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This report is concerned with cracking in reinforced concrete caused CONTENTS

primarily by direct tension rather than bending. Causes of direct tension
cracking are reviewed, and equations for predicting crack spacing and
crack width are presented. As cracking progresses with increasing load,
axial stiffness decreases. Methods for estimating post-cracking axial stiffness
are discussed. The report concludes with a review of methods for
controlling cracking caused by direct tension.
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CHAPTER [|-INTRODUCTION

Because concrete is relatively weak and brittle in
tension, cracking is expected when significant tensile
stress is induced in a member. Mild reinforcement and/or
prestressing steel can be used to provide the necessary
tensile strength of a tension member. However, a number
of factors must be considered in both design and con-
gtruction to insure proper control of cracking that may
occur.

A separate report by ACI Committee 224 (ACI 224R)
covers control of cracking in concrete members in gen-
eral, but contains only a brief reference to tension
cracking. This report deals specificaly with cracking in
members subjected to direct tension.

Chapter 2 reviews the primary causes of direct tension
cracking, applied loads, and restraint of volume change.
Chapter 3 discusses crack mechanisms in tension mem-
bers and presents methods for predicting crack spacing
and width. The effect of cracking on axia iffness is
discussed in Chapter 4. As cracks develop, a progressive
reduction in axia stiffness takes place. Methods for
estimating the reduced stiffness in the post-cracking
range are presented for both one-dimensional members
and more complex systems. Chapter 5 reviews measures
that should be taken in both design and construction to
control cracking in direct tension members.

CHAPTER 2-CAUSES OF CRACKING

2.1-Introduction
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Concrete members and structures that transmit loads
primarily by direct tension rather than bending include
bins and silos, tanks, shells, ties of arches, roof and
bridge trusses, and braced frames and towers. Members
such as floor and roof dabs, walls, and tunnel linings may
aso be subjected to direct tension as a result of the
restraint of volume change. In many instances, cracking
may be attributed to a combination of stresses due to
applied load and restraint of volume change. In the fol-
lowing sections, the effects of applied loads and restraint
of volume change are discussed in relation to the for-
mation of direct tension cracks.

2.2-Applied loads

Axia forces caused by applied loads can usudly be
obtained by standard analysis procedures, particularly if
the structure is statically determinate. If the structure is
dtatically indeterminate, the member forces are affected
by changes in stiffness due to cracking. Methods for est-
imating the effect of cracking on axia stiffness are
presented in Chapter 4.

Cracking occurs when the concrete tensile stress in a
member reaches the tensile strength. The load carried by
the concrete before cracking is transferred to the rein-
forcement crossing the crack. For a symmetrical member,
the force in the member at cracking is

P=(1-p+np)Af; @1
in which
Ag = gross area
= stedl area
f* = tensle strength of concrete
n  =the ratio of modulus of elasticity of the sted

to that of concrete
p  =reinforcing ratio = A /A4,

After cracking, if the applied force remains un-
changed, the steel stress at a crack is

=2 _(1
=g (e @
For n = 10, f;' = 500 psi (3.45 MPa). Table 2.1 gives
the steel stress after cracking for a range of steel ratios
p, assuming that the yield strength of the steel f, has not
been exceeded.

Table 2.1-Steel stress after cracking for various steel
ratios

1 1.t
R + i
5 co e ksi"(MPa)
0.005 209 105 (724)
0.010 109 55 (379)
0.030 42 21 (145)
0.050 29 15 (103)

*Assumes £, < f,.
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Table 3.1-Variability of concrete tensile strength: Typical results’

Mean Standard  deviation | Coefficient
strength, within  batches, of
ps psi variation,
Type of test (MPa) (MPa) percent
Splitting  test 405 (2.8) 20 (0.14) 5
Direct tensile test 275 (1.9) 19 (0.13) 7
Modulus of rupture 605 (4.2) 36 (0.25) 6
Compression cube test 5980 (42) 207 (1.45) 31/2

Table 3.2-Relation between compressive strength and tensile strengths of concrete®

Strength ratio

Compressive Direct tensile Direct tensile

strength Modulus of rupture* strength  to strength  to
of cylinders, to compressive compressive modulus of
ps (MPa) strength strength rupture*
1000 (6.9) 0.23 0.11 0.48
2000 (13.8) 0.19 0.10 0.53
3000 (20.7) 0.16 0.09 0.57
4000 (27.6) 0.15 0.09 0.59
5000 (34.5) 0.14 0.08 0.59
6000 (41.4) 0.13 0.08 0.60
7000 (48.2) 0.12 0.07 0.61
8000 (55.1) 0.12 0.07 0.62
9000 (62.0) 0.11 0.07 0.63

*Determined under third-point loading.

For low sted ratios, depending on the grade of sted,
yielding occurs immediately after cracking if the force in
the member remains the same. The force in the cracked
member at steel yield is A4f,.

2.3-Restraint

When volume change due to drying shrinkage, thermal
contraction, or another cause is restrained, tensile
stresses develop and often lead to cracking. The restraint
may be provided by stiff supports or reinforcing bars.
Restraint may also be provided by other parts of the
member when volume change takes place at different
rates within a member. For example, tensile stresses
occur when drying takes place more rapidly a the ex-
terior than in the interior of a member. A detailed
discussion of cracking related to drying shrinkage and
temperature effects is given in ACI 224R for concrete
structures in general.

Axial forces due to restraint may occur not only in
tension members but also in flexurad members such as
floor and roof dabs. Unanticipated cracking due to axial
restraint may lead to undesirable structural behavior such
as excessive deflection of floor slabs! and reduction in
buckling capacity of shell structures.2 Both are direct
results of the reduced flexural stiffness caused by
restraint cracking. In addition, the formation of cracks
due to restraint can lead to leaking and unsightly con-
ditions when water can penetrate the cracks, as in
parking structures.

Cracking due to restraint causes a reduction in axial
gtiffness, which in turn leads to a reduction (or relax-
aion) of the restraint force in the member. Therefore,
the high level stresses indicated in Table 2.1 for small
sted ratios may not develop if the cracking is due to

restraint. This point is demonstrated in Tam and Scan-
lon’s numerical analysis of time-dependent restraint force
due to drying shrinkage.3

CHAPTER 3-CRACK BEHAVIOR AND
PREDICTION EQUATIONS

3.1-Introduction

This chapter reviews the basic behavior of reinforced
concrete elements subjected to direct tension. Methods
for determining tensile strength of plain concrete are
discussed and the effect of reinforcement on devel-
opment of cracks and crack geometry is examined.

3.2-Tensile strength

Methods to determine tensile strength of plain con-
crete can be classified into one of the following cate-
gories: 1) direct tension, 2) flexura tension, and 3) in-
direct tension4. Because of difficulties associated with
applying a pure tensile force to a plain concrete spec-
imen, there are no standard tests for direct tension.
Following ASTM C 292 and C 78 the modulus of rup-
ture, a measure of tensile strength, can be obtained by
testing a plain concrete beam in flexure. An indirect
measure of direct tensile strength is obtained from the
splitting test (described in ASTM C 496). As indicated in
Reference 4, tensile strength measured from the flexure
test is usually 40 to 80 percent higher than that measured
from the splitting test.

Representative vaues of tensile strength obtained
from tests and measures of variability are shown in
Tables 3.1 and 3.2.

ACI 209R suggests the following expressions to esti-
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mate tensile strength as a function of compressive
strength

modulus of rupture: £, = g, [w, (f.'])]* (3.1)

direct tensile strength: f =g, [w,(f.)]* (3.2)

where
w. = unit weight of concrete (Ib/ftd)
f., = compressive strength of concrete (psi)
g = 0.60 to 1.00 (0.012 to 0.021 for w, in

kgm® and £’ in MPa)
g = 0.33(0.0069)

Both the flexure and splitting tests result in a sudden
failure of the test specimen, indicating the brittle nature
of plain concrete in tension. However, if the deformation
of the specimen is controlled in a test, a significant
descending branch of the tensile stress-strain diagram can
be developed beyond the strain corresponding to maxi-
mum tensile stress. Evans and Marathe’ illustrated this
behavior on specimens loaded in direct tension in a test-
ing machine modified to control deformation. Fig. 3.1
shows tensile stress-strain curves that include unloading
beyond the maximum tensile stress. More recent work by
Petersson® shows that the descending branch of the curve
is controlled primarily by localized deformatiou across
individual cracks, indicating that there are large dif-
ferences between the average strain (Fig. 3.1) and local
strains.

3.3-Development of cracks

When a reinforced concrete member is subjected to
tension, two types of cracks eventualy form (Fig. 3.2).
One type is the visible crack that shows at the surface of
the concrete, while the other type does not progress to
the concrete surface. Broms® cdled cracks of the first
type primary cracks and those of the second type se-
condary cracks.

Each of the two types of cracks has a different geo-
metry. The primary or external cracks are widest at the
surface of the concrete and narrowest at the surface of
reinforcing bars!2The difference in crack width be-
tween the concrete surface and the reinforcing bar is
smal at low tension levels (just after crack formation),
and increases as the tension level increases; therefore,
the crack width at the reinforcing bar increases more
dowly than the width a the concrete surface with an
increase in load. The deformations on the reinforcing
bars tend to control the crack width by limiting the dip
between the concrete and the steel.

The secondary, or internal, cracks increase in width
with distance away from the reinforcement before nar-
rowing and closing prior to reaching the concrete surface.
More detail on internal crack formation is presented in
Reference 13.

Because of the variahility in tensile strength aong the
length of a tension member, cracks do not al form at the
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same stress level. Clark and Spiers* estimated that the
first magjor crack forms at about 90 percent of the aver-
age concrete tensile strength and the last major crack at
about 110 percent of the average tensile strength. Soma-
yaji and Shah'®> used a hilinear stress-strain diagram for
concrete in tenson to model the formation of cracks
aong the member a increasing load levels. They as
sumed that the tensile strength beyond first cracking was
a function of the strain gradient in the concrete along the
length of the bar.

Induced tensile stresses caused by restrained concrete
shrinkage affect the amount of cracking that is visible at
a given tensile force. This has been made apparent by
tensile tests conducted to compare the performance of
Type | cement and Type K shrinkage-compensating)
cement in concrete specimens’® Specimens placed under
the same conditions of environment and loading had
markedly different cracking behavior.

When specimens made with Type | cement had fully
developed externa cracks, the specimens made with Type
K cement exhibited fewer and narrower external cracks.
The Type K specimens exhibited first cracking at a higher
load than the Type | specimens, and in some tests no
visible cracking was evident in Type K specimens.

The compressive stress induced in the concrete by the
restrained expansion of the Type K cement was appar-
ently responsible for increasing the loads both at first
cracking and at which cracking was fully developed. Thus,
efforts to compensate for concrete shrinkage also appear
to help reduce cracking.

3.4-Crack spacing

As a result of the formation of cracks in a tension
member, a new stress pattern develops between the
cracks. The formation of additional primary cracks con-
tinues as the stress increases until the crack spacing is
approximately twice the cover thickness as measured to
the center of the reinforcing bar.”

500 ‘

mix w/c age
(4)_1:1:2 0.45 65days
(5)_1:4 060 270"

(

‘00————'
\ 6)_1:3:6 0.90 70"
’\ #/1ss0
3 /3750
\ Y 5

/1875

tensile stress Ibs [sq.in.

mic\mruk 6 \ /900
1 \
100 I 160 R
of foilure. sirain-0.32 %
c/w = 1/450
|
‘o 400 800 1200 1600 8000 2400
longitudinal tensile strain x 10

Fig. 3.1-Tensile stress-strain diagrams for concrete7
(includes unloading portion)
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Secondary Crack

Crack Widths
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Fig. 3.2-Primary and secondary cracks in a reinforced
concrete tension member

There is, of course, a considerable variation in the
spacing of external cracks. The variability in the tensile
strength of the concrete, the bond integrity of the bar,
and the proximity of previous primary cracks, which tend
to decrease the local tensile stress in the concrete, are
the main cause of this variation in crack spacing. For the
normal range of concrete covers, 1.25to 3in. (30 to 75
mm), the average crack spacing will not reach the limit-
ing value of twice the cover until the reinforcement stress
reaches 20 to 30 ksi (138 to 200 MPg).11

The expected value of the maximum crack spacing is
about twice that of the average crack spacing.! That is,
the maximum crack spacing is equal to about four times
the concrete cover thickness. This range of crack spacing
is more than 20 percent greater than observed for flex-
ural members.

The number of visible cracks can be reduced at a
given tensile force by simply increasing the concrete
cover. With large cover, alarger percentage of the cracks
will remain as internal cracks at a given level of tensile
force. However, as will be discussed in Section 3.5, in-
creased cover does result in wider visible cracks.

3.5-Crack width
The maximum crack width may be estimated by mul-
tiplying the maximum crack spacing (4 times concrete
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cover) at high steel stress by the average strain in the
reinforcement. When tensile members with more than
one reinforcing bar are considered,” the actual concrete
cover is not the most appropriate variable. Instead, an
effective concrete cover ¢, is used. ¢, is defined as a
function of the reinforcement spacing, as well as the
concrete cover measured to the center of the reinfor-
cement.11 The greater the reinforcement spacing, the
greater will be the crack width. This is reflected as an
increased effective cover. Based on the work of Broms
and Lutz, 1! the effective concrete cover is

2
o[

in which d, = distance from center of bar to extreme
tension fiber, in., and s = bar spacing, in.

The variablet, is similar to the variable 3/, 4 used in
the Gergely-Lutz crack width expression for flexurd
members,l’ in which A = area of concrete symmetric
with reinforcing steel divided by number of bars (in.2).
using ¢, it is possible to express the maximum crack
width in aform similar to the Gergely-L utz expression.

Due to the larger variability in crack width in tension
members, the maximum crack width in direct tension is
expected to be larger than the maximum crack width in
flexure at the same steel stress.

The larger crack width in tensile members may be due
to the lack of crack restraint provided by the compression
zone in flexural members. The stress gradient in a flex-
ural member causes cracks to initiate at the most highly
stressed location and to develop more gradudly than in
a tensile member that is uniformly stressed.

The expression for the maximum tensile crack width
developed by Broms and Lutz” is

(33)

Whay = 4 €,t, = 0.138f, 1, x 10° (3.4)
Using the definition of ¢, given in Eq. (3.3), W,,, may be
expressed as

s )
W, . = 0138 fid. |1 + (—H]z x 103 (35
€

The parameter * \/dc_A for asingle layer of reinforcement
isd, ?\[2s/d_ gee Fig. 3.3), which is approximately equal
to 1354, /1 + (s/4d)* for S/d, between 1 and 2. Thus,
for tensile cracking

W =

max

0.10 f,3.Jd A x 103 (3.6)
Eq. (3.6) can be used to predict the probable maximum
crack width in fully cracked tensile members. As with
flexurd members, there is a large variability in the
maximum crack width. One should fully expect the maxi-
mum crack width to be 30 percent larger or smaller than
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Fig. 3.3—° ‘/dc A parameter in terms of bar spacing

the value obtained from Eqg. (3.6).
The maximum flexural crack width expression!

nae = 0.076 B 1,3 /&4 x 103

3.7
in which B = ratio of distance between neutral axis and
tension face to distance between neutral axis and cen-
troid of reinforcing steel = 1.20 in beams may be used
tocompare the crack widths obtained in flexure and ten-
sion.

Using a value of B = 1.20, the coefficient 0.0768 in
Eqg. (3.7) becomes 0.091 compared to a coefficient of 0.10
in Eqg. (3.6) for tensile cracks. This indicates that for the
same section and steel stress f, the maximum tensile
crack will be about 10 percent wider than the maximum
flexural crack.

The flexural crack width expression in Eqg. (3.7), with
B8 =12, isused in the following form in ACI 318

2 =1, TA

A maximum value of z = 175 kipg/in. (30.6 MN/m) is
permitted for interior exposure, corresponding to a
limiting crack width of 0.016 in. (0.41 mm). ACI 318
limits the value of zto 145 kipgin. (25.4 MN/m) for
exterior exposure, corresponding to a crack width of
0.013 in. (0.33 mm). To obtain similar crack widths for
tensile members, the zfactors of 145 and 175 for flexural
members should be multiplied by the ratio of coefficients
in Eqg. (3.7) and (3.6) (= 0.91). Using the same definition
of z for both tensile and flexura members, this produces
z-values of 132 and 160, respectively, for tensile members.

Rizkala and Hweng'® reported recently on tests in
direct tension and presented an aternative procedure for
computing crack widths and crack spacing based on ex-
pressions given by Bedoy® and Leonhardt. 20

39

CHAPTER 4-EFFECT OF CRACKING
ON AXIAL STIFFNESS

4.1-Axial stiffness of one-dimensional members
When a symmetrical uncracked reinforced concrete
member is loaded in tension. the tensile force is dis-
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tributed between the reinforcing steel and concrete in
proportion to their respective stiffnesses. Total load at
strain e is given by

P=P +P =(EA +nEA)e

=EA, (L-p+nple=(EA)e (a1
in which E, = modulus of eadticity of concrete. Loads
carried by the concrete and reinforcing steel are, re-

spectively

42)

and

_(_ne
Ps_(l+np)p

Cracking occurs when the strain e corresponds to the ten-
sle strength of concrete. If the ascending branch of the
tensile stress-strain curve is assumed to be linear e = E;

= f,;/'/E., inwhich f,," is the tensile stress causing the first
crack. The total load at cracking P, is carried across the
crack entirely by the reinforcement. If the applied force
remains unchanged, steel stress after the crack occurs £,
is given by

(43

(44)

The load carried across the crack by the reinforcement
is gradualy transferred by bond to the concrete on each
side of the crack. As the applied load increases, addi-
tional cracks form at discrete intervals along the member
as discussed in Chapter 3. The contribution of concrete
between cracks to the net stiffness of a member is known
as tension dtiffening. The gradual reduction in gtiffness

Axial Load
A

stee! alone
steel plus concrete

shaded area represents
contribution of concrete
to overall stiffness

uncracked

| |
I !
t l
I |
i | -
€ €

A;al Strain

Y m S

Fig. 4.1-Tensile load versus strain diagram
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due to progressive cracking is referred to as strain
softening.

The stiffening effect of the concrete between cracks
can beillustrated by considering the relationship between
the load and the average strain in both the uncracked
and cracked states. A tensile load versus strain curve is
shown in Fig. 41. In the range P=0to P =P, the
member is uncracked, and the response follows the line
OA. The load-strain relationship [Eq. (4.1)] is given by

P=EA (I -p+np)e=(EA), e (45

If the contribution to stiffness provided by the con-
crete is ignored, the response follows the line OB, and
the load-strain relationship is given by

P=EdAe =nkE pAe=(EA),e (4.6)

For loads greater than P, the actual responseisinter-
mediate between the uncracked and fully cracked limits,
and response follows the line AD. At Point C on AD,
where P is greater than P,,, a relationship can be de-
veloped between the load P and average strain in the
member e,

P = (EA),e, 4.7)

The term (EA), can be referred to as the effective
axial cross-sectiona stiffness of the member. This term
can be written in terms of the actual area of stee A, and
an effective modulus of elagticity E,,, of the steel bars

(48)

P_E,Ae

sTm

or

4.9)

Several methods can be used to determine ,,. For
example, the CEB Modd Code gives

€, = & 1-k_f£
o[t

2
(4.10)

inwhich f,, isgiven by Eq. (44), f,= P/A,, ¢, = fJ/E,
and k = 1.0 for first loading and 0.5 for repeated or sus-
tained loading.
Combining Eq. (4.9) and (4.10)
E

S

2
6]
A

The CEB expression is based on tests of direct tension
members conducted at the University of Stuttgart.20

E =

sm

(4.12)
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Other methods for determining e,, are reviewed by
Moosecker and Grasser.?

An alternative approach is to write the effective stiff-
ness (EA), in terms of the modulus of elagticity of the
concrete and an effective (reduced) area of concrete, i.e.

P=FEA,ce, (4.12)
This approach is analogous to the effective moment of
inertia concept for the evaluation of deflections de-
veloped by Branson?? and incorporated in ACI 318.

Using the same form of the equation as used for the
effective moment of inertia, the effective cross-sectional
area for a member can be written as

X

where A, = gross cross-sectional area and A, =nA,.

The term Ay could be replaced by the transformed
area A, to include the contribution of reinforcing sted to
the uncracked system [A; = A, +nA;=A, + (n- 1)
Al

The load-strain relationships obtained using the CEB
expression and the effective cross-sectional area [Eg.
(4.13)] compare quite favorably, as shown in Fig. 4.2.

A third approach that has been used in finite e ement
analysis of concrete structures involves a progressive
reduction of the effective modulus of easticity of con-
crete with increased cracking.

(4.13)

3
Ae = S(EL] + Acr
P

4.2-Finite element applications

Extensive research has been done in recent years on
the application of finite elements to modeling the be-
havior of reinforced concrete and is summarized in a
report of the ASCE Task Committee on Finite Element
Analysis of Reinforced Concrete23 Two basic ap-
proaches, the discrete crack approach and the smeared
crack approach, have been used to model cracking and
tension stiffening.

In the discrete crack approach, originally used by Ngo
and Scordelis,?* individual cracks are modeled by using
separate nodal points for concrete elements located at
cracks, as shown for a flexurd member in Fig. 4.3. This
allows separation of elements at cracks. Effects of bond
degradation on tension gtiffening can be modeled by
linear* or nonlinear 2 bond-dip linkage elements con-
necting concrete and steel elements.

The finite element method combined with nonlinear
fracture mechanics was used by Gerstle, Ingraffea, and

% to study the tension stiffening effect in tension
members. The sequence of formation of primary and se-
condary cracks was studied using discrete crack modeling.
A comparison of analyses with test resultsis shown in
Fig. 4.4.
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Fig. 4.2-Tensile load versus strain diagrams based on CEB and effective cross-sectional area expressions
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Fig. 4.3-Finite element modeling by the discrete crack
approach24

In the smeared crack approach, tension iffening is
modeled either by retaining a decreasing concrete
modulus of elasticity and leaving the steel modulus
unchanged, or by first increasing and then gradually
decreasing the steel modulus of elasticity and setting the
concrete modulus to zero as cracking progresses. Scanlon
and Murray’ introduced the concept of degrading con-
crete iffness to model tension stiffening in two-way
dabs. Variations of this approach have been used in
finite element models by a number of researchers 2831

Gilbert and Warner3! used the smeared crack concept
and a layered plate model to compare results using the
degrading concrete stiffness approach and the increased
steel  tiffness approach. Various models compared by
Gilbert and Warner are shown in Fig. 4.5. Satisfactory
results were obtained using al of the models considered.
However, the approach using a modified sted tiffness
was found to be numerically the most efficient. More
recent works®2 has shown that the energy consumed in
fracture must be correctly modeled to obtain objective
finite element results in generd cases. While most of
these models have been applied to flexura members, the

300r Elastic analysis;
secondary cracking
E [ ignored \’/ /
5 250p . ,
- -Analysis including
- . /
: 200} secondary cracking, -
s Test results, Broms & Raab
L 0
3 /
< !S0f / 7 __Steel rebor alone
© )
2 W Y Fourth
a L .
& 100 s Third N
L S Primory crack
7 S d sets form
SOt/
4 First
o
] 0.5 1.0 LS 20 25 30

Elongation, (mm)

Fig. 4.4-Seel stress versus elongation curves for tension
specimen based on nonlinear fracture mechanics ap-
proach26

same general approach can be used for members in
direct tension.

4.3-Summary

Several methods have been proposed in the literature
to estimate the axial stiffness of cracked reinforced
concrete members. The CEB Modd Code approach in-
volves the modification of the effective steel modulus of
elagticity and appears to be well-established in Europe.
An alternative approach, suggested in this report,
involves an expression for the effective cross-sectional
area that is analogous to the well-known effective
moment of inertia concept. Both of these approaches
appear to be acceptable for the analysis of one
dimensional members.
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Fig. 4.5-Tension stiffening models proposed for smeared
crack finite element approach3! (o, = tensile strength of
concrete, fsy = yield strength of reinforcment, o = stress,
and e = strain)

For more complex systems, finite element analysis pro-
cedures have been used successfully to model the be-
havior of cracked reinforced concrete, using a variety of
stiffness models.

CHAPTER 5-CONTROL OF CRACKING
CAUSED BY DIRECT TENSION

5.1-Introduction

The three previous chapters emphasized predicting be-
havior when cracking due to direct tension occurs in re-
inforced concrete members. However, a maor objective
of design and construction of concrete structures should
be to minimize and/or control cracking and its adverse
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effects. This chapter is intended to provide guidance to
assist in achieving that objective.

The recommendations contained in ACI 224R apply
where applicable. This chapter deals more specifically
with members loaded in direct tension.

5.2-Control of cracking caused by applied loads

The main concern of crack control is to minimize
maximum crack widths. In the past, tolerable crack
widths have been related to exposure conditions (ACI
224R). However, a least in terms of protecting rein-
forcement from corrosion, the effect of surface crack
width appears to be relatively less important than be-
lieved previoudy (ACI 224.1R). For severe exposures, it
is preferable to provide a greater thickness of concrete
cover even though this will lead to wider surface cracks.
Tolerable crack widths may also be related to aesthetic
or functional requirements. Based on experience using
the z-factor for flexural cracking (ACI 318), a crack width
of 0.016 in. (0.4 mm) may be acceptable for appearance
in most cases. Functional requirements such as liquid
storage (ACI 350R) may require narrower crack widths
such as 0.008 in. (0.2 mm) for liquid-retaining structures.

Eqg. (3.6) and (3.8) for members in direct tension may
be used to sdlect and arrange reinforcement to limit
crack widths.

Since crack width is related to tensile stress in rein-
forcement, cracks attributed to live loads applied for
short periods may not be as serious as cracks due to
sustained load, since the cracks due to live load may be
expected to close or at least decrease in width upon
removal of the load. If acceptable crack control cannot
be achieved by the use of mild reinforcement alone, pre-
stressing can be used to reduce tensile stresses in a
structure.  Shrinkage-compensating concrete placed in
accordance with ACI 223 can aso be effective.

While measures can be taken at the design stage to
control cracking, it is equally important to apply proper
construction procedures to insure the intended perfor-
mance of the structure. This requires avoiding over-
loading the structure during construction. Careful
placement of reinforcement is also essential, including
provision for properly designed lap splices (ACI 318).

5.3-Control of cracking caused by restraint of volume
change

Cracking due to the restraint of volume change during
the early life of a structure can be minimized by pro-
tecting new concrete for as long as practical from drying
or temperature drop of the surface of the member that
would cause tensile stress in the member greater than its
early age strength.

Drying shrinkage at early ages can be controlled by
using proper curing procedures. Shrinkage-compensating
concrete can be very effective in limiting cracks due to
drying shrinkage (ACI 223).

Temperature changes related to the heat of hydration
can be minimized by placing concrete at lower than nor-
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mal temperatures (precooling). For example, placing con-
crete at approximately 50 F (10 C) has significantly
reduced cracking in concrete tunnel linings3 It should
be noted that concrete placed at 50 F (10 C) tends to
develop higher strength at later ages than concrete
placed at higher temperatures.

Circumferential cracks in tunnel linings (as well as
cast-in-place conduits and pipelines) can be greatly
reduced in number and width if the tunnel is kept bulk-
headed against air movement and shallow ponds of water
are kept in the invert from the time concrete is placed
until the tunnel goes into service (see Fig. 35 of
Reference 34).

To minimize crack widths caused by restraint stresses,
bonded “temperature” reinforcement should be provided.
As a genera rule, reinforcement controls the width and
spacing of cracks most effectively when bar diameters are
as small as possible, with correspondingly closer spacing
for a given total area of stedl. Fiber reinforced concrete
may aso have application in minimizing the width of
cracks induced by restraint stresses (ACI 544.1R).

If tensile forces in a restrained concrete member will
result in unacceptably wide cracks, the degree of restraint
can be reduced by using joints where feasible or leaving
empty pour strips that are subsequently filled with con-
crete after the adjacent members have gained strength
and been dlowed to dry. Flatwork will be restrained by
the anchorage of the slab reinforcement to perimeter
dabs or footings. When each dab is free to shrink from
al sides towards its center, cracking is minimized. For
slabs on ground, contraction joints and perimeter
supports should be designed accordingly (ACI 302.1R-
80). Frequent contraction joints or deep grooves must be
provided if it is desired to prevent or hide restraint
cracking in walls, dabs, and tunnel linings [ACI 224R-80
(Revised 1984), ACI 302.1R-80].

NOTATION

A = area of concrete symmetric with reinforcing
stedl divided by number of bars, in.’

A, = effective cross-sectional area of concrete, in.’

A, = gross area of section, in.2

Ag = gre;za of nonprestressed tension reinforcement,
in.

d, = distance from center of bar to extreme tension
fiber, in.

E, = modulus of elasticity of concrete, ksi

E, = modulus of easticity of reinforcement, ksi

E,, = effective modulus of elagticity of stedl to that
of concrete

I = modulus of rupture of concrete, psi

fs = diress in reinforcement, ksi

foer = dteel stress after crack occurs, ks

I = compressive strength of concrete, psi

! = tensile strength of concrete, psi

the ratio of modulus of eladticity of sted to

AClI COMMITTEE REPORT

that of concrete

axia load

axial load carried by concrete

axial load at which cracking occurs

axial load carried by reinforcement

bar spacing, in.

effective concrete cover, in.

unit weight of concrete, Ib/ft3

most probable maximum crack width, in.
factor limiting distribution of reinforcement
ratio of distance between neutral axis and
tension face to distance between neutral axis
and centroid of reinforcing sted = 1.20 in.
beams

average strain in member (unit elongation)
tensile strain in reinforcing bar assuming no
tension in concrete

= reinforcing ratio = A,/4,

AR
1

o

= N STt
3
8

m
3
I

CONVERSION FACTORS-SI EQUIVALENTS

lin.= 254 mm
11b (mass) = 0.4536 kg
1 1b (force) = 4.488 N
11b/in2 = 6.895 kPa
1 kip = 4448 N
1 kip/in2 = 6.895 MPa

Eq. (3.5)
5 2
Wi = 0.02 fd, J 1+ [;gc] x 10°
Eq. (3.6)
W, = 0.0145f,%[d A x 10°
Eq. (3.7)
Whax = 0.011f,%\fd 4 x 103

W,.o in mm, fin MPa, 4, in mm, A in mn?, and s in

max

mm.
CHAPTER 6-REFERENCES
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