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SYNOPSIS

In October 1980, expansive concrete was used in the reinforced concrete (here-
after RC) deck slab of the Kuroishihama Bridge (simple steel composite girder)
on Nagasaki Expressway as the first attempt of RC deck slabs of steel bridges in
Japan. And in June 1982 expansive concrete was also placed in some parts of the
Tarami Bridge (4-span continuous steel non-composite plate girder) on Nagasaki
Expressway as well. Various follow-up investigations were subsequently carried
out at these bridges.

This study reviews the initial cracking mechanism of RC deck slabs based on the
follow-up investigations. Also, the study reviews the method of analyzing flex-
ural cracks at the serviceability limit state so that the effectiveness of expan-
sive concrete in preventing cracks can be reflected in the bridge design.
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1, INTRODUCTION

Owing to the fact that a large number of steel highway bridges showed damage to
their RC deck slabs, it became important, from the standpoint of bridge design
and maintenance, to discover the causes of crack formation and to develop methods
for preventing such cracks, Various investigations and studies were conducted
over the past decade in an attempt to resolve this problem [1]. Studies on the
causes of crack formation have been carried out most notably by Okada et al. [2],
[3], Sonoda et al. [4], and Matsui et al. [5], and at the Laboratory of NIHON
DORO KODAN (Japan Highway Public Corporation, hereafter KODAN) [61, [7]. A num-
ber of countermeasures has also been proposed, including the use of expansive
concrete deck slabs. On the design and application of expansive concrete deck
slabs Recomended Practice for Expansive Cement Concrete was established by the
Japan Society of Civil Engineers (JSCE) [8], and a basic theory, the validity of
which was later confirmed through model tests, was formulated by Tsuji and
Okamura [8].

The Laboratory of KODAN implemented a two-pronged study from fiscal 1976 to 1985
in which laboratory tests using a large-scale fatigue machine were conducted on
one hand and field investigations (load response measurement, damage examination,
etc.) on actual bridges were carried out on the other. Through these tests and
investigations KODAN was able to arrive at the cause of damage to RC deck slabs.
In other words, adverse casting conditions, thermal stress, drying shrinkage
stress, and other factors resulted in the development of initial cracks, which
progressively enlargened due to the passage of motor vehicle (live loads) and
the seepage of rainwater from the top surface of the deck slabs, eventually
leading to full-scale damadge.

Based on the above findings, it was believed that Lhe use of expansive concrete
would be an effective means of reducing crack formation and preventing full-scale
damage to RC deck slabs [10]. Therefore, in October 1980, KODAN used expansive
concrete deck slabs in the Kuroishihama Bridge (simple steel composite girder)
on Nagasaki Expressway as the first attempt of RC deck slabs of steel bridges in
Japan [11], [13]. Furthermore, in June 1982, expansive concrete was again placed
in certain sections of the Tarami Bridge (4-span continuous steel non-composite
plate girder) on Nagasaki Expressway. Various follow-up investigation subse-
quently carried out at these bridges [12]~[14].

This study reviews the initial cracking mechanism of RC deck slabs, an area that
has not been resolved so far, based on the results of the follow-up investiga-
tion. At the same time, the study reviews the method of analyzing flexural
cracks at the serviceability limit state in order that the effectiveness of
expansive concrete in preventing cracks can be reflected in the bridge design.

It should be noted that the use of expansive concrete deck slabs has been contin-
ued by KODAN in Kosuge Overpass (3-span continuous steel non-composite box girder
and 2-span continuous steel non-composite plate girder; concrete placed in {Octo-
ber 1983) on East Kanto Expressway, Kurinokigawa Bridge (3-span continuous steel
struss; concrete placed in October 1984) on Kanetsu Expressway, and Maruki Bridge
(4-span continuous steel non-composite plate girder; concrete placed in August
1985) on Tohoku Expressway. Follow-up investigation at these bridges are
currently being carried out [15]~[17].

2, QUTLINE OF SURVEYED BRIDGES

Concerning the mix proportion of expansive concrete, unit expansive admixture
content of 35 kg/m® was determined to give the maximum expansion rate at which
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compressive strength (unrestrained specimen) does not decline, on the basis of
preliminary tests [11], [14]. The expansion rate is 280~300X10-%, which corre-
sponds to the chemically prestressed concrete prescribed in the Recommended Prac-
tice [9].

An outline of the Kuroishihama Bridge and that of the Suzumekura Bridge (ordinary
concrete deck slabs), to which the former was compared, are given in Fig. 1 and
Table 1. Table 2 shows the quality of placed concrete. At both bridges, strain
was measured up to an age of one year and 11 months and cracking up to an age of
seven years. Cracking was measured at four points: between inside girders over
a support, between inside girders at a point one-fourth along the span, between
inside girders at the central point of the span, and between the inside and out-
side girders at the same point. Measurement data were divided into the haunch
section and the central portion between girders, which excludes the haunch
section, and cracking density were calculated by the crack length or the grid
density method [18].

An outline of the investigations conducted at the Tarami Bridge is shown in Fig.
2 (also refer to Tables 1 and 2). Since the left and right sides of the bridge
are symmetrical to each other, expansive concrete deck slabs were used on the
side span of the down side bridge only in order to compare results with the
another side. Cracks, strains, temperatures, and internal humidities were inves-
tigated up to an age of five years and six months.

Expansive concrete was placed in the morning of June 25, 1982, and ordinary con-
crete in the afternoon. Placement was subsequently continued in units of four
blocks. After five days of adequate moist curing, formwork and shoring were
removed on July 14 and 15. Surface paving was then carried out with asphalt.
Dummy slabs were constructed in a manner that replicated the conditions for deck
slabs.

Cracks were measured at points that are restrained by sway bracing (cross
sections A-A, A’-A’, and A”-4”), points that are not restrained by sway bracing
(cross sections B-B and B’-B’), and over the central support (cross section C-C)
for a total of 14 points. Strains were measured at all the above points except
cross section A”-A”. As shown in Fig. 2(c), this was carried out by installing
reinforcing bar gauges and concrete strain gauges.

Temperature readings were obtained from the insides of deck slabs and on the
surfaces of girders in cross section A-A. Internal humidity readings were
obtained from the expansive concrete section (near cross section A-A) and from
the ordinary concrete section (near cross section A’-A’). This was done by
drilling 9 mmholes at fixed points (see Fig. 2(d) ) on the deck slab bottom and
keeping the holes sealed with rubber plugs until the time of reading. To take a
reading, a sensitive hygrometer was inserted into a hole and taken out after
approximately 20 minutes of sealing.

3. INVESTIGATION RESULTS

3.1 Cracks

Fig. 3 shows progressive changes in crack densities at the subject bridges.
Ordinary concrete deck slabs often developed cracks in the early stages before
they could be affected by vehicular load, amd the cracks steadily lengthened and
widened with the passage of time. In contrast, expansive concrete deck slabs did
not develop cracks until an age of about 18 months, and the number that did
appear was far smaller than in the case of ordinary concrete. - In addition,
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Table 1

Outline of the investigated bridges

Main girder Deck slab
Type of Name of Division of | Kind of |Length] Angle] Road — -
bridge bridge up and down | deck slab| of of | width Primary Distribu- Cl:\aractens-
lane concrete |bridge| skew Number [ Inter- |Height [Thick- |reinforce- |tijon rein- | Kind of |tic compres- |Day placed
val ness |ment forcepent | concrete |sive strengthjconcrete
of concrete
(bridge) (Bridge) (Concrete)| (m) (m) | (=) | (m) | (m) | (em) (me) (nm)  |{concrete)| (kef/ca®) (date)
Sinple composite|Kuroishihana|down in ramp |Expansive | 41.5 | 63 | 8.5 4 2.00 | 2.25 | 24.0 D19 125 ctc|DIB 125 cte| A 300 1073171980
girder bridge (cover 40)| (cover 40)
Suzumekura [up in ramp Ordinary 38.95) 70 | 8.5 4 2,576f 2,20 | 23.0 " " LTT 300 10/17/1980
i 3 ive 5( 5 Bo. 240 6/25/1982
4-span continous| Taraai !down (part<l®)|Expansive {149.15 0 [ 9.25{ 35 2,00 | 2.00 | 21.0 " " o3
non-composite dovn (part<1>){Ordinary |148.15| 0 | 9.25| 5 2.00 | 2,00 | 21.0 . ” Bo.s 240 6/25/1982
plate girder wp  (part<1>)|Ordenary [149.15f 0 | 9.25 | 5 2,00 | 2.00 | 21.0 " " Bo.y 240 4/28/1981

Table 2 Specified mix of concrete and quali ty of placed concrete

Specified aix Placed concrete
Name of Division of | Kind of | Kind of |Yaxinum|R Range |Water- |Sand- Lnit content (kg/a) Slump|Air Temper- | Compres-
bridge up and down deck slab| concrete [size of [of of air [cementi-|aggre~ content |ature |[sive
lane concrete coarse |sluap [content|tious {gate |Vater|Cement|Expan-|Fine {Coarse|Air- strength
aggre= materiall ratio sive |apgre-|aggre-|entraining (28days)
gate ratio admix-gate [gate |and vater-
¥/ (C+E)| s/a ture reducing
(Bridge) (Concrete) [(Concrete)| (mn) | (cn) | (%) %) [ (%) | w cC| E S G |agent (em)] (%) | (C) |(kgf/ad)
Kuroishihama|dosn in ramp |Expansive Aias 25 [8+2.5] 4%) 41.2 | 40.0 § 160 | 345 35 693 | 1069 0.85 8.5 4.4 il 446
Suzumckura fup in raep Ordinary A 25 [8%2.3] 41} 41.2 | 40.0 | 160 | 380 0| 699 | 1069 0.95 8.0 | 4.1 8 384
Tarami  [dovn (part<1>)|Expansive Bo.sy e |8x2.5/ dx1 [ 50.3 | 42.5) 181 | 285 351 760 { 1051 0.80 8.3 | 4.5 30 331
dosn (part<1>}|Ordinary Bo.s 25 [8£2.5| 41| 50.3 |42.5 | 61 ] 320 0 780 | 1031 0.80 8.8 4.0 32 33
up  (part<1>)|Ordenary Bo. 25 |8x2.3| 4% 50.3 | 42.5 | 161 320 0 760 | 1051 0.80 8.6 3.8 2% 337
41.50 39.20
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Fig. 3 Progressive changes in crack densities

nearly all were fine cracks of less than 0,05 mm, and the speed of growth was
slower as well.

The deck slabs used in the simple steel composite girder and the 4-span continu-
ous steel non-composite plate girder have reached an age of seven years and five
and a half years, respectively. During this time, the trend in crack formation
has remained more or less consistent and cracks have continued to progress at
both bridges. As discussed below, this is thought to be due to the fact that the
initial cracks that occurred as a result of drying shrinkage and temperature
change continued to grow as the concrete aged and the effects of vehicular load
vere felt.

Figs. 4 and 5 and Table 3 summarize the cracking conditions observed at the sub-
ject bridges. These indicate the following tendencies:

1) Most of the cracks in expansive concrete deck slabs ran perpendicularly to
the bridge axis and had not grown beyond their initial sizes.

2) The steel composite girder had roughly 1.5~2 times higher crack density
than the steel non-composite girder. This is believed to be due to the use of
studs for preventing slippage in the case of the former and slab anchor in the
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Table 3 Crack densities (measureed in November 1987)

Surveyed point Crack density (n/m?) 5k
Kind of Crack density
deck slab Calculated Calculated by the grid in transverse )
Division concrete | Cross section| Traffic [Panel|Relation| by cracking | density method direction
lane on length Crack density
girders transverse |longitudinal ||in longitudinal)
(concrete) * ** direction |direction direction
Span center [Driving | Outside 0.13 0.10 0.00 —_
Kuroishihama| Expansive Center 33| Inside 0.96 0.82 0.29 .77
Bridge
Composite Near support |Center 1] Inside 0.95 0.87 0,38 2.3t
Span center |Center 71| Inside 8.95 6.00 5.58 1.08
Suzunekura | Ordinary Passing [B1| Outside 7.16 6.07 2.85 2.38
Bridge
Near support [Center 3| Inside 8.04 5.83 4.38 1.33
Expansive| A — & Driveng (| Tnside 0.13 0.11 0.00 -
Passing {0} Inside 0.16 0.13 0.06 2,31
Non- Tarani ¥—4&  [oriving | (ZO| Inside 5.36 3.66 3.12
conposite| Bridge Passing [Z0]{ Inside 4.36 3.50 2.17
Ordinary
[ Driving T3] Inside 5.9 4.47 2.89 1.55
ATy Driving (3] 1Inside 3.62 3.00 1.50 2,00

* From the upper section, Driving, center (extends into driving lane and passing lane), and passing lane, in that order.
s+ Qutside i Betveen a inside girder and outside one, Inside : Between the inside girders.
#*# Which includes the haunch section.

the main girder occured in the primary reinforcement direction (perpendicular
to bridge axis, hereafter the transverse direction), while most of the cracks
in the center sections ran in the distribution reinforcement direction (par-
allel to bridge axis, hereafter the longitudinal direction).

(b) Since the outer deck slabs (those adjacent to an outside girder) are less
restrained by steel girders in the transverse direction than the inner slabs,
they showed hardly any cracks in the longitudinal direction, and their reac-
tion, and their cracking densities were lower than those of inner slabs,

() In the continuous non-composite girder bridge, crack density was higher
over the middle support than at span center. This is believed to be due to
the fact that (i) the former area, being located above a pier, is more
restrained by the steel girder in the transverse direction than the latter
area, and (ii) owing to the effects of dead and live loads, tensile stress
generated by the main girder in a deck slab located over the middle support
acts in the longitudinal direction.

4) Crack densities were higher on the through lane than the passing lane.
This is believed to be due to the repeated effects of vehicular load.

3.2 Expansive Properties and Chemical Prestress

Fig., 6 through 8 shows progressive changes in strain with respect to unrestrained
dummy slabs and the subject bridge deck slabs (cross sections A-A and A’-A’).
From the initial values obtained two hours after the placement of concrete, the
chart plots each of the values obtained at the ages of one, two, three, seven,
and 14 days and at one month, and the values obtained once a month thereafter up
to an age of five years and six months. Values from one month onwards apply to
8:00 a.m. (once a day), when temperatrue variance inside a deck slab (depthwise)
is small and thermal stress is weak,
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Fig. 6 shows that maximum expansive strain in unrestrained dummy slabs was 1090
X10-% at the upper reinforcing bar position and 720X10-% at the lower rein-
forcing bar position. In other words, the expansion rate was higher toward the
upper surface, because of the weaker restraint provided by the frame. Unre-
strained expansive strain in the subject bridge deck slabs is believed to roughly
correspond to the upper bar value (1090X10-%), which conforms to the specifica-
tion cited in Recommended Practice [8] on the relationship between unit expansive
admixture content and unrestrained expansion rate.

The amount of chemical prestress applied to the subject bridge deck slabs was
estimated on the basis of the method developed by Tsuji [9], using the expansive
strain values obtained from measurements (see Table 4). In cross section A-A,
average expansive strain in the transverse direction, which is less restrained
by the steel girder, was more or less the same for the inner slab (Gs~Gg) and
outer slab (Gs~Gio). The latter, however, had a higher expansion rate toward
its upper surface as in the case of dummy slabs. From these strain values, the
amount of chemical prestress applied to the subject bridge deck slabs is esti-
mated to be roughly 8 kgf/cm®. Expansive strain in the longitudinal direction,
wvhich is greatly restrained by the steel girder, was nearly the same between
girders (Gas~Gs) and over a girder (Gs). Chemical prestress is estimated to be
roughly 10 kgf/cm?.

In contrast to cross section A-A, expansive strain in cross section B-B was
greater in the longitudinal direction. This was because the survey point in
cross section B-B was near the edge of a placing block (87 cm from the Jjoint),
and the adjacent concrete block was not placed until an age of four days.

3.3 Drying Shrinkadge and Internal Humidity

Humidity readings taken from the inside of deck slabs indicate that, both in the
case of ordinary concrete and expansive concrete, the quantity of moisture loss
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Table 4 Maximum expansive strain and chemical prestress
of subject bridge deck slabs (an age of 3 days)

(Unit: ca)

(tnit: cm)

Division Expansive strain|Chemical
(x10-%) prestress
Direction [Cross Position [Position Each | Average
section| in plane |in cross value | value
1) section *2) (kgf/cn?)
®© Upper 226
Niddle 227 228 7.9
Gy~Gy Lover 231
A-A
@ Upper 230
Transverse Niddle 205 207 1.2
Ge~G1o Lover 185
@ Upper 214
B-8 Niddle 182 182 8.3
Ga~ Gs Lover 151
@ Upper 171
. Niddle 171 174 10.4
Ga~Gs Lover 179
A-A
@ Upper 164
Longitudinal Niddle m 174 10.4
on Gs girder| Lover 187
@ Upper 228
B-B Niddle 21 225 5.1
Gs~Gy Lover 225

*1) Transverse : transversal direction (primary reinforcement direction))
Longitudinal: Longitudinal direction (distribution reinforcement direction)
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Fig. 10 Surroundings condition of subject bridge (data by Nagasaki Marine
Meteorological Observatory) and average of internal humidities of
concrete (both expansive and ordinary concrete deck slabs)

(drying) varies from top to bottom owing to the influence of such environmental
factors as elevation (from ground), rainfall, sunlight, wind velocity, and sur-
face paving, resulting in the disproportionate distribution of internal humidity
[191,[20]. Fig. 9 shows the relationship between material age and average inter-
nal humidity (the average of readings taken near cross sections A-A and A’-A7)
for both expansive and ordinary concrete deck slabs. The internal humidity of
the subject bridge deck slabs more or.less corresponded to the monthly average
of atmospheric humidity (see Fig. 10) from about two years onwards [14].

The maximum drying shrinkage strain of dummy slabs was only 240X 10~ % even at an
age of five years and six months (see Fig. 6). This figrue is lower than the
unrestrained shrinkage strain of the subject bridge deck slabs (300~500X10-%)
estimated from measurement results. This is believed to be due to the fact that
the dummy slabs were located only 40cm from the ground, where the effects of rain
and mist result in a humid environment (see Fig. 9).

The drying shrinkage strain of expansive concrete deck slabs in the subject
bridges was approximately 360X10-% in the transverse direction and 170X 10-¢ in
the longitudinal direction (average values obtained from cross sections A-A and
B-B; see Fig. 7). Thus, shrinkage strain was about 1.8 times greater than
expansive strain in the transverse direction, which is less restrained by the
main girder, and more or less the same in the longitudinal direction.

Ordinary concrete deck slabs in the subject bridges showed extensive cracking,
and since strain gauges are affected by the existence of cracks, it is difficult
to estimate the actual extent of drying shrinkage strain (strain without influ-
ence of cracks) in these slabs. Although concrete gauge@®’ at deck slab center
indicated shrinkage strain of 410X 10" ® in the transverse direction and 230X 10-%
in the axial direction (see Fig. 8), the upper and lower bars shifted midway to
the tension side due to the appearance of cracks. It is surmised that cracking
served to somewhat reduce resistance against shrinkage in the concrete gauge
vicinity and that shrinkage strain was actually slightly lower than the gauge
figures. Therefore, We assume that the shrinkage strain of ordinary concrete was
about the same as that of expansive concrete.

Drying shrinkage strain is considered to have virtually ended at an age of about
three years while cracking is presumed to be still continuing due to the effects
of vehicular load, in view of the facts that the strain values levelled off at
an age of 2~3 years (see Fig. 7 and 8); that the internal humidity of the sub-
ject bridge deck slabs more or less corresponded to atmospheric from about two
years onwards, as mentioned above; and that the relationship between internal
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humidity and cracking density was more or less a straight line up to about three
years (see Fig. 11).

3.4 Internal Temperature of Deck Slabs

Temperature readings obtained from the insides of deck slabs indicate that the
distribution of internal temperature, like that of internal humidity, was not
evenly balanced owing to the influence of such environmental factors as sunlight,
atmospheric temperature and surface paving [12], [14]. Fig. 12 gives an example
of this: internal temperature showed the greatest fluctuation in the summer,
wvhen atmospheric temperature rises sharply, while strain in the lower reinforcing
bar shifted to the tension side in the daytime (see Fig. 18 and Fig. 19 below).

4. INITIAL CRACKING MECHANISM OF RC DECK SLABS OF STEEL BRIDGES

4.1 Stresses in RC Deck Slabs of Steel Bridges
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(1) General Concept on Causes of Initial Cracking

Taking into account the fact that RC deck slabs showed cracks before vehicular
load affected the slags, as indicated by the survey results discussed above, the
primary causes for initial cracking are thought to include the drying shrinkage
of concrete and temperature change caused by exposure to sunlight. Fig. 13
illustrates the effects of drying shrinkage stress and thermal stress. Both
generate tensile stress at the bottom surface of a deck slab during the day owing
to the disproportionate perpendicular distributions of internal humidity and
internal = temperature [21].

To explain further, in drying shrinkage, the lower side of a deck slab dries
much faster than the upper side, as shown in Fig. 9, so that the deck slab tries
to deform in such a way that it projects convexly upwards. But this deformation
is restrained by the steel girder, resulting in tensile stress in at the bottom
surface., As for temperature change, the farther away a given point in a deck
slab is from its top surface, which receives sunlight, the longer it takes for
its temperature to change. In the daytime, therefore, temperature change prog-
resses from top to bottom (upper reinforcing bar, middle section, lower bar, and
steel girder in that order), causing the deck slab to try to project upwards (see
Fig. 12). But this deformation is again restrained by the steel girder, result-
ing in tensile stress at the bottom surface of the deck slab. At the same time,
internal stress is generated by the curvilinear distribution of internal tempera-
ture,

(2) Analyzing Method on Restraint of Girder

A concrete deck slab connected to a steel girder by a slab anchor (a stud is
used with a composite girder) undergoes thermal stress due to a restraining mass
when it is affected by the king of temperature variance shown in Fig., 14. Since
the compensation line method has been used in the past to analyze thermal stress
in mass concrete [22], [23], the method was used here also.

The Young’s modulus and coefficient of heat expansion for a concrete deck slab
are considered to become constant when the concrete hardens. Accordingly, the
following relationships can be obtained from Fig. 14:

& = a/H-ST(y)dy n
ST d '

6= a- (y)ydy @
Sy?dy

Where H : Thickness of concrete structure (cm)
a : Coefficient of heat expansion for concrete (1/ °C)
T(y) : Distribution of temperature difference (C)

7 Ac=4200cn, [c=1.54% I0° cm'
4 Thermal strain Ec=3.0x10% kg2
' aT)
A
x
¢ Concrete structure As= 358 cm’
; ¢ (deck slab) Is= 23x10%em'
7777777777777, 77777777777777777 X Es= 2.1x10° Kcmt
Restraint structure
(steel girder) . .
Fig. 15 Values of representative
Fig. 14 Idea of compensation Line cross section of Tarami

Bridge
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€ : Strain related to axial force (—)
¢ : Gradient of strain related to flexual diformation (cm")

When the free deformation of a concrete deck slab is inhibited by a restraining
nass (steel girder), the latter is considered to be an elastic body and the
force of restraint is expressed as axial force N and bending moment M defined by
the following equations:

= Rn-*No Rn‘Ac'Eé‘E (3)

= RuMo Ru*lcEc* ¢ (4)

Where No : Axial force assuming a completely rigid restraining mass (abso-
lute axial restraint)

: Flexual moment assuming a completely rigid restraining mass
(hereafter referred to as absolute flexual restraint)
Coefficient expressing the strength of restraint on deformation
in the longitudinal direction (hereafter referred to as factor of
axial restraint)

Ru ¢ Coefficient expressing the strength of restraint on flexual
deformation (hereafter referred to as factor of flexual
restraint)

J~
)

=
2
X3

Ac ¢ Cross sectional area of concrete deck slab
Ec : Young’s modulus of concrete deck slab
Ic : Moment of inertia of concrete deck slab
Dividing into the longitudinal direction and transverse one, Rx and Re  were

calculated as follows based on the relationship between deck slab rigidity and
steel girder rigidity:

a) Longitudinal direction

The following calculations were made on a representative cross section of Tarami
Bridge (non-composite girder), shown in Fig. 15. First, Rx was obtained in a
simple manner from the following equation based on the concept of thermal stress
in a composite cross section.
ECAC
Ry = 1 — ————— = 0.37 = 0.4 (5)
EcAc+EsAs
Where Es : Young modulus of steel girder
As : Cross sectional area of steel girder

In the same way, Ru was obtained in a simple manner from the following equation
based on the relationship between the flexual rigidity of a deck slab alone and
the flexual rigidity of a composite cross section (deck slab plus steel girder).
EcIc
Ry = 1 — — = 0.996 = 1.0 (6)
Esly
Where I, : Composite moment of inertia {(deck slab converted into steel) +
(steel girder)}

b) Transverse direction

The same procedure was followed for representative cross section of Tarami Bridge
in the main bar direction, shown in Fig. 2(b), to obtain the factor of axial and
flexural restraint,

Steel member found in the main bar direction consist entirely of sway bracing
placed 5~6 meters apart, and only the top chord members are considered to resist
the expansion and shrinkage of deck slabs. Therefore, Ac = (deck slab thickness)
X (sway bracing interval)= 10,500 cm® and As= (cross sectional area of top
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chord member of sway bracing)= 37.87 cm?®. Vhen these values are substituted in
equation (5) the result is a virtual zero, indicating that restraint is negligi-
ble:

Ry = 0.025 = 0

As for bending in the transverse direction, deck slabs are restrained at each
main girder position, resulting in the flexural moment distribution shown in Fig.
16. The flexual moment is zero at the projecting edges and above outside gird-
ers, and more or less uniform between girders. Main girder restraint is extreme-
ly strong at the support and weaker along the span owing to the fact that the
girder sags slightly at the span. However, since the flexual rigidity of main
girders was found to be sufficiently higher than that of deck slabs, as mentioned
in a) above, factor of flexural restraint in the transverse direction, including
the span area, is considered to be:
Rv = 1.0

In the case of the composite girder bridge subject to this study, the values
obtained were comparable to the above values. However, since studs rather than
bracing are used to prevent slippage, restraint is assumed to be greater than in
the case of the non-composite girder bridge [9].

4.2 Calculation of Thermal Stress

The compensation line shown in Fig. 17 was obtained on the basis of temperature
difference between 8:00 and 16:00 as indicated by Fig. 12, which shows how
temperature distribution in a deck slab changed during the day at the Tarami
Bridge, and the actually-measured coefficient of heat expansion for concrete
(9.5 X10-%/°C). From this the following values were obtained:

£ 31.1x10-¢

¢ 4.21X10° % cm?
It follows, then, that absolute axial and bending restraints per unit of width
are:

i

1.96 X 10* kgf/n
9.75X10* kgf-cn/m

No
Mo

Il]

a) Deck slab stress in longitudinal direction

Member force and flexual moment in the longitudinal direction were calculated

from the above-mentioned restraint factors Ry and Ry and absolute restraints No

and Mo as follows:
N Rn X No
M RuX Mo

0.4x1.96x10*
1.0x9.75Xx10*

7840 kgf/m
97500 kgf+cm/m
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Assuming that the entire cross section of deck slab concrete is effective,
stresses at the top and bottom surfaces of a deck slab were calculated based on
axial force N and flexual moment M and added to internal stress, resulting in
-20.9 kgf/cm? (compression ) at the top surface and 5.8 kgf/cm® (tension) at the
bottom surface. The strains of the upper and lower reinforcing bars, then, are
-29%10-% (compression) and 12X 10-® (tension) respectively, as shown in Fig. 18.
These values are slightly smaller than the measured values.

b) Unit stress in transverse direction

Axial force and flexual moment in the main bar direction were calculated as follo

ws:

N RvXNo = 0

| RuXMo = 1.0X9.75X10* = 97500 kgfecn/m
Again, assuming that the entire cross section of deck slab concrete is effective,
stress at the top and bottom surfaces of a deck slab was calculated and added to
internal stress, resulting in -16 kgf/cm? (compression) at the top surface and 8
kgf/cm® (tension) at the bottom surface. The strains of the upper and lower
reinforcing bars in this case came to -24X10-° (compression) and 23X10-° (ten-
sion), respectively. On the other hand, if the tension side of the deck slab is
neglected, stress at the top surface comes to -20 kgf/cm? (compression) and stress
at the tension side of the reinforcing bar comes to 285 kgf/cm®.
strains of the upper and lower reinforcing bars are -21X10-°
136X 10-® (tension) respectively.

il

In this case,
(compression) and

Fig. 19 compares the calculated values mentioned above with the measured values.
It can be seen that the measured values are close to the values obtained when the
tension side of concrete was neglected. According to a measurement conducted in
December 1983, a tiny crack was observed near the strain gauge placed in expan-
sive concrete. As in the case of ordinary concrete, it is believed that this

condition caused the measured value to approximate the value calculated without
the tension side.

Based on the foregoing, it is believed that temperature change during the day
generated tensile stress of around 6 kgf/cm® in the longitudinal direction and 8
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. Transverse Top surface -14
Table 6 Example on calculated values Bottom surface| 40
of stresses generated at Longitudinal | Top surface -4.5
bottom surface of deck slabs Bottom surface| 49
(in the case that concrete R
is plased in summer and it
continue fine weather)
(unit ¢ kef/em?)
Expansive concrete deck Ordinary concrete deck
slab slab
Items
Transverse |Longitudinal[Transverse {Longitudinal
Dead loads 3 - 3 -
Thermal stress (daytime) 8 [ 8 [
Drying shrinkage (age 60days) 40 49 40 49
Deck slab{Chemical prestress -8 -10 - -
stress -
Subtotal 43 45 51 55
Vheel load 27 21 27 2
Total 70 68 78 7%
Flexural strength 47 ( 58) 48  ( 54)
Strength
Tensile strength 32 (3 31 (35)
#)|Compressive strength 363 (422) 367 (399)

*) Test value by specimens cured under the field conditions.

kgf/cm? in the transverse direction in the summer.

4.3 Calculation of Drying Shrinkage Stress

age 28 days, ( ) : age 91 days.

The average internal humidity of deck slabs was oblained from the data given in
Fig. 9 and charted in relation to concrete strain, as shown in Fig., 20. The
shrinkage factors (the gradients of the charted lines) obtained from this chart
were 12.58X10- % in the transverse direction and 7.21X10-% in the lorgitudinal
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direction. The value is smaller in the direction in which the steel girder
provides greater restraing {longitudinal direction). The value for the trans-
verse - direction is comparable to the lengthwise deformation rate per unit of
humidity, 14X 10-®, obtained from plain concrete [19].

Taking the humidity distribution at an age of 60 days given in Fig. 9 as an
example, the shrinkage cofficient in the transverse direction of 12.58X10-%
wvhich is close to the value for free deformation, was used to calculate the com-
pensation line shown in Fig. 21. From this, the following values were obtained:

€= 111X10°¢

¢ = 11.5X10°% cm?
Assuming that at this stage there are no cracks in the deck slab and that the
concrete cross section alone offers resistance, deck slab stress due to external
restraint was calculated based on the above-mentioned restraint coefficients.
Internal stress was then added to the value thus calculated to arrive at deck
slab stress generated by drying shrinkage (see Table 5). Creep was taken into
account in the calculation by assuming a creep factor of ¢ = 1.2 based on the
results of a creep test conducted on expansive concrete speciments at an age of
60 days, and using the creep coefficient to reduce the VYoung’s modulus for
concrete,

In this way, it was quantitatively confirmed that drying shrinkage has a much
greater influence on deck slab stress lthan temperature change, both in terms of
strength of change and disproportionate distribution within a deck slab.

4.4 Generating Stesses in a deck slab

The various factors that generate stress in a deck slab are listed in Table 6.
These consist of dead load and vehicular load (live loads) calculated in accord-
ance with Specification of Highway Bridges [24], the chemical prestress mentioned
earlier, and drying shrinkage stress and thermal stress calculated as per the
above.

From the foregoing we were able to confirm that, after moist curing and along
with the removal of formwork and shoring, temperature change and drying shrinkage
affect RC deck slabs, creating a substantial tensile stress at their bottom sur-
faces prior to the effects of vehicular load and leading to the development of
initial cracks. In the same way, if a deck slab is exposed to strong sunlight
or wind without receiving adequate curing treatment immediately after placement,
the top surface of the deck slab easily undergoes tensile stress, resulting in
the formation of cracks. In fact, there have been a few cases where penetrating
cracks had formed in the concrete even before formwork removal, owing to an
initial curing process that did not take into account the severe weather condi-
tions that existed at the time of placement.

The values shown in Table 6 are the results of sample calculations in which a
combination of fairly severe conditions of stress was assumed, as mentioned
above. The actual conditions for crack formation differ according to the bridge
environment, design method, the quality of concrete (especially the unit water
content), weather conditions on the day of placement, curing method, timing and
method of asphalt paving, and other factors.

5. CONSIDERATION OF DESIGN VALUES FOR EXPANSIVE CONCRETE DECK SLABS

5.1 Consideration on Flexural Cracks

In determining the design values for RC deck slabs, the width of flexural crack
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(w) at the serviceability limit state can be reduced by the use of expansive
concrete. Standard Specification for Desin and Construction of Concrete Struc-
tures published by JSCE prescribe the following formula [25], which is based on
past experiments, for calculating the width of flexural crack:

O se 0 pe
w = ki {4c + 0.7 {cs—9)} - [ ) +e..] (7)

( or
s »
Where k; : Constant to take into account the influence of bond character-
istics of steel, which may be set equal to 1.0 for deformed bars,
1.3 for plain bars and prestressing steel
Concrete cover (cm)

c
ce : Center-to-center distance of steel (cm)
¢ : Diameter of steel bar (cm)
0 se : Increase of stress in reinforcing bar (kgf/cam?)
E< : Modulus of elasticity of reinforcing bar (kgf/cmn?)
0 ve : Increase of stress in prestressing steel (kgf/cn?)
E. : Modulus of elasticity of prestressing steel (kgf/cm?)
¢’.s : compressive strain for evaluation of increment of crack width due

to drying shrinkage and creep in concrete

In the above equation, € ’.. is generally established as about 150X 10 % based on
the investigation results of steel railway bridge [25], [26].

For experimental purposes, Kakuta’s and Ozaka’s equations are available [27],
[28]. Using the former and also taking into account the measured values on
strain, calculation trials of the ¢’., values for expansive and ordinary con-
crete were made.

Since 0 cm (decline in reinforcing bar stress between cracks due to bonding of
reinforcing bar and concrete, with said decline converted into average tensile
stress of effective concrete cross section) =  against long-term continuous
load in Kakuta’s formula, and since expansive strain ¢ ’.cp generated by chemical
prestress acts against the cracking of expansive concrete deck slabs, the maximum
crack width was calculated as follows:

o s

Waax = ( +£4) *lnax (ordinary concrete) (8)
os
Waax = ( : tey — €£75cp) *laax (expansive concrete) (9
The € ’c« value given in the Standerd Specification [25] corresponds to €, and
(€4 - €’secw) in the above formula. A flow chart showing the calculation proce-

dure for € '.s .is given in Fig. 22.

5.2 Trial calculation of &,

For expansive concrete deck slabs, €+ was established as the elastic strain
differential between reinforcing bar and deck slab caused by drying shrinkage
and creep in the concrete mass (see Equation (10) below), under the assumption
that there are no cracks in the deck slab.

Tce
£y — £5 t — (10)
Ec
vhere € s 2 Deck slab strain caused by drying shrinkage
0 c4/Ec : Strain corresponding to stress occurring in concrete due to

drying shrinkage

Calculations of ¢ 4 and 0 c,4/Ec vere based on unrestrained drying shrinkage
strain £ o, as described below.
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For ordinary concrete deck slabs, ¢, was established as unrestrained shrinkage
strain ¢ o, based on the consideration that these slabs developed crakcs at an
early age.

Since the actually measured strain values for dummy slabs are unreliable, unre-
strained shrinkage straine o was determined by tentatively establishing an € o
value and using that value to calculate ¢ o in Equation (11). The € o value
which resulted in an € s value that closely matched drying shrinkage strain ¢’y
obtained from the subject bridges was then used in subsequent calculations.

(1) Calculation procedure of €+ for expansive concrete deck slabs

a) ¢, in the transverse direction

When calculating €+ in the transverse direction, the fact that the deck slab
concrete, reinforcing bar, and sway bracing restrain the deformation of each
other was taken into account. Calculations were made in two stages as described
below (see Fig. 23 ).

O First, taking only the deck slab, shrinkage strain € s1 generated in a deck
slab due to restraint from its reinforcing bars when the deck slab concrete
shrinks up to unrestrained shrinkage straine o was calculated.

@ Restraint provided by sway bracing was then considered. A model framework
of a deck slab and svay bracing was prepared, and shrinkage strain ¢,z gener-
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ated in a lower reinforcing bar when its deck slab shrinks only up to € s1 was
calculated.

Shrinkage straing sz obtained from @ above corresponds to final deck slab
shrinkage straine s @

£ s = ¢ s2 (11)
It follows, then, that tensile stresso¢., by concrete at the lower reinforcing
bar position is:

oci= (EO_ES).EC.Z/(2+¢) (12)
Therefore, ¢ ¢4 in the transverse direction is:
€ =es t 004/ Ec (13)

b) €.+ in the longitudinal direction

To calculates + in the longitudinal direction, the fact that the deck slab
concrete, reinforcing bar, and girder restrain the deformation of each other and
that the deformation of the overall bridge is restrained at the support were
taken into consideration. Calculations were made in three stages as described
below. @ First, taking only the deck slab, shrinkage straine .1 generated in a
deck slab due to restraint from its reinforcing bars when the deck slab concrete
shrinks up to unrestrained shrinkage straine , was calculated.

@ Restraint provided by a girder was then considered. Assuming a composite
girder, shrinkage straine .2 generated in a lower reinforcing bar when its deck
slab shrinks only up toe s: was calculated.

@ Restraint Provided by a support was then considered. In other words, the
effect of restraining at a support deformation caused by bending moment M., in a
rigid cross section, as obtained from @ above, was considered. Statically
indeterminate flexural momentAM, which occurs in a given cross section when My,
acts on a continuous girder, was calculated, after which shrinkage strain £ «a
generated in a lower reinforcing bar byAM was obtained.

Shrinkage strainse sz ande sz obtained from @ and @ above correspond to final
lower bar shrinkage straine <:

£Es — & s2 + € 53 (14)
Tensile stress (o . ) of concrete at the lover reinforcing bar position can then
be obtained from Equation (12), and € + in the longitudinal direction from
Equation (13).

(2) Calculation results of ¢+

The calculated values for drying shrinkage strain (¢ <) are compared with the
measured values for drying shrinkage strain (&’s) in Table 7. Unrestrained
shrinkage straine o is estimated to be about 300~500X10-%, Accordingly, the
middle ¢, value, 400X 10" %, was used to calculatee¢ ,, and the results (e, ) are
shown in Table 8.

In these calculations, the creep factor was established as 2.0, based on the
results of creep tests conducted on expansive concrete specimens at an age of
1941 days.

5.3 Consideration of & ’.s in Formula of the Width of Flexural Crack

The values for ¢4 {ordinary concrete) and €+ - £ <cn (expansive concrete)
given in Table 8 correspond to € ’cs in Standard Specification [25]. According-
ly, the values for ¢ ’., based on the above calculations are as shown in Table 9.

Calculations of maximum crack width wsa.x were made on the basis of Kakuta’s and

Ozaka’s formulas, using the ¢, values calculated as per 5.2; the design values
for reinforcing bar stress generated by dead loads; the measured values for
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Table 7 Comparison between calculated Table 8 Calculation results
drying shrinkage strain (¢ .) of ¢,
and measured drying shrinkage )
strain (& ’.) (unit ¢ X10°%)

Direction Expansive concrete|Ordinary concrete

Calculated shrinkage strain €. (X10-%) |Measured

Direction  |Position shrinkage Eran§ve;§e . gg igg
in cross Unrestrained shrinkage strain|strain ongitudina
section {Calculation eo (X10°%) [ N
equation : Note) ¢=2.0

300{ 350| 400| 450 500 (x10-%)

Upper | 0.8319¢, | 250{ 291| 333| 374| 416] 340~370
Transverse Middle | 0.8049¢, | 241| 22| 322| 362| 402 360

Lover | 0.7766¢o | 233| 272| 311| 349| 388 360 Table § Calculation vesults

: of €'cs
Longitudinal | Middle | 0.5342¢o | 160| 187] 214} 240| 267 180~180
(unit ¢ X10°%)
Note) ¢=2.0 Direction Expansive concrete(Ordinary concrete
: . Transverse 135 400 (355~400)
Table 10 Calculated values of maximum Longitudinal 125 400 (305~400)
crack widths
Caleulation method Calculated crack
widths
€ea (X10°%) #4) (nm) *4)
Case | Calculation equation
Expansive|Ordinary |Expansive|Ordinary
concrete [concrete |concrete |concrete Table 11 Heasured values of
[1] |Specification’ formula| 0 150 0.05 | 0.08 maximum crack widths
equation (7) +1) 0 150 0.04 0.07
[2) |Specification’ fornula| 125 | 400 | 0.2 | 0.15 (unit : w)
equateon (7) *2) 13 400 0.09 0.15 Direction Expansive concrete|Ordinary concrete
[3] |Kakuta's formula 125 400 0.12 0.19 N ~ "~
< Transverse less than 0,05 0.15~0.25
) .
equation (8)8&(9) 135 400 0.07 0.10 Longitudinal | less than 0.05 0,050, 18
[4] |0zaka's formla 125 400 0.08 0.17
)} 135 400 0.06 0.10
#1) k=10, k.=0.5, £2) ki=1.0, k.=1.0,

23) k=0.8, r=1.0, {=0.6,
+4) Upper section : correspond to the crack in transverse direction
Lower section : correspond to the crack in longitudinal direction

reinforcing bar stress o¢ . generated by temperature change; and the measured
values for expansive strain.e’ ., at the subject bridges. Table 10 compares the
Vmnax values thus calculated and the corresponding values obtained from the equa-
tion given in Standerd Specification [25].

Maximum crack widths in Cases [2]~[4], which are based on ¢, (€’cay €’ sco)
calculated from measured strain, are comparable to the maximum crack widths meas—
ured at the subject bridges (see Table 11). In Case [1], on the other hand, in
which € ’cs is established as 150X10-¢ (0 for expansive concrete), the maximum
crack width of ordinary concrete is somewhat smaller than the gmeasured figure.

Vhile Standerd Specification [25] cites ane¢’cs value of 150X10°% for general
application, in the case of Tarami Bridge about 130X 10-° for expansive concrete
and 400X 10-% for ordinary concrete are believed to be more appropriate in view
of the foregoing. In this study, the ¢ s value for ordinary concrete was assumed
to be equivalent to unrestrained shrinkage strain € o = 400X10-%, owing to the
fact that cracking was observed in the initial stage.  However, in a case where
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cracking develops after drying shrinkage has progressed to a certain extent,
the €+ value should correspond to the elastic strain differential between a deck
slab and its reinforcing bars. In view of this factor,¢ ’¢s for ordinary con-
crete is surmised to range between 300X10-° and 400X10-%,  as shown within
brackets in Table 9.

From the foregoing, it is believed that the use of expansive concrete (chemical
prestressed concrete) allows the reduction of thee .. value for RC deck slabs
in steel highway bridges by 200~300X10-%, In other words, the study proved
that tensile strain in a reinforcing bar brought on by bending moment continues
to decline even after the appearance of bending cracks, and that strength of this
strain is nearly the same as the initial strain generated by the effects of
expansion in the tensile-side reinforcing bar [8]. In addition, when using 150X
10-% as the design value for ordinary concrete, as is the practice at present,
£¢’cs = 0 is believed to be appropriate for considering bending cracks in expan-—
sive concrete (chemical prestressed concrete).

6. CONCLUSION
The following conclusions can be obtained by this study:

(1) The use of cxpansive concrete (chemical prestressed concrete) in the RC deck
slabs of steel bridges results in a significant reduction in crack formation
compared to the use of ordinary concrete, and is an effective method for
improving the durability of deck slabs. ’

(2) The RC deck slabs of steel bridges show disproportionate distributions of
internal temperature and humidity fror the initial stages owing to temperature
change and drying shrinkage.

(3) Because steel girders restrain the deformation of deck slabs originating in
(2) above, the latter undergoes thermal stress and drying shrinkage stress,
developing cracks even without the effects of vehicular load. This effect is
particularly pronounced in the early stages, when the concrete has not yet
developed enough tensile strength.

(4) Due to (3) above, the bottom surface of a deck slab undergoes tensile stress
in the daytime (especially in the dry season). For this reason, stress is at
its greatest when vehicular load acts on a deck slab during the day. In addi-
tion, the disproportionate distribution of internal humidity becomes more
pronounced with the passage of time, increasing tensile stress at the deck slab
bottom.

(5) The strength of restraint provided by a steel girder in the transverse direc—
tion (primary reinforcement direction) differs from that in the longitudinal
direction (distribution reinforcement direction), and a simple method was used
to express unit stress in a deck slab.

(6) Deck slabs made of expansive concrete have the effect of reducing the incre-
pental width of cracks caused by drying shrinkage and creep, so that crack width
is smaller than in the case of ordinary concrete. This factor may be taken into
account when calculating flexural crack at the serviceability limit state.
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