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Studies of Crack Widths and Deformation
under Sustained and Fatigue Loading

by P. W. Abeles*

GENERAL CONSIDERATIONS

In connection with partial pre-
stressing, cracks may develop and
excessive deformation may take
place. It is, therefore, essential to
investigate safe limits of the maxi-
mum width of cracks to ensure
freedom from corrosion of the steel
and from excessive deflection.

In Fig. 1 the relationship between
the deflection and concrete stress
at the tensile face of a beam is il-
lustrated. The load-deflection dia-
gram is shown in a simplified man-
ner comprising two straight lines:
one based on the calculated deflec-
tion of a homogeneous section and
the other parallel to the calculated
deflection of a cracked section com-
puted using the appropriate value
of n corresponding to the modular
ratio of the actual E-value of the
steel and concrete. In fact, this de-
flection curve will be slightly

“rounded off near the change of in-
cline in deflection beginning from
the load at which micro-cracks de-
velop. This corresponds to the ten-
sile strength, i.e., a tensile stress of,
say, 400 to 600 psi for high strength
concrete; but the load at which the
cracks become visible to the un-
aided eye is much higher and ap-
proximates the point at which the
change in deflection occurs in the
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simplified deflection diagram. For
well bonded and well distributed
steel in the tensile zone this stress
will be approximately 1,000 psi pro-
vided that the percentage of steel
is not too small. At that stage cracks
suddenly appear which have a
width of 0.0003 to 0.0005 in. and ex-
tend into the concrete, reaching the
steel and often penetrating further
into the tensile zone.

For members of the same cross-
section, the crack distribution de-
pends on the efficiency of the bond,
the distribution, size and cover of
the steel. The bond resistance in
turn is dependent on the concrete
strength and on the shape of the
reinforcement and on its surface
conditions. The crack distribution
also influences the stiffness of the
section. That is to say the deflection
of similar members in a cracked
state may vary in spite of the same
calculated EI-value from the com-
puted deflection and become larger
in the case of bad crack distribution.

In Fig. 1 it is indicated that with
repeated loading the load at which
the deflection curves of a homoge-
neous and cracked section change
direction, may gradually be low-
ered to that corresponding to zero
stress at the tensile face where the
effective prestress becomes zero.
This results in an appreciable in-
crease in maximum deflection. A
relatively small permanent set of
the deflection after repeated load-
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ing is also indicated in the figure.

Obviously if there is a sustained
loading this permanent set may be-
come much greater due to creep.
The purpose of this paper is to dis-
cuss the effect of sustained and re-
peated loading on the deflection
and maximum crack width and to
consider the conditions on which an
appropriate design should be based
to limit both deflection and crack
width to a permissible limit.

In the following, first the ques-
tion of permissible deflection is in-
vestigated and then that of permis-
sible crack width.

PERMISSIBLE DEFLECTION

Before this question is discussed
in detail one problem may be men-
tioned; i.e., the case at which the
deflection becomes too large and re-
sults in permanent sagging of a roof
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which may result in the formation
of a pond in rain, generally called
“ponding”. This in turn may cause
a further increase in sagging and re-
sult in dangerous deformation re-
quiring special relief. Often pond-
ing is attributed to a design in
partial prestressing. However, usu-
ally the main cause of ponding is
the limited depth of the section
with a depth to span ratio which is
very small. For a roof, whether full
or limited prestress is applied, the
design should always be made in
such a way that ponding does not
occur when there is a possibility
that the deflection would be too:
large. Thus such ponding can be
avoided by casting the concrete
with an immediate camber or by
the provision of a suitable surfacing
which ensures the necessary fall for
the water.
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With regard to deflection of a re-
inforced or prestressed concrete
floor or roof, different views prevail.
One opinion is that the entire de-
flection should be limited in order
to ensure a certain rigidity of the
construction. The other view is that
it is mainly the appearance which
matters, i.e., only the deflection oc-
curring below a straight line con-
necting the supports (below the
level where the floor or roof is hori-
zontal) is of importance. Often, the
limit of such proportion is given as
1/350 of the span and sometimes
1/250 is considered sufficient. This
obviously ought to include the ef-
fect of creep, and the possible de-
flection should be within the limit
specified. A simple way of overcom-
ing any excessive deflection consists
in the previous provision of a cam-
ber so that the entire deflection be-
tween the original stage and the
final position may be much greater
than the limited value as only that
part matters which is a downward
deformation below the horizontal
level. This seems to be a much more
practical interpretation and gives
prestressed concrete a great advan-
tage by the fact that by prestressing
a camber is obtained and it is not
the entire deflection which matters
but only the part of the maximum
possible deflection which causes a
downward deflection below the
horizontal level as mentioned be-
fore for reinforced concrete.

The A.CI. Standard Building
Code (ACI 318-63) does not take
into account the deflection due to
dead load but requires that “the al-
lowable limit for the sum of the im-
mediate deflection due to live load
and the additional deflection due to
shrinkage and creep under all sus-
tained loads computed as above
shall not exceed 1/360”. This ap-
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plies to a “floor or roof construction
intended to support or to be at-
tached to partitions or other con-
struction likely to be damaged by
large deflections of the floor”. For
roofs which do not support plas-
tered ceilings the allowable imme-
diate deflection is 1/180 of the
length and for roofs which support
plaster ceilings or for floors which
do not support partitions the allow-
able immediate deflection is 1/360
of the span. These latter values are
very small particularly as the deflec-
tion may be doubled due to creep
in the case of a sustained loading.
Moreover, the deflection due to the
dead load is of some importance
and consequently the entire deflec-
tion may become rather excessive
if the immediate deflection due to
live load only is as much as 1/180 of
the span. As already stated, pre-
stressed concrete has the great ad-
vantage that from the very begin-
ning by prestressing an artificial
camber is obtained and, conse-
quently, the deflection due to su-
perimposed loads may be greater
without resulting in a large down-
ward deflection below the horizon-
tal level. The view that only the
live load deflection matters and
that the camber due to prestress
has to be disregarded in order to
obtain a greater stiffness is, in the
author’s view, not quite justified be-
cause it is not essential to have a
certain rigidity for prestressed con-
crete. On the contrary, a greater
flexibility under higher loading is
a great advantage because of the
possibility of absorbing impact, al-
most entire recovery taking place on
removal of the load.

PERMISSIBLE CRACK WIDTH

In concrete beams reinforced
with mild steel with ordinary per-
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missible stresses, cracks of 0.001 to
0.015 in. may occur due to the work-
ing load, shrinkage and creep, as
has been established by Emperger
some thirty years ago.! It depends
entirely on the property of the con-
crete whether such cracks become
dangerous from the point of view
of corrosion. With porous concrete
there is a danger of corrosion inde-
pendent of whether there are cracks
or not and independent of the cover
of reinforcement. However, with
dense concrete a relatively small
cover is sufficient to prevent cor-
rosion even if the cracks reach a
width of 0.001 in. as the author was
able to establish based on corrosion
tests carried out in connection with
spun concrete members.? On the
other hand too small cover as, for
example % in., is insufficient if the
concrete is exposed to weather con-
ditions. Rain and sunshine may af-
fect the outer skin, in combination
with carbonation shrinkage, with
the consequence that the outer skin
of the concrete may become porous.

With ordinary reinforced con-
crete the ACI Standard Building
Code requires that “. . . the average
crack width at service load at the
concrete surface of the extreme
tension edge, does not exceed 0.015
in, for interior members and 0.010
in. for exterior members”. This
seems to be a rather generous al-
lowance, as it relates to the average
crack width because the maximum
crack width which matters may be

double this value. On the other
hand, it is not the width on the
outer tensile face which is of essen-
al influence with regard to corro-
sion, but rather the maximum width
at the level of the reinforcement.
The European Concrete Committee
has suggested that this should be
0.012 in. for the interior of pro-
tected structures, 0.008 in. for the
exterior of structures generally and
0.004 in. for the exterior of struc-
tures which are particularly exposed
to aggressive influences. This
might be a more rigorous condition
but again it depends on the side
cover of the reinforcement. If the
side cover is small the actual width
of the crack at the position of the
steel will not be much less than that
measured at the outside face, but
if it is very large the actual width
at the steel may be considerably less
than that measured at the outer
side face, at the level of the steel.

With prestressed concrete the
question of corrosion seems to be
somewhat more serious because of
the smaller size of the steel and the
possibility that by slight corrosion a
substantial part of the cross-sec-
tional area may become ineffective.
This appears to have been one of
the main reasons for avoiding visi-
ble cracks altogether. There is also
the question of possible stress cor-
rosion which has been raised. There
is, however, no doubt that stress
corrosion does not occur if there is
not a danger of corrosion itself. In
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all known instances of trouble there
was definite cause for corrosion
mostly due to chlorides which af-
fected concrete and steel. During
his association with British Rail-
ways, Eastern Region, the author
carried out a number of tests in
which prestressed concrete mem-
bers with artificially open cracks
were exposed to steam and to sea
water. These tests have indicated
that a crack width of 0.01 in. ap-

pears to be harmless with regard to

corrosion if the concrete is very
dense as is usual with prestressed
concrete, The results of some of
these tests, relating to accelerated
tests in highly polluted air, have
been published in this Journal?®
After his retirement from the Brit-
ish Railways, Eastern Region, the
author has been able to introduce
new corrosion tests with the Rail-
ways in which pairs of small ele-
ments, containing pre-tensioned 0.2-
in. and 0.276-in. diameter wires
and having covers of % in. and 1 in.
respectively, were bent against ful-
crums as indicated in Fig. 2. These
test specimens have cracks of vary-
ing widths; exact measurements have
been taken of the width of crack at
the position of the tendon in the ten-
sile zone and at both sides of the
wire where the cover is % in. and
1 in. respectively. The stress in the
steel in these specimens approaches
its strength, since appreciable forces
were needed to obtain the cracking
required. Pairs of such specimens
are being investigated at certain in-
tervals after exposure to smoke in
an engine shed (Figs. 3 and 4) and
exposure to seawater between low
and high tides (Fig. 5). The cracks
in the specimen are of varying
width up to 0.02 in. and thus it
should be possible to establish the
limit of width at which substantial
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corrosion takes place.

These tests should show interest-
ing results although the effect of the
steam is not quite uniform with re-

Fig. 3—Speci Suspended from Roof of En-

gine Shed

Fig. 4—Specimens Suspertded frcm
Engine Shed

Fig. 5—Specimens in Seawater ketween Low
and High Tide



gard to all members and some seal-
ing of the cracks occurs in the spe-
cimens exposed to seawater owing
to biological conditions, It is in-
tended to carry out additional ac-
celerated tests in which these influ-
ences are to be avoided. Based on
his previous experience in this con-
nection, the author is quite confi-
dent that these tests will confirm
that a crack width at the level of
the steel of 0.01 in. is not danger-
ous from the point of view of cor-
rosion even if very heavy chemical
influences have to be considered
and the cover is only % to 1 in. This
obviously relates to the maximum
possible width of crack. Still to be
investigated is the question of what
maximum width under static load-
ing will finally result in a maximum
width of 0.01 in. under sustained or
repeated loading.

SUSTAINED AND REPEATED LOADINGS

The greater part of creep occurs
at an early age and influences the
deformation of prestressed concrete.
Thus, if a sustained loading is ap-
plied at an age when the concrete
has gained most of its strength, it
has little effect on the stiffness, as
is shown in Fig. 6.

This example relates to a pre-
stressed concrete beam which re-
mained unloaded for approximately
two and one half years during
which time the initial camber in-
creased to more than double its
value. When the beam was loaded
to such an extent that tensile stresses
of approximately 700 psi occurred,
the immediate deflection was not
substantial and the further increase
in deflection during 420 days was
relatively small as can be seen
from the figure. At this loading
which corresponded to 45% of the
static failure load, micro-cracks,
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which became visible after about a
year, occurred. This beam was later
loaded to 63% of the static failure
load corresponding to a nominal ten-
sile stress of 1980 psi, and in 720
days the deflection due to creep
increased, but not excessively be-
cause the load was applied at a
later stage. If it had been loaded
at an early age the effect of creep
would have been much more pro-
nounced. From the figure it is seen
that at the increased loading the
widths of maximum crack became
0.002 in. and increased during the
720 days to 0.006 in. A similar load-
ing was applied to a second beam; a
maximum load of 80% of the static
failure load was applied and the
original maximum width of crack
of 0.005 in. gradually increased to
0.015 in. within a year. More par-
ticulars are described in Reference
4, It may be pointed out that the
maximum downwards deflection in
Fig. 6 was less than 1/500 of the
span. These beams are loaded in the
open air at the railway station at
Derby where the air is highly pol-
luted. Thus, as they have cracks,
they are also undergoing test with
regard to the actual effect of heavy
chemical influences with regard to
corrosion.

Fig. 7 shows that a maximum
width of a crack of approximately
0.004 in. width which occurred at
a static loading, and increased to
0.01 in. after 1 million repetition of
the load. This related to a com-
posite T-section containing two
post-tensioned strands and two non-
tensioned %-in. diameter strands, as
indicated in the figure.

From these tests it seems ap-
propriate to limit the permissible
maximum crack width at static load-
ing to 0.004 in., which might result
in a width of 0.01 in. under sus-
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tained or repeated loading. Obvi-
ously, if there is no danger of cor-
rosion, a greater maximum crack
width under static loading, say 0.01
in., may be considered, particularly
if the load occurs only occasionally.

DESIGN BASIS—LIMITED CRACK WIDTH

Whereas the design for a maxi-
mum deflection can be carried out
on the basis of existing design for-
mulas, it is impossible to establish
a simple design method based on the
limitation of cracks to a definite
width. This is because, as already
stated, the maximum crack width
depends on so many conditions
among which are the size, distribu-
tion, surface condition, and percent-
age of the steel; the strength of
the concrete; and the cross-sectional
shape of the structural member.
With ordinary reinforced concrete
an endeavor has been made to re-
late the crack width to the steel
stress in the cracked section. The
following formula has been rec-
ommended within certain ranges.?

_ 04 \ ¢fs
cw-<4.5+ Py ) K

In this formula c, is the width
of crack; p, = A/A., the ratio of
the area of steel to the area of the
tensile zone of the concrete (A, =
2b(t-d), where t is the entire depth®
and d is the effective depth of the
reinforcement); f; is the tensile stress
in the steel; and ¢ is the diameter
of the steel bar. There is a further
parameter K', which depends on the
bond capacity of the steel, and is
equal to 42,700 ksi for deformed
bars and 29,500 ksi for round bars.
This formula is hardly applicable to
prestressed concrete when non-ten-

®*This is shown in the author’s figures as
D.
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sioned steel is used. It seems, there-
fore to be more appropriate to con-
sider nominal permissible concrete
tensile stresses as the basis for the
design to be carried out for a nom-
inal homogeneous section. However,
it would be completely wrong to
base the design on a definite value
for the tensile stress. For example,
the author has designed numerous
bridges with pretensioned tendons
for a permissible concrete tensile
stress of 650 psi and roof members
for a permissible stress of 750 psi.
These constructions have been in
use for 12 to 16 years and thorough
examinations proved that visible
cracks have not occurred. The same
applies to precast prestressed mem-
bers, 80 to 103 ft. in length, for three
roofs which were built in 1952-53.
These members contain post-ten-
sioned tendons and were designed
for a concrete tensile stress of 630
psi under working load. In all these
cases non-tensioned prestressing
wires were provided and the distri-
bution of the steel was close to the
tensile face of the members. Even if
the concrete tensile stress had been
increased in this type of construction
to 1500 psi the crack width would
have been within the suggested limit
of 0.004 in. as tests have indicated.
However, in a prestressed concrete
member in which the percentage
of steel is very small and/or the
steel is not well distributed in the
tensile zone, cracks under loading,
may become wide immediately after
they become visible. This may oc-
cur at a much lower stress than in
the previous cases, e.g. at a tensile
stress as low as 700 psi. Thus the
tensile stress permissible for a defi-
nite crack width depends mainly
on the distribution of the steel
around the tensile zone and on the
percentage, p, of the steel. The val-
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ue, p.,, which to a certain extent
indicates the distribution of the
steel, may also be of influence but
the entire percentage seems to be
of greater influence.

Fig. 8 shows the relationship be-
tween nominal tensile stress in a
homogeneous section and percent-
age of reinforcement, p, based on
some test data which gives some
indication of the different influences.
This figure is based on a permissible
maximum crack width of 0.004 in.
The test results on rectangular
beams shown in the figure relate
to high strength concrete beams re-
inforced with non-tensioned pre-
stressing steel, made by the author
at the University of Southampton
in 1964. These tests- on non-pre-
stressed concrete beams reinforced
with non-tensioned prestressing
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steel simulate the behavior of pre-
stressed concrete beams at the stage
of loading at which the prestress-
ing force has become ineffective
and at zero loading the stress at
the tensile face of a beam has be-
come zero.
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Fig. 9—Theoretical Tensile Stress Governed by
Permissable Crack Width
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The three T-shaped beams re-
ferred to in Fig. 8 contain two post-
tensioned strands % in. in diame-
ter, which have been grouted-in;
and different kinds of non-tensioned
steel, ie., % in. diameter strands
as seen in Fig. 7, %-in. high strength
deformed bars and 1-in. diameter
mild steel bars. These three beams
carried approximately the same ul-
timate load, but the deflection and
crack width increased very much
as the entire percentage, p, de-
creased. Any mnon-tensioned steel
causes a reduction of the pre
stressing force because of the com-
pressive force which must develop
in the non-tensioned steel owing to
stress redistribution due to shrink-
age and creep of the concrete. The
magnitude of this compressive force
depends on the cross-sectional area
of the non-tensioned steel; the larg-
er the cross-sectional area of the
non-tensioned steel, the greater be-
comes this compressive force, which
in turn results in reduction of the
effective prestressing force. Thus
microcracks must develop earlier
with a larger area of non-tensioned
steel such as mild steel than would
occur with the more economical
much smaller reinforcement in high
strength %-in. diameter prestress-
ing strands. However, as can be
seen from Fig. 8, the much greater
percentage of mild steel apparently
favourably affects the gradual in-
crease in width of visible cracks.
In the meantime, the author has
carried out further tests on 60 high
strength concrete beams of two dif-
ferent sizes and reinforced with var-
ious types of non-tensioned pre-
stressing steel. The great bond ca-
pacities of strands were noticed,

and the author hopes to be in a po-
sition to show more detailed values
as soon as the report on these tests
is completed. In his view, it should
be possible to obtain for a definite
crack width and a definite shape
of section, e.g. a rectangle, design
curves which relate to three types
of crack efficiency and are depend-
ent on the distribution and bond
capacity of the steel as indicated
in Fig. 9. If there is no bond and
the tendons are not well distributed
near the tensile face, obviously a
concrete tensile stress should not
be permitted under design load.
The same applies if the tendons
are far from the tensile face and
there is no steel close to the tensile
zone acting as crack protection.
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