensile stress due to earlier compressive stress.

Figure 1(b) illustrates the development of stress in the crit-
ical cross section “A”, where the first cracks occur in a given
segment. At the moment of their occurrence, the restrained
part of the strain in the local relaxation zone decreases.
Hence, the stress in the “B” cross section located at the
same level 4, and in the relaxation zone of the first crack is
suddenly reduced. A crack at this cross section may occur
with a further significant temperature drop, during which
the mechanical properties of concrete also increase. Consid-
ering only the imposed deformation, it can be assumed that
the formation of subsequent cracks will cause a decrease in
the degree of restraint and a less effective increase in the
widths of the existing cracks. This fact is taken into account
by introducing a reduction in the restrained part of the incre-
ment of imposed strain by the quantity according to the
following formula (refer to Fig. 1(b))

pe—ag Jer®) "
E,(,)

The range of the relaxation zones** comprises the area
where the occurrence of the next cracks is most likely.
Figure 2 demonstrates two basic cases of a possible location
for the first cracks with respect to each other. In the first one
(Fig. 2(a)), the crack spacing is greater than or equal to the
length of the concrete relaxation zone. In this case, the width
of the cracks is affected by the entire relaxation zone. In the
second case (Fig. 2(b)), where the crack spacing is smaller,
the concrete relaxation zones overlap, which means that
smaller crack widths can be expected. The model considers
the entire concrete relaxation zone to determine the width
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Fig. 3—Computational model assumptions concerning
initial level of occurrence of first-order cracks.

of the crack that occurs first. In the case of crack No. 2, the

relaxation zone shaping the crack width is smaller.

Zych?® presented the influence of changing the tempera-
ture profile on the degree of restraint at different values of
h/H. The material tests?® were carried out on the concrete
used for the implementation of semi-massive reinforced
concrete tank walls. A modulus of elasticity was obtained
after 1 day from the time after which segment cooling could
commence equal to approximately 1/3 of the 28-day value.
Hence, when determining the degree of restraint, a constant
ratio was assumed by author of 1/3 the concrete elasticity
modulus in the wall segment to its elasticity modulus in the
previously executed segments. Generally, this ratio depends
on the technological break between concreting of the wall
and the foundation.

In this model, the degree of reinforcement in the construc-
tion joints between wall segments is taken into consideration
of the degree of external restraint (Section 3%%).

From the existing models and observations performed on
objects at the natural scale,”° it can be concluded that the
crack spacing should fall within the range of cases defined in
EN 1992-3* and by Ivéanyi® as well as Rostasy and Henning.’
In general, the crack spacing for each of these models is
not, however, a set of stabilized cracks and, in most cases,
is rarely final. It is the spacing of cracks at a given stage of
a load or its type. According to the author, the spacing of
cracks defined in EN 1992-1-1° (Eq. 7.11°) can occur only
in walls with a very high degree of horizontal reinforce-
ment because it will not depend on the restraint scheme but
rather almost exclusively on the degree of reinforcement
restraining the concrete strain. In such a spacing, second-
order cracks (Fig. 3) may occur between first-order cracks
and only in some cases affect the water-tightness of the tank
walls.

In view of the aforementioned statements, the next model
assumption is the adoption of three basic stages for deter-
mining the crack widths (refer to Fig. 4):

e Stage I concerns the occurrence of the first cracks wy,
from imposed strains .. in the initial period when the
primary relaxation zones do not overlap.

e Stage II concerns the stabilized spacing of first-order
cracks and the initial period of the imposed strains &,
during which the cracks from Stage I become wider
(W2 = Wi + Awpo).
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Fig. 4—(a) Changes in crack width; and (b) changes in their
spacing as a function of imposed loads.

e Stage III concerns large imposed strains or mostly
service loads (&g..3), causing second-order cracks and
at the same time an increase in the widths of the cracks
from the previous stages (wyz = Wiy + Awys).

In-place research studies

Based on the results of a previous study,’' it can be
concluded that cracks were formed at #; = 1.1 m on the
outer surface of this segment with a much higher degree
of reinforcement; however, they were definitely narrower
and shorter, and their increment over time was much more
limited. Therefore, Fig. 4 presents the general assumptions
in the proposed model regarding the changes in the crack
width and spacing as a function of a progressively imposed
load. It also demonstrates that an increment of the imposed
strain €4, will result in a continuous increase in the crack
width (Fig. 4(a)) and a continuous decrease in the crack
spacing (Fig. 4(b)) until they stabilize, which in practice is
extremely rare for reinforced concrete tank walls. Assuming
that f.,, is constant, with an increase in &, a steady increase
in the number of cracks will occur. In contrast, considering
fem(?), a larger increase in first-order crack widths wy; will
be observed with a smaller number of newly formed cracks.
Having reached f;,, (¢t = 28 days) in the first stage with an
increase in €., there will be a further increase in the crack
width wy, with a constant spacing s,,;, and in the subse-
quent stage, a further reduction in the crack spacing will be
observed until it has stabilized. Therefore, in the case of the
cracks formed in the early stages of concrete hardening, their
widths wy, increase by Awy, as a result of the loads occur-
ring at higher concrete mechanical properties. In the studies
of Ouzaa and Benmansour,*” it was confirmed that the first
cracks were the widest and developed in later stages when
other, narrower cracks were formed.

The presented in-place research studies and observations
of tank cracking form the grounds for drawing conclusions
about the distribution of cracks and their type. Seruga and
Zych®® presented a typical type of cylindrical tank wall
segment inner surface cracking. In this case, four first-order
cracks of basic length and width are clearly visible, and the
remaining second-order cracks are definitely narrower and
shorter. Out of the four examined structures of this type, a
similar crack layout could be observed on almost all internal
surfaces of these cylindrical segments.*

Observations also confirm the necessity of including an
appropriate height #,—that is, the height of the initial level
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Fig. 5—Changes in strains in cracked sections, denoted as: (a) SI°’; (b) S5, and (c) S6.

of crack occurrence—in the analytical models. In this case,*

it was the level of 1.1 m at which the first cracks occurred
and developed significantly upward and downward later on.
At the same level, second-order cracks occurred at a later
stage as well.

To carry out quantitative and qualitative observations of
the increase in the crack widths, Fig. 5 illustrates exem-
plary detailed results of the measurement of strains that are
presented in a more general form by Seruga and Zych.*
The measurement of strain resulting from imposed defor-
mation was made at the level of 1.1 m in sections through
the cracks marked as S1, S5, and S6.%° This strain forms the
basis for determining changes in the crack width (S1 to S6)
as a function of time (Fig. 6). Thus, the largest increase in
the crack width is accompanied by the largest change in the
imposed load in the absence or a limited number of second-
order cracks. Later, with a smaller imposed load and a larger
number of second-order cracks, the increment of the first-
order crack width is much smaller. The example of cracks*
due to the eccentric shell tension and related redistribution of
strain after cracking (Section 32%) together with a low degree
of inner surface reinforcement and a higher degree of outer
surface reinforcement is a more complex issue than the case
of straight, symmetrically reinforced walls. Nevertheless,
it can be concluded that the increment of first-order crack
widths from imposed loads is not limited to the early-age
thermal loads and that the formation of further cracks does
not limit the increase in the widths of earlier cracks. More
importantly, it can be concluded that the increase in crack
widths from imposed loads may also occur with the mechan-
ical properties of concrete that are higher than the 28-day
ones resulting from the extended curing time of concrete
made with the additive of blast-furnace slag (refer to Fig. 6).

Moreover, subject to the strain measurement based on S3
to S6,3° the increments of the crack widths were determined
(Fig. 7). The measurements prove that significant increases
in the crack width and height occur for the entire crack
height over the entire period of the imposed load—that is,
up to the 60th day after concreting the wall.
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Fig. 6—Changes in crack width over time, denoted as S1°°

through S6%°, determined from measured strains as illus-
trated in Fig. 5. (Note: 1 mm = 0.0394 in.)
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Fig. 7—Increase in crack width over time as determined
from measured strains on grids denoted as S3%° to S6*.
(Note: 1 m = 3.28 ft; 1 mm = 0.0394 in.)
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ANALYTICAL INVESTIGATION

The change in the degree of restraint along the segment
length depends mainly on the stiffness of external
restraints. This depends not only on the stiffness of neigh-
boring segments but also, to a large extent, on the degree
of reinforcement in construction joints. Immediately after
cracking, the degree of restraint R,, is reduced depending
on the degree of wall reinforcement at the point of cracking.
According to the author, the redistribution of strain observed
from changing the restraint degree after cracking forms the
basis for determining a part of the strain known as the free
strain, which accumulates in cracks and forms the basis for
calculating their width. Figure 8 illustrates an example of
the change in the restraint degree resulting from a crack. A
decrease in the restraint degree, hereinafter referred to as
the degree of relaxation AR, is largest in the immediate
vicinity of the crack, and it goes to zero as it moves away
from its section. With a further increment in the imposed
load, another crack may form outside the local relaxation
zone or within it, where the ratio of the degree of restraint
R, to the tensile strength of concrete is the greatest. The
presented case is characteristic of reinforced concrete tank
wall segments. In the tie model, which is restrained at its
ends only, the same value of relaxation will be present along
the entire length of the member.34

The degree of relaxation AR, falls within the range from
0 to R, (Fig. 8 and 9) and can be defined as the value corre-
sponding to the reduction in the degree of restraint (Eq. (2)).
A value of 0 means no relaxation and no cracks. The value
of AR,. = R, means total relaxation that can occur only
in the immediate vicinity of the crack in a non-reinforced
member. Figure 9 illustrates the changes in the relaxation
degree along the length of the segment calculated in the
finite element method (FEM) model using different degrees
of reinforcement for cases analogous to those in Section 224
according to Eq. (2). In reinforced concrete walls, the range
of these changes depends on the relative height /,/H of the
initial level of crack occurrence and on the stiffness of the
cracked section D,;.>* Restraint factors R,/ and R, used
in the proposed model are based on the approach presented
by Zych.2#26

AR (X/L) = Ry """ (x/L) — Ry (x/L) )

The relative value of the unit width of the crack w;/L that
is formed first can be written as follows

mt Cy=s,/2L
WARaX G‘D ’ ﬁ = ‘ = .[
H 0.5L  ¢="s1

where { = x/L; s, = 0.5L; ap = D\/E,,; and Wy is the unit
crack width.

Substituting Eq. (4)* into Eq. (1),2° the distribution of
spring stiffness takes the form

kb (Gs) Es
¢ ’pp,e./f
k.(c,)=

tanh(Aa)

AR, (x/L)dC 3)

(4)
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Fig. 8—Degree of relaxation AR after cracking.
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Fig. 9—Effective degree of relaxation AR, of segment
restrained at three edges at height h; after cracking in joint
construction and in segment axis for (assumptions as in 2,*
load of decreased temperature as in Fig. 3 in vertical and
horizontal directions): (a) h; = 0.2H; (b) h; = 0.1H (struc-
tural joint X/L = 0, crack in segment axis x/L = 0.5). (Note:
1/m = 0.305/ft.)

in which A is expressed as

©)

Stiffness in a discrete crack D,; as a function of: concrete
class, its maturity, strain time, as well as the degree of rein-
forcement, and reinforcement bar diameter can be defined
on the basis of the assumptions included in EN 1992-1-1.°
Thus, distributed bond-slip stiffness along a given reinforce-
ment bar as a function of stresses in reinforcement bar can
be defined, as the maximum bond stress value (Eq. (9))*
divided by crack width (Eq. (6))%

J1(0,)

kh(cs)= w (G.)

(6)

In Eq. (3), it was predetermined that the relative value of
the unit crack width is considered—that is, the value inde-
pendent of the strain describing the width of the crack that
occurs first in the middle of the wall segment length; hence,
s, = 0.5L. Moreover, the basis for determining the crack
width is the degree of relaxation occurring within the limits
of ;, and {, dependent on s,, beyond which the degree of
relaxation is attributed to neighboring cracks. Therefore, the
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Table 1—Values of mean wall relaxation AR,, (0.5L/L)/ AR,, (Smm/L) for unit value of &, as well as for crack
spacing 0.5L and s,,,; (according to Eq. (9))

Relative height of initial level of cracking /,/H

ap-lm 0.05 0.1 0.2 0.4
0 0.1036/0.3105 0.1744/0.3710 0.2793/0.4852 0.3855/0.5685
0.25 0.0587/0.2835 0.0836/0.3167 0.1115/0.3155 0.1295/0.3068
0.5 0.0441/0.2610 0.0584/0.2793 0.0725/0.2500 0.0795/0.2029
1.0 0.0305/0.2260 0.0373/0.2203 0.0431/0.1750 0.0451/0.1222
1.5 0.0236/0.1976 0.0277/0.1767 0.0308/0.1290 0.0315/0.0898
2.0 0.0193/0.1735 0.0220/0.1472 0.0239/0.1031 0.0242/0.0703
2.5 0.0164/0.1542 0.0183/0.1261 0.0196/0.0860 0.0196/0.0578

0 0.00 0.00 0.00 0.00

Notes: £, is height corresponding to change in temperature profile from linear to constant; | m = 3.28 ft.

width of the first-order cracks just before their spacing stabi-
lizes is

War (O3 IH) =W,y (0ysh/H)-Loe,,,  (7)

Alternatively, it can be written as

wo— (03 /H)=0.5L-AR, (x/L) €, (8)
where
{,=s,/2L
AR, (s, /L) = I AR, (©)dC ©)
L SR EEY)

in which, for the first crack formed, s, = 0.5L; and s, = $,,,,1
with the stabilized spacing of first-order cracks.

Then, the value representing the difference between the
average strain of steel and concrete for the case of one crack
in the middle of the wall segment length and the cracks in
the segment construction joint can be determined from the
following dependence

_05L
:@ARW(DII/E'm;C)'dC

c
L

J.C

1
(Es'm - 8cm) = Effeel : !
‘ : 0.25L/L "u

(10)

where R, (Di/E.,; €) is the distribution of the effective
degree of relaxation along the segment length ( = x/L)
for the case corresponding to the fixed stiffness in the
structural joint.

Then, the mean value of the effective degree of restraint

change AR _ at the section of the relaxation zone from
0.25L/L to 0.75L/L while assuming that L/H = 8 and s, =
0.5L can be defined as

——(0.25L 0.75L 0.
ARax (T’T):é‘JCC[ZOOZSSARaX(Dll/Ecm9C)dc (11)
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Width of first crack
The width of the first crack can be written according to the
following well-known relationship (EN 1992-1-1°)

Wi =8, (gsm - gcm) (12)

Assuming that its width depends on the entire relaxation
zone from 0.25L/L to 0.75L/L—that is, s, = 0.5L, it can be
written

Wy, = 4H -AR, (0.25L/L;0.75LIL) € ., -k, (13)

If the quantity AR _(0.25L/L; 0.75L/L) is used for the
walls with the ratio of L/H = 8 (Table 1), an adjustment is
required for the walls with the ratio of L/H < 8. Therefore,
the value of the above expression should be reduced by

L/H| -H L/H| -H
AR, (#;ﬁj.{4[{_¢}.gmﬂ ~k¢ (14)
) L L 2

in which k¢ = 0.65 was adopted after CIRIA,*® which takes
into account the favorable effect of concrete creep reducing
the values of the stresses, strains and consequently the crack
width €4..1 = o7 - ATi(f)), and AT\(z,) is the temperature
change that generates a tensile stress until the next crack in
the local stress zone is formed. It can be determined using a
simplified expression

R,“(0.5L)fe,, (1)

AT (1) = AT, (¢
1(1) Cr(cr) chcr(s /2)/8clu(t1)

(15)

rml

Increase in width during stabilized spacing of
first-order cracks

After the occurrence of additional imposed loads, new
cracks form that will shorten the local relaxation zone
initially assigned to the first crack. This case will occur
when AT > AT, and hence, for s,,; < 0.5L, it is obtained
as follows

ACI Structural Journal/May 2019



Wiy =W, HAw,, =w, +5,,
: ATwc S ,SI_WI ' Sfreez - ARax ' f;t‘eff ’ k‘D (16)
2L " 2L E,(t.,)

where AR, is relaxation that occurs at the cross section of
the first crack after the second crack is formed.

The use of a two-stage crack width determination—that
is, wyy and its increment Awy,—is necessary for two reasons.
The first one results from the occurrence of an imposed load
that is so low that only one crack can form in this specific
area that will accumulate the entire free strain. In the second
case, the imposed load builds up gradually and, in the relax-
ation zone of the first crack, the occurrence of the next crack
is significantly shifted in time. Then, due to the lower-bond
strength from concrete to steel, the first crack accumulates
the greatest free strain and relaxes the wall the most. The
subsequent cracks shall not contribute to the reduction in the
width of the original crack but rather to a smaller increase
in its width, which is taken into consideration by the shorter
relaxation zone and the value of Ag, as in Eq. (1).

Table 1 demonstrates the values of AR (0.5L/L) for indi-
vidual crack stiffnesses Dy, = op/E,,,. Comparing them with
the standard values of the R, coefficient (Fig. L.1* and Table
L.1,* which take into account the favorable creep effect),
it can be concluded that the proposed values representing
the difference in strain between steel and concrete for the

unit values of &g, and using the coefficient AR, are much
smaller (compare with Eq. (M.3)*). The difference in strain
is significantly reduced with the increased degree of rein-
forcement at the crack point, and even in the case of ap = 0,
the obtained values are not close to the standard values of the
R, coefficient = 0.5. Moreover, this value represents effec-
tive restraint R,,,, which takes into account sustained loading
and creep. This comparison of two completely different
coefficients is valid only for the manner of determining the
value of (g, — &.,) defined in EN 1992-3 4

As the value of //H increases, higher values of AR are
observed, indicating greater relaxation and wider cracks.
The influence of the A;/H value on AR, disappears with an
increasing degree of reinforcement. Thus, the expression
(€m — €am) = Rax * Ejee contained in EN 1992-3.,* in which
L/H=8 and R, = 0.5, should be considered conservative.

Spacing of first-order cracks

The size and range of the relaxation zone determines not
only the widths but also the spacing of the cracks. According
to the assumptions contained in the models®’ that the
spacing of the dilatation cracks is (1/2)H for the case of a
non-reinforced wall and /#; = 0.4H, this paper adopted the
spacing of first-order cracks equal to 2H as the limit value.
The maximum considered value of /,/H results from the fact
that the higher the initial level of the crack occurrence is,
the greater and more extensive the wall relaxation directly
affecting the large crack spacing. The mean value of wall

relaxation AR (0.5 L/L) for this case is 0.3855 (Table 1).
Assuming that, after a thermal crack, the sum of the free part
of imposed strain over the entire length of the segment is
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Table 2—Relative spacing of first-order cracks
smilH (resulting from external restraints and crack
stiffness) as function of mean wall relaxation AR,
according to Eq. (17)

Relative height of initial level of cracking s/H

ap-1m 0.05 0.1 0.2 0.4
0 0.537 0.905 1.449 2.000
0.25 0.305 0.433 0.579 0.672
0.5 0.229 0.303 0.376 0.413
1.0 0.158 0.194 0.224 0.234
1.5 0.122 0.143 0.160 0.163
2.0 0.100 0.114 0.124 0.125
2.5 0.085 0.095 0.102 0.102

0 _ _ _ _

Notes: #; is height corresponding to change in temperature profile from linear to
constant; | m=3.28 ft.

equal for each individual case, the spacing between the cracks
was determined according to the following relationship

[0 AR (01,343 6) - dG
oS AR, (o, = 0; 1y = 0.4H;8)- dG

=0.25

s (17)

rml

=2H
J.‘;l

To determine the increase in crack widths Awy, according
to (16), Table 1 also compares the values of the mean degree

ofrelaxation AR (s,,/L) determined with the assumption of
the relative crack spacing defined by Eq. (17). The obtained

values AR (s,./L) as a function of h/H and oy, are several

times greater than AR (0.5L/L). However, a much shorter
range of the relaxation zone means that the values of Awy, at
the same AT will be much smaller relative to wy,.

The relative spacing of the cracks s,,,,/H is summarized in
Table 2. The smallest values refer to very high walls—that
is, those where the relative height of the crack initial level
is small (A = 0.05H). The effective degree of relaxation
after cracking at this level is the smallest due to the rela-
tive closeness to the horizontal restrained edge. Considering
non-reinforced walls (o = 0), for example, for the values of
hy = 0.05H and 0.4H, the crack spacing is 0.537H and 2H,
respectively. As the degree of reinforcement increases (that
is, with an increased stiffness in the crack), the relative value
of the crack spacing decreases and the influence of the 4/H
height on the crack spacing becomes smaller. For ap, = 2.5
as well as 0.05H and 0.4H, the s,,,; values of 0.085H and
0.102H were obtained, respectively. This model assumes
that the present state is the distribution of the basic first-
order cracks (s,,;), and further imposed loads will result in
increasing crack widths and the formation of new, narrower
second-order cracks. Water-tightness should be ensured at
the level of the first-order cracks. It should be added that
the crack spacing calculated in this way (Table 2) cannot be
smaller than the one defined by Eq. (7.11°).

When determining the value of wy,, very high walls 4/H =
0.05 are definitely the most favorable, as an increase in the
h\/H ratio contributes to greater relaxation at this level.
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For determining Awy,, a smaller crack spacing for smaller
values of /;/H contributes to a more averaged relaxation of
concrete between the cracks. Similar to the mean value of

the wall relaxation AR _ (0.5 L/L), greater reinforcement
results in smaller values of the average wall relaxation AR

(s:m/L), and this effect is even more visible when the value
of h1/H increases.

Criterion for formation of second-order cracks

Based on the adopted surface of steel and the formula
describing the minimum reinforcement surface (7.1),” a
stress limit (/™) in this reinforcement was determined that,
when exceeded, would lead to the formation of second-order
cracks

Gs]lim = kc k .fct,ej](t) : Act/As (18)

In the next step, by substituting o,/ into Eq. (2),% a crack
width limit (wy,"™) was obtained—that is, a value character-
istic of the state just before the occurrence of second-order
cracks. Then, from Eq. (16), it is possible to determine the
strain g/,eezli”l limits that AT, results from

lim _ AR f
w W ax ct,ej
k2 k1 + - tefff (19)
—( s N t
S,,ml . ARHX ( rml , “rml j . k‘D cm ( cr2)

lim
€ firee2 -

2L 2L

in which the validity of using the k¢ coefficient results only
from the large time interval between crack initiation (Z..) and
the initiation of first-order cracks with a stabilized spacing (¢;).

Increase in crack width from further temperature
changes

When AT, is exceeded, the spacing of the cracks will
decrease to 5,”*. The excess imposed load, due to tempera-
ture change and shrinkage, will contribute to the forma-
tion of new cracks in the tie model (Eq. (M.1)*) and to the
widening of existing cracks. Due to the reduction in the
crack spacing, the difference between the average strain of
steel and concrete increases at the distance s, (where s,
is described after EN 1992-1-17) according to the following
expression

A(Ssm - Scm )[1, = 05 ’ (xe (t2 > tl ) : kc : k : f;t,eff (t2 > tl)
“(+1/a,(t, >t)-p)/E, —0.5-0,(8,) k,
ke [ () (L+ 1o, (1) -p)/E;
(20)
After additional thermal strains, the width increase of first-

order cracks calculated in accordance with the tie model (EN
1992-1-1°) can be defined as follows

Awly =57 A(e,, —€.), Q1)

in which s, is the maximum spacing between the second-
order cracks, including the self-equilibrating stresses in the
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k, coefficient resulting from a non-uniform temperature
field, internal restraints, and poor bond conditions; that is,
m= 0.7.

Shrinkage strain

The increment of the difference in the strains between
steel and concrete resulting from shrinkage in the hardened
concrete can be calculated from the following expression

Ae,, —¢,, )115” =050k, 'k’fm,qug “(I+1/ a5 - P)/E,
—0.5-0,(,) k. k- [, (1) A+, (1,)-p)/E,

(22)

sm

At this time, the crack spacing is further reduced by
surface tensile stresses from shrinkage. This fact is taken
into consideration in the expression for s, by the coeffi-
cient k, = (¢, + €)/2¢,, in which g, is a restrained strain on the
wall surface, and ¢, is a restrained strain in the wall axis or, if
justified, in the concrete layer located between the axis and
the wall surface. Flaga®* specified the approximate thickness
of zone b; subjected to tensile stress as a result of internal
restraints. The value of b; is adopted in the calculations not
only to determine the area requiring reinforcement but also
to determine the resultant of these stresses,>* and this value
can be considered in the &, coefficient. A smaller value of b,
relative to the wall thickness should result in a smaller crack
spacing. Therefore, in the case of reinforced members, it is
suggested that k, = [(g; + €)/2g;] - (b1/0.5h). In the case of
non-reinforced members or for those in which the reinforce-
ment spacing exceeds 5 - (¢ + ¢/2), it can be predetermined
after Eq. (7.14)° that 5, = 1.3(h — x), that is, 1.3b,.

The increase in first-order crack width resulting from
shrinkage according to the tie model (EN 1992-1-1°) can be
defined as follows

”

AWkSS = S;nax ! A(esm - ecm)IIS” (23)

External loads

As in the tie model, the increment of the difference in
the average strains from external loads (for example, liquid
pressure in the tank during water-tightness test or operation)
between steel and concrete takes the following form

A(8sm - 8cm )IIZ” = A'gsmH - Ag (24)

cmll

where

ki oy (28 days) kS, <r3>J 5)
E -p E -p

(&)
AS — sl
smill ES

p.eff paeff

kS (28 days) k- S (8)
el E,, (28 days) E, (1)

Thus, increase in the first-order crack width is defined as
follows

Ae

(26)
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Awksz” =s5""-Ag,, — SL‘m)HZ” (27)

The final width of the first crack is calculated from the
following expression

_ ’ ” ”
Wiy = W + AW, + AW/, + Aw] o + Aw, (28)

If S;1 < Spmars then the calculations should be performed
according to the tie model, by leaving out Awy,.

SUMMARY AND CONCLUSIONS

Based on the results of this analytical investigation of
semi-massive RC tank wall cracking, the following conclu-
sions are drawn:

1. In the calculation of the crack width, it is necessary
to distinguish between first-order and second-order cracks,
consider the stages of crack formation and the increase in
their width with subsequent loading stages.

2. The crack widths formed from wall cooling during
concrete curing do not depend directly on the degree of
restraint. The basic factor determining the crack width is the
mean value of the degree of wall relaxation that depends on
the degree of restraint, crack initial level 4;/H, location of
external restraints and stiffness D;; determining the cracked
section stiffness—that is, the diameter of reinforcing bars ¢
and the degree of reinforcement p.

3. Similarly, the first-order crack spacing depends not only
on the degree of reinforcement but also on the distribution of
the wall relaxation degree.

4. First-order cracks, which occur the earliest, play an
essential role in meeting the permissible crack width. Conse-
quently, the proposed model includes the stages of crack
formation and the increase in their widths with subsequent
stages of loading.

5. A high degree of restraint may not always form the basis
for a large relaxation—that is, a crack with a large width.

6. An increase in the first-order crack width during the
formation of second-order cracks depends on the increments
of loads (stresses in steel), changing values of concrete
mechanical properties, and the resulting increase in crack
widths depending on the increment of the difference in
average strain between steel and concrete.
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NOTATION

= half of crack spacing length
c = cover to longitudinal reinforcement

= normal stiffness modulus
Een = secant modulus of elasticity of concrete

= modulus of elasticity of reinforcing steel (200 GPa [2.9 Mpsi])
Jaer = mean value of tensile strength of concrete effective at time when

cracks may be expected to occur: fo; 5= fem(t, T)

Sfem = mean value of axial tensile strength of concrete
H = wall height
hy = height of critical section where first cracking occurs
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k = coefficient accounting for non-uniform self-equili-
brating stresses leading to reduction of restraint forces

ki = coefficient accounting for bond properties of bonded
reinforcement

k> = coefficient accounting for strain distribution

kpy = distributed bond-slip stiffness along reinforcement bar
defined as ratio between bond stress and slip

ke = coefficient accounting for stress distribution within
section immediately prior to second-order cracking

k; = coefficient depending on duration of load

ke = coefficient accounting for concrete creep (according to
CIRIA,* ky = 0.65)

L = length of segment wall

R, (op) = degree of restraint in discreet cracks as function of
their stiffness

R, = restraint factor for cracked element

R = restraint factor for noncracked element

R (Spmi) = effective degree of restraint at s,,,; distance from first
crack

t = time at which cracks are formed in s,,,; spacing

op = ratio of stiffness in discreet crack D;; to modulus of
wall elasticity E,,

O = ratio EJ/E,,

or = thermal expansion coefficient of concrete

AR, = degree of relaxation

AR, = mean degree of relaxation

AR, (0.5L/L) = mean degree of relaxation for crack spacing of 0.5L

AR, (sm/L) = mean degree of relaxation for s,,, crack spacing

AT = concrete temperature change

AT, = temperature change resulting in formation of first
crack at time 7.,

A&t = increment of average concrete strain occurring
between cracks caused by external loads

AEgir = increment of average steel strain occurring between
cracks caused by external loads

Eem = mean strain in concrete between cracks

Eem = tensile strain capacity of concrete

Efiee = imposed strain

Eom = mean strain in reinforcement

() = bar diameter

m = coefficient related to bond condition quality

p = degree of reinforcement

Ppeff = effective degree of reinforcement = A/A. 5 (Acof as
defined in EN 1992-1-1°)

oy = stress in tension reinforcement after cracking

Oyt = additional stress in reinforced steel caused by external
loads
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