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Fatigue Strength of Reinforced Concrete Slabs under Moving Loads
Résistance a |a fatigue des dalles en béton armé sous des charges mobiles

Ermidungsfestigkeit von Stahlbetonpiatten unter beweglichen Lasten

K. SONODA T. HORIKAWA
Professor Res. Associate

Osaka City University Osaka City University
Osaka, Japan Osaka, Japan
SUMMARY

Twenty models of a reinforced concrete bridge deck slab were tested under static loading, fixed point
pulsating loading and repetitive moving loads. These moving loads were applied along several lines to
simulate the passage of truck wheels. Under these loadings, differences in cracking pattern, deflection
growth, reinforcement stresses and load carrying capacity are examined.

RESUME

Vingt modéles de dalles en béton armé pour ponts-routes ont été essayés sous charge statique, charge
fixe pulsative et charges mobiles répétées. Ces charges mobiles ont été appliguées le long de plusieurs
lignes pour simuler le passage de roues de camion. Sous ces charges, des différences dans la fissuration,
I'augmentation des fléches, les contraintes des aciers et la capacité portante ont été examinées.

ZUSAMMENFASSUNG

Insgesamt zwanzig Modelle von Stahlbeton-Fahrbahntafeln wurden unter statischer Last, pulsierender
Last mit festem Lastpunkt, sowie unter wiederholter beweglicher Last geprift. Die beweglichen Lasten
sollten die Schwerverkehrslasten wirklichkeitsnah simulieren. Die Unterschiede in den Beanspruchun-
gen wie Risszustand, Zunahme der Durchbiegung, Spannung in der Bewehrung sowie das Tragvermé-
gen wurden untersucht.
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1. INTRODUCTION

Since bridge deck slabs directly sustain repeated moving wheel loads, they have
more the possibility of fatigue failure than other members of the bridge such
as beams and girders. In particular, a reinforced concrete deck slab (RC slab)
may undergo the influence of fatigue on both sides of inherent strengths of
materials and bond strengths between dissimilar materials. However, there has
no design code for bridge deck RC slabs in any country, taking into considera-
tion of fatigue effect directly. The reasons for this seem to stem from the
understanding that the ultimate load carrying capacities of RC slabs are very
large and a conventional design code based on an allowable stress method is too
conservative to require consideration of fatigue effect.

In Japan, since about 1965, however, fatigue damage followed by a peeling off
of concrete covering bottom reinforcements or a depression of pavement due

to punching failure of slab has often occurred, especially in RC deck slabs
supported by steel girders, Considering that the resulting damage is so severe
as to Interfere with the serviceability of bridge deck after the passage of
only several years following the opening for service, we must emphasize that
the effect of fatigue must be considered in the stage of design, though other
factors such as the recent increase of traffic load intensity and the incom-
pleteness of fabrication should perhaps also be included among the cause,

Recently, some fatigue tests of model or prototype RC deck slabs were carried
out under central or eccentric pulsating loading through a hydraulic jack [1,2,
3]. But such a loading condition is not sufficient to reveal the fatigue charac-
teristics of bridge deck slabs because cracking patterns under the loadings ap-
plied at a.fixed point were of a radial form spreading from the loading point
which differed substantially from a grid-like or tortoiseshell-like form ob-
served in actually damaged deck slabs, and furthermore, the fatigue failure mode
in the tests often followed fracture of reinforcements but the failure modes
observed in actually damaged slabs were not associated with any fracture of
reinforcements.

The purpose of this paper is to clarify the fatigue characteristics of RC deck
slabs under repeated moving wheel loads. A total of 20 model slabs of about 1/3
scale to one panel between adjacent main girders of a typical steel-concrete
composite girder bridge were tested under static loading, pulsating loading at
a fixed point and repeated moving loadings on several different points used to
simulate the travelling of wheel loads. In particular, differences in cracking
pattern, growth of deflection, stresses of reinforcements and load carrying
capacities under these loading conditions are discussed.

2. DESCRIPTION OF SPECIMENS AND TESTS

The details of test slabs are shown in Table 1. The slabs marked " I " have iso-
tropic bottom reinforcements, while the slabs marked " 0 " have orthotropic bot-
tom reinforcements whose transverse reinforcements, arranged in parallel to the
longer side of the slabs, are reduced to half the amount of the longitudinal
ones. The reinforcement-ratio in longitude was 1.32% which corresponded to a
moderate amount in RC deck slabs designed by the current Japanese code. The sizes
of the test slabs were 90 cm long, 260 cm wide, and 6.0 cm thick. The test slabs
were simply supported over two way spans, 80 cm and 250 cm, respectively, and
their aspect ratio, about 3.0, was chosen so as to approximately reflect the
characteristics of one-way slab supported by adjacent steel girders.

Test programs are shown in Table 2. A single concentrated load was applied
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through a rubber pad 1.0 cm thick which was stuck to a steel plate 0.5 cm thick,
and the contact area of the rubber pad to the top surface of the slab was taken
as 17 cm x 7 em which corresponded to about 1/3 scale of the contact area of a
rear wheel tire of the truck specified by the Japanese code. Four types of load-
ing were used in the tests, static, pulsating at a fixed point, repeated moving
on a single track along the transversal center line, A-A, shown in Fig. 1 and
repeated moving on three tracks, A-A, B-B, and C-C, in the figure. The moving
loadings on a single track were carried out in such a way as to move the con-
centrated load every one cycle of loading at each discrete point in the trans-
verse direction. While the moving loadings on the three tracks were carried out
by changing cyclically a loading track after 100 rounds of moving loadings

along each track. Load levels, namely the ratio of a repeated load to a static
collapse load, were set approximately at 50, 55, 60, 65, 75, 80 and 85%, where
the static collapse loads were determined by the results of the slabs IS and OS
apriori tested, The rate of loading ranged from 3 Hz to 4 Hz in the pulsating
loading and was about 1 Hz per each point in the moving loadings. A electro-
hydraulic loading machine was used and the movement of load was carried out by
moving the actuator by hand.

3. MATERIAL PROPERTIES

The concrete used in the test slabs consisted of ordinary portland cement with
a unit weight 370 kg/m~, water-cement ratio 0.5, aggregate—cement ratio 5.0,
and maximum size of crushed gravels 1.5 cm, and the slump of fresh concrete

was 12 cm and the gverage compressive strength in cylinder at the age of 28
days was 28.3 MN/m~, The reinforcements consisted of round steel bars of diam-
eter26 mm, whose ayerage yield stress and average tensile strength were 255
MN/m” and 314 MN/m~, respectively. All of the test slabs were cast simultane-
ously and were cured in air until the time of testing after 40 - 240 days since
the casting.

4. OBSERVATIONS AND RESULTS

4,1 Static strength 2600

The slabs IS and 0S were tested

under a static loading. The design O* R i?ﬁf??if??ﬂ_'_
load for the slabs allowable in T nonon rﬂjlp M s ?
the Japanese code, namely the load ool || o HOoY % i
giving an ﬁllowable tensile stress @ &% T [thE“{}“EP‘{}%%%”T“
, 138 MN/m”, in the bottom rein- b i
forcements, corresponds to 12,9 kN. Blee lowe g | R J

' 70
In the isotropic slab IS, initial ’3@280:84;H§@280=84o ’?HEEORT
cracking on the bottom side was '
observed at the design load men-
tioned above, while grack on the \ col b ‘J'_L4ACTUA“DR 4?
top side was first observed at the L TEST R e T e T MOVE
load, 39 kN. In the orthotropic 8;— e e ————
slab 08, initial bottom surface | o |
cracking and top surface cracking
were noted at the loads, 12.9 kN ABUTMENT SUFPOAT GIRDER

and 34.3 kN, respectively. The
cracking patterns on the bottom
surfaces were of a radial form,
spreading from the loading point,
and the collapse mode was of the Fig. 1 Test Setup.

(DIMMENSIONS IN M)
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punching shear type following a flexural failure mode which had partially
proceeded.

Since the collapse modes were located within the vicinity of the loading
point, three tests about the center point and other two points of + 70 cm
away from this point on the transversal center line were carried out for each
slab. The average value of the collapse loads obtained was 62.3 kN in the slab
IS and 58.1 kN in the slab 08, theoretical values of which were 61.7 kN and
55.6 kN, respectively, using the yield line theory, assuming a circular or
elliptical fan of yield lines, and considering the hogging plastic moment of
cross section having effective depth 2.1 cm corresponding to the distance from
the centroid of transverse reinforcement to the bottom surface of the slab.

4,2 Fatigue characteristics

In central pulsating loading, cracks that initially occurred beneath the center
spread radially on the bottom surface and later some top surface cracks of a
circular arc-form also appeared. The collapse mode was of the punching shear
type without fracture of reinforcements, As the mode was quite similar to the
static collapse mode, three tests about the same points in the static tests
were carried out for each slab.

On the other hand, in repeated moving loadings on a single track, bottom sur-
face cracks independently developed from each loading point and after these
cracks crossed each other, the cracking pattern took on a tortoiseshell-like
form. Severely cracking occurred only in the earlier stage of loading cycles.
Behaviour of the bottom surface cracks was remarkable in that the cracks, par-
allel to the longitudinal reinforcements, opened considerably when a load
stituated just above them, but they closed completely when the load was taken
away. Thus, by the action of alternate compression and twisting due to repeat-
ed movements of the load, the crack faces clapped together and rubbed against
each other, so that the crack-widths, remaining with no loading, enlarged.

The cracks on the top surface developed from the earlier stage of loading cycles
were more numerous than those in the case of pulsating loading at a fixed
point, and later on, small pieces of concrete fell due to the breaking of the
lower edges of the cracked sections. Near the final stage of the loading cycles,
a compressive fracture line resulting from the crushing of the concrete occur-
red along the transversal center line. Thus, the slabs seemed to collapse in a
roof-like mode of yield lines, but they eventually collapsed in a punching
shear mode without fracture of the reinforcements. The final cracking pattern
and the collapse mode are shown in Fig. 2.

On the other hand, the behaviour under repeated moving loadings on three tracks
was similar to that on a single track, but a different point was in that the
cracking and the falling of small pieces of concrete rapidly developed just
after the loading track was changed.

Table 1 Details of Test Slabs.

Ratio of Rein-

Sizes, Effective Diameter of Rein- forcement , in %
Type of Number Longi. x Trans.| Depth Depth forcing Bars
Slab of Slab ! in cm in cm in cm in ¢m Longf. Trans.
I 10 90 x 260 6 4.5 0.6 1.320 1.320

0 10 90 x 260 6 4.5 0.6 1.320 0.726
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The relationship between load level ( ratio of the load applied to the

average value of static collapse loads ) and the total number of loading

cycles to failure is shown in Fig. 3. The fatigue life versus load level

curves drawn in the figure are determined by the least-squares method, using
the data given under identical loading conditions. These load level, R , versus
fatigue life, N, curves can be expressed by the following equations:

For isotropic slabs under pulsating

loading at a fixed point,
& P Table 2 Test Programs.

R=1.08 - 0.086 log N (D
; Numb
For orthotroplc slabs under pulsating Slab ogmt::t Reinforcement Loading Condition
loading at a fixed point,
R=1.14 - 0.093 log N (2)
IS 3 Isotrepic Statie
For isotropic slabs under moving load-
ings on a single track, 10 8 Isotropic Tt v
R = 0.93 - 0.076 10g N (3) IM 5 Isotropic Repeated Moving on
a Single Track
For orthotropic slabs under moving load- IR 1 Po— Repeated Moving on
. . Three Tracks
ings on a single track,
0s 3 Orthotropi Stati
R =0.99 - 0.102 log N (4) reRTeRte
o Pulsating at 2
If fatigue strengths at 2 x 106 in the ° s Orthotropic | fixed point
total number of loading cycles are oM 5 Orthotropic Repeated Moving on
" . a Single Track
predicted from these equations, then ‘
the values, 0.54, 0.55, 0.45 and 0.35 are OR 2 Orthotropic fepeatad MouTro. o
obtained for each case mentioned above,

Obviously, it can be seen that a fatigue

life under the same load level is much

shorter in the case of moving loadings than in the case of pulsating loading
at a fixed point, and the effect of transverse reinforcements on the enhance-
ment of fatigue strength is also greater in the case of moving loadings.

4.3 Stiffness degradation

Relationships between the increase in central deflection ( the total amount of

- elastic and residual deflections ) and the total number of cycles are shown in
Figs. 4 and 5. Under central pulsating loading, the deflections became rather
slow but began to increase rapidly near the time of collapse, and when the
deflections reached within a range from 0.25 em to 0.3 cm, corresponding to
about 2.5 times of the theoretical value obtained by an elastic thin plate the-
ory, top surface cracks occurred,

On the other hand, under repeated moving loadings, the deflections gradually
progressed from the earlier stage of loading cycles, and when the deflections
reached within a range from 0.32 c¢m to 0.48 cm, top surface cracks occurred;
furthermore, when the deflections were within & range from 1.2 cm to 1.6 cm,
corresponding to about 1/5 - 1/4 of the depth of the slabs, a compressive frac-
ture line due to crushing of concrete occurred. The deflections just before
collapse amounted to 1.7 em - 2.2 cm under central pulsating loading and 2.1 cm
— 3.0 cm under repeated moving loadings, respectively.

4.4 Strains in reinforcements

Variations of strains ( excluding residual strains ) in reinforcements at the
center are indicated in Figs. 6 and 7. In the repetition of the higher load
level, the strains of the longitudinal reinforcements happened to exceed to the
yield strain at first one round of the movement of lcad, but there was virtual-
ly no subsequent growth. In the repetition of the lower load level, the longi-
tudinal reinforcements did not yield and their strains were almost stable during
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all loading cycles. On the other hand, strains of the transverse reinforcements
gradually decreased from the initial stage of loading cycles. Such behaviour
seems due to the redistribution of stresses resulting from both the internal
bond slips of reinforcements and the orthotropy of the flexural rigidity of the
slabs. This behaviour was also consistent with the fact that no fracture of
reinforcements occurred until the collapses of the slabs.

5. CONSIDERATION ON FATIGUE LIFE ////7[/ {) /f>& \\Efq\\{\i\\\\\\\\
UNDER WHEEL LOADINGS

+ »vkdﬁﬂ“4££;>vk~ﬂﬁf‘ +
Moving loading used in these tests was
performed by transferring, in turn, a \\<>\\\\\\\\ \V/ﬂéf;// /// ///)

loading point to seven discrete points

in the transverse direction as shown in e s
Fig. 1. Such a loading procedure was
adopted to simulate the continuous move-
ment of wheel loads since bending moment
diagrams under loadings at adjacent
points sufficiently overlap each other.
However, a certain difference in the
effect on fatigue failure between such BOTTOM SIDE

a loading condition and the condition

of wheel loading might arise because

in the tests, the alternation of loading Fig. 2 Final Cracking Pattern
and unloading was performed at each in the Slab IM.
loading point.

Assuming that the partial flexural failure preceding the punching failure con-
trols the fatigue strengths of the slabs, we can examine the contribution of
one cycle of loading at each discrete point to the fatigue life of a partic-
ular point by using Miner's hypothesis. Denoting the total amount of such
contributions by aj, we obtain,

1.0 ——
Q_\‘A‘

« = _—

& \.\ \A ‘‘‘‘‘‘
o R
g .\\‘TSNO S A
m —o— 1D e
— os --s-- 0D ‘“M-:f“*~ g§f§
o) —e— M . [ S
< i OM
Ea o IR

& OR

— DID NOT FAIL

1 10 10° 10° 10° 10° 10°
TOTAL CYCLES TO FAILURE , N

Fig. 3 Relation between Load Level Applied and Total Number
of Cycles to Failure.
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r o,
a, = L — (5) ag |

4 .

i=1 N'i —_
3 € 2 o IM

where, r = number of loading point, o . x X )
N.. = fatigue life of the particular 2207 =5 crusine

al % - 3] T, n .0 : CRACKING OF TOP SURFACE a
poInt j under repeated loadings ap- o X : COLLAPSE

: . p ; Y

plied at an arbitrary point i, and & a o

n, = cycles of loading applied at Rk s o o
the point i. The variation of bend- S Dﬁoyf

ing moment at the particular point 5 s} ;of °
can be obtained by the elastic thin 5] L2t o
plate theory, ) ‘I e o oac N S a e @

M, =M, f(y,,vy,) (6) % o o o o o° 10°.
] e 4" TOTAL CYCLES

where Mo' = maximum value of bend- Fig. 4 Growth of Central Deflection
ing momeént and f(y.,y.) = non-dimen- under Load 34.3 kN.

. X i
sional influence surfiace whose max-
imum intensity is reduced to unity,

in which y, and y. indicate coordi- sl
nates of the partIcular point and _ Bl .
the loading point, respectively. E .| 4or x
Using the R-log N curves of Egs. 1 p gyt T ‘e
and 2 for evaluating Nji and using gzo- .1:$&§ﬁ?w L
the relation, R, = Ro f(y.,y.), Q x : COLLAPSE . .
where R, = reduted 18ad ldvel to T & . "
the poiﬂt j and R = applied load 8 "~
. . t2 °
level, the factor, ds, in Fig. 5 z . .
can be expressed as follows: % ok . “
i 2
O .| [
r -M . [1-£(y,,y.)]1/BK s} PR s aeett
a. - Z 1_0 OJ J 1 (7) TR
i=1 °; 0 0 e 10 10° 10°
where B = Mpj/R, and K = the gra- TOTAL CYCLES
dients of the R-log N curves. Fig. 5 Growth of Central Deflection

under Load 34.3 kN,
Now, confining our attention on the

center of slab and using r = 7, K =

0.09 obtained from Eqs. 1 and 2 and the influence surface obtained by the elas-
tic thin plate theory, we obtain aj=4 =1.0002 and 1.02 for R, = 1.0 and 0.5,
respectively. Since for any discrete point, being away from the center, a similar
result can be expected, it is concluded that the fatigue life of a particular
point is scarcely influenced by the loading cycles at other points, and there-
fore the movement of a load on the seven discrete points aligned becomes equiv-
alent to one passage of a wheel load for an effect on fatigue life.

Thus, from the data in Fig. 3, a comparison of fatigue life under pulsating
loading at the center and repeated passages of a wheel load can be given as
shown in Fig. 8. It is obvious that the fatigue life becomes much shorter under
the condition of wheel-loadings than the condition of central pulsating load-
ings commonly used in the past studies. If a slab with an isotropic reinforce-
ment fails at 1 x 10° cycles of central loadings, then the slab results in
failure at about 1.3 x 104 times of wheel load passage. Further, in an ortho-
tropic reinforcing slab whose transverse reinforcement is reduced to half the
amount of the longitudinal reinforcement, a further reduction of fatigue life
may be predicted under wheel-loadings.
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2000 } * OM (wonel)
4 OM (TRANS)
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v 0D {TRANS.
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Fig. 6 Strain Variations under Fig. 7 Strain Variations under
Load 39 kN. Load 29 kN,
6. CONCLUSIONS W 1ot
'}
=
The following conclusions can be made: P
1. The static load carrying capacities O 4
can be predicted with sufficient @
accuracy by the yield line theory. 2
2. Damage associated with the develop- 2 .|
ment of cracking and the falling g
of small pieces of concrete occurs g
from the earlier stage of loading S ol
cycles in repeated moving loadings 4
than in pulsating loading at a ¥
fixed point. z 1
3. In pulsating loading at a fixed 7 02 108 10° 108 10°
poj_nt . fatj_gue strengt‘hs at 2 % CENTRAL -LOADING CYCLES TO FAILURE

106 cycles amount to more than a

half of the static strength, while Fig. 8 Relation between Central Load-
in repeated moving loadings, the ing Cycles and Wheel Loading
fatigue strengths are predicted Cycles to Failure.

to be much lower than this.

4. The effect of transverse reinforcements on the enhancement of fatigue life
becomes greater in repeated moving loadings than in pulsating loading at a
fixed point.

5. The effect of one passage of a wheel load upon the fatigue failure of slab
is equivalent to a range from 80 cycles to 600 cycles of central pulsating
loadings.
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