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Abstract

This paper proposes a mechanical model to describe the load-deformation responses of the
reinforced concrete plate members under service load state. An Analytical method is
introduced on the basis of the rotating crack model which considers equilibrium, compatibility
conditions, load-strain relationship of cracked member, and constitutive law for materials. The
tension stiffening effect in reinforced concrete structures is taken into account by the average
tensile stress-strain relationship from the load-strain relationship for the cracked member and
the constitutive law for material. The strain compatibility is used to find out the crack
direction because the crack direction is an unknown variable in the equilibrium and
compatibility conditions. The proposed theory is verified by the numerous experimental data
such as the crack direction, moment-steel strain relationship, moment-crack width
relationship. The present paper can provide some basis for the provision of the definition of
serviceability for plate structures of which reinforcements are deviated from the principal
stresses, because the present code defines the serviceability by the deflection, crack control,
vibration and fatigue basically for the skeletal members. The proposed theory is applicable to
predict the service load state behavior of a variety of reinforced concrete plate structures such as
skew slab bridges, the deck of skew girder bridges.
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1. Introduction

It is well known that the reinforcements in re-
inforced concrete and plate member such as
slabs are more efficient when the reinforcing
bars are arranged parallel to the directions of the
principal tensile stress. In this case, the bars pass
through the cracks orthogonally and they can
carry the tensile stresses of concrete. Therefore,
the reinforcement performs best if the reinforc-
ing bars are distributed along the trajectory of
the principal stress or the principal moment. But
we can find out the areas in which this ideal
arrangement of reinforcement cannot be realized
from the practical reason in almost all reinforced
concrete plate members. Thus, a problem arises
in determining the response of reinforced con-
crete structures consisted of plate members in
which the direction of reinforcing bars are in-
clined to the direction of principal tensile
stresses.

Typical reinforced concrete plate elements
such as the skew slab bridge, the deck of skew
girder bridge and the upper and lower flange of
box girder are such a case. In these cases the
principal stress direction does not coincide with
the reinforcement direction in "the reinforced
concrete structures consisted of plate members
although the longitudinal reinforcement direction
is generally normal to the crack direction in a
skeletal member. The present code defines
serviceability by the deflection, crack control,
vibration and fatigue of the skeletal member, but
it doesn't provide any definition for plate struc-
tures of which reinforcements are deviated from
the principal stresses.

When the reinforcement direction does not
coincide with the principal stress direction, it is
necessary to consider the reinforcement direction
in a concrete plate structures for an efficient and
economical analysis.

Baumann “? treated the reinforced concrete
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plate member as if consisted of upper and lower
plane stress element carrying in-plane forces, i.e.
the principal moments are represented by
internal force couples. But this calculation
method is not suitable for the behavior of plate
member under service loads. Zararis“® presented
a theory considering the stresses in reinforced
concrete shear walls and plates with orthogonal
reinforcements under service loads.

He proved the existence of shear forces
theoretically and determines their magnitude by
the compatibility condition of the strains at the
cracked section. However, he did not consider
the tension- stiffening effect and the concept of
average stress and average strain proposed in the
references.®'¥ That is to say, he did not apply
his theory to the load-deformation response
throughout the loading history.

However, in the proposed model the tension
zone is modeled as the rotating crack model and
the compressive stress distribution in the
compression zone is considered to represent the
behavior of reinforced concrete plate member.
The expressions derived from the plane stress
member are extended to those representing the
behavior of the plate member after crack
development. The proposed load-deformation
responses are compared with the experimental
results from literatures.

The research objective of this study is to
present an analytical model based on the rotating
crack model.“*'¥ Since the proposed model is
based on the rotating crack model, it can be
easily dealt with the cases in which the
reinforcements are deviated from the principal
stresses. As the model uses the concept of
average stress and average strain to calculate the
load-deformation responses of a reinforced
concrete plate member, it can be applied to
calculate the service state behavior.



2. Governing Equations

A diagram of a reinforced concrete plate
element subjected to normal stresses is shown in
Fig. 1 (a). The directions of the longitudinal and
transverse steel bars are designated as the x- and
y-axes, respectively, constituting the x, y-
coordinate system. Accordingly, the normal
stresses are o, and oy, and the shear stress is
Tay-
When the principal tensile stress (o, ) reaches
the tensile strength of concrete, diagonal cracks
will form and the concrete will be separated into
a series of concrete struts by the diagonal cracks.
If the element is reinforced with different
amounts of steel in the x and y directions, as
shown in Fig. 1 (c), the direction of the principal
stresses in concrete after cracking will deviate
from the direction of the applied principal
stresses in Fig. 1 (b).
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Fig.1 Definitions of stresses and coordinate system
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Fig. 2 Stress condition in reinforced concrete
element (a) Reinforced concrete,
(b) Concrete struts, (c) Reinforcement

The following assumptions will be made to
describe the equilibrium conditions and com-
patibility conditions.

1. Stresses and strains can be expressed in terms
of average values when considered areas or
distances are large enough to include several

cracks.

2. The concrete and the reinforcing bars are
perfectly bonded together.

3. The longitudinal and transverse reinforcing
bars are uniformly distributed.

2.1 Equilibrium Conditions

The stresses in the reinforced concrete element
are resisted both by the concrete and the steel
reinforcements. The concrete stresses in the two
coordinate system x-y and 1-2 are transformed
according to the usual stress transformation
equations. The stresses in reinforcements are
assumed to take only axial stresses.

The total stress in a reinforced concrete
element is the superposition of the concrete
stress and the reinforcement contributions.

o, =oycos’h+oysin’ i+ o, f (D)
o, =0 sin’ g, + o, cos® g + Pyfsy 2)
T,y =(03 —0y)sing cos gy 3)

0,0y = normal stresses in the x and y directions,

respectively (positive for tension)

0,,0, = principal stresses in the 1 and 2
directions, respectively
(positive for tension)

¢, =angle of inclination of the 2 direction

with respect to y direction

Px» Py = reinforcement ratio in x and y
directions, respectively

Joxr fsy = steel stress in x and y directions,

respectively

2.2 Compatibility Conditions

The two-dimensional compatibility condition
expresses the relationship among the average
strains in different coordinate systems.
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The transformation of average strains between
the x, y coordinate system (¢, , £y 7xy) and the
1, 2 principal axes ( g,, &,) gives

£, =& cos’ ¢ +&,sin’ ¢, @
€, =& sin” ¢ +&,cos” g 5)
Vo = 2& — &)sin g cos gy (6)
£, +E, =6 +6 - (D

&y,€, = average strains in the x and y
directions, respectively
(positive for tension)
7x = average shear strains in x-y coordinate
£, €, = average principal strains in the land 2
directions, respectively
(positive for tension)

3. The Mechanism of Cracking and
Deformation of Plate Element

The principles of load-deformation behavior
can be most easily understood by considering the
mechanism of cracking of a reinforced concrete
member subjected to pure bending.®'"
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Fig. 3 Average strain of the member subjected to
pure bending

As shown in Fig. 3, average strain in the
concrete at the extreme compressive fiber and
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the average tensile strain in the reinforcing steel

are given as follows.

Em =1=8)6,+C &,
Eg =0 -0) €, +¢ &,

®

£, = concrete strain in state |
&, = concrete strain in state II
&, = steel strain in state |
&, = steel strain in state II

The coefficient ¢ for the member subjected

to pure bending is given by Eq. (9).

M
¢=1-5,-5, ( Mcr

2
J for M>M,, (9)

=0 for M <M,

M = maximum moment in the member at the
loading stage

Ig-f, _
Vi

I, = moment of inertia in state I including
the reinforcement

f, =modulus of rupture

=0.63-4/ f, [Mpa]

y, = the distance of the extreme tension
fiber from the center of gravity of
the section

3, = the coefficient which takes into account
the bond properties

= 1.0 for high bond bars

= 0.5 for plain bars

B, = the coefficient which considers the
deterioration of tension stiffening
for long term and repeated loading

= 1.0 at first loading and

= 0.5 for long term or repeated loads

independently on their duration

M, = the cracking moment



Evaluation of the response of a flexural
member is somewhat difficult, because the
stresses and strains vary over the depth of the
member.

The internal lever arm for arbitrary load path is
defined as follows.
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Fig. 4 Stress block factor

z=d, —[O.Sﬂo ——ﬁ——-doil (10)
Eom T Esm
where
d =effective depth
£., =the average strain at the extreme
compressive fiber
&, = the average strain in the reinforcement

_ 4-¢,, /¢,
6-2¢,,1/¢,

=stress-block factor for a more general

FPo

concrete stress-strain relationship of a

parabolic stress-strain curve

£, = strain when concrete reaches its
compressive strength( fC')

4. Material Law

4.1 Constitutive Laws for Concrete

The stress and strain relationship of concrete
in the 2-direction is proposed by many

researchers. In this model we use the material
law proposed by Roos,"” since he critically

reviewed almost all the previous theories and test
results. Concrete strength is based on the
following equation

1 = 1 5.

c ®_¢
\/1+k15'(1+—kz£—J'81 (11)

The factor k;,=160 and k,=11 is determined
from the experimental results.

The average principal tensile strain (&) is
given as a principal parameter, and the difference
Ag=(@©—¢) of crack direction from
compressive stress direction is introduced as
another parameter (Fig. 5).
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Fig. 5 Stress-strain relationships of cracked
concrete

Not only the concrete compressive strength
but also the compressive strain are modified by
the crack development.®'*'> This compressive
strain is proportionally applied to the
compressive strength

c = fc' c (12)
In case that the plate is under biaxial moment
as illustrated in Fig. 6, the compressive strength

may be reduced due to the tensile strain (&;) on
the same surface under the biaxial moment.
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Fig. 6 Biaxial strain state of a plate element under
biaxial moment

4.2 Constitutive Laws for Reinforcing Steel

The stress-strain relationships for the long-
itudinal and transverse mild steel can be
expressed in a general manner as follows

fs=f(e) (13)

where f is a function to be assumed for mild
steel.

If the stress-strain relationships for long-
itudinal and transverse mild steel are assumed to
be elastic-perfectly plastic, then

fi=E; & when &, <&
fs=1 when g 2¢

where E = modulus of elasticity
f, =steel yield stress
&, =steel yield strain

5. The Behavior of Reinforced
Concrete Plate Member with
Orthogonal Reinforcement

5.1 Average strains in the Reinforced
Concrete Plate Element after Cracking

As a plate member is loaded under
incremental moment, the lever arm, which is the
distance between the resultant compressive force
and the resultant tensile force, changes according
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to the variation of the depth of compression zone
at each loading stage. The average tensile stress
and strain of the reinforcement can be estimated
with the effective concrete area (Ac’ef) that is
computed by considering both of the
reinforcement and the concrete in tension zone
(Fig. 7).

The angle of the crack under service load is
denoted by ¢ . The moments which acts on a
unit element of the plate viewed in the direction
of the cracks are shown in Fig. 8.

A y

Fig. 7 The behavior of plate element by moment
M, M,: crack formation in the tension by bending

The moment acting at the cracked section in
the x and y direction are

szo-x'Asx'zx (14)
M, =0, A,z as)

The lever arm z,, z, are defined as shown in
Eq.(10)

If the crack direction (g ) is known, the
moment equilibrium on the section parallel to the
crack direction can be represented according to
Fig. 8. The equilibrium equation can be obtained
at the cracked section as follows.



M,b, cos¢y+M b, sing, (16)
= M b, cos(g, —a)+ M b, sin(g; — )

-M,b, sing +M b, cosg, 17
=-Mb, sin(¢1 - a)+ M,b, cos(¢1 —a)

b= - a)
Mz'sz 1= esbima
by b= sin(¢ —a)
b,= cos ¢y
¥y .
b, = sin¢,
[¢3] f
[
M, b, é o
b M- b
[¢)) by —»
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M, b,l

Fig. 8 The equilibrium between the external moment
and the internal resistance in a plate element
carrying moment at a cracked section

The width b, to b,, on which the moments
M, to M, act, are represented as a function of o
and ¢,. The moments at the cracked section in
the x and y direction are

M, =cos?a(l+tana tand, )M,

+sin”a(l-cota tand | M, (18)

M, =sin? a1+ cota cotd )M,

+cos?a(l—tana cotd )M, (19)

M, can be represented in the case that M, is a
different sign convention from M,.

The average steel forces in the reinforcement
after crack development are Egs. (20) and (21).

If the unit length normal to the crack direction
is considered as shown in Fig. 9, the force

equilibrium including the diagonal compressive
force D, can be obtained.

The diagonal compressive force D, in Eq.(22)
is represented from the N, , N, , M/z, and
Mz, .

After the introduction of N,,, and N, from
Eq.(20), (21) and the given width b, to b, in Fig.
9, the following relationship can be obtained as

in Eq. (23).

/ B 1[3 20 zr,xASZx

N Z,
M, /lz,

Sr,x

=M

x

={cos?a(l+tana tancl)l)&
z

X

M,

+sin?a(l-cota tand )
x

(20)
B 1[3 20 .%r,xAszx

cos2a(l+tana tand )

M,

X

+sin2a (1~ cota tan(l)l)MZ

X

2 2
B IB 20 sr,yAsy

N, . =M_/z -
yy M,z

ST,y

. M
={sin?a(1+cota cotd, )—-
z
y

M
+cos?a(l—cota tand | ) —2
z
¥y

2 2
B }B 20 sr,yAsy

. M
sin?a (1+ cota cotd | )—L-
z
y

+cos®a (1-tana cotd 1)ﬁ
> day
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N,, . steel force in x-direction after cracking
N,

sy

: steel force in y-direction after cracking

The mean lever arm (z,) for the principal
moments is taken  approximately  as
2, = (2, +2,)/2 ateach loading step.

Mzsz b|=5in(¢1_n)
b bp= cos (¢ — a)
@ ly b, = sin ¢,

by = cos ¢,

Fig. 9 The equilibrium in diagonal compressive strut
over unit width between the external moment
and the internal resistance in a plate element

D, =N, b, sind, +N, b, cosd,

—ﬂbl sin((l)l -0 )—ﬁb2 cos((1>1 —(1)
Z 2

=N, sin?0, +Ngy cos?¢, (22)
-&sinz(tl)1 —(1)-—ﬂcos2@)1 —a)
(23)

D, =(M, sz sina cosa

Zm 2y Jsind | cosd,

B IB 20 ?r,xAszx Sirl(bl COS(PI

(M, M M, M
(—’——ZJsinu cosa +(—1—+—2Jcot¢1

Zx Zy Zx Zx

BB,02 AL sind, cosd,

M, M, M, M
(—1——2]sma cosa +{—‘+—2J tand

Zy %y Zy %y
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It is noted that &, and ¢, can be taken from the
average strain concept after cracking as follows

1 Mx _B IB 20 zr,xAszx

2y Mx
Zy

X

M
_— |:COSZ(1(1+tana tand, ) —L
z

+sin?a(l-cota tand 1)M2

X

2 2
B 113 20 sr,xAsx

cos?a(l+tana tan(l)l)ﬂ

X

M,

+sin?a(l-cota tand )
X

(24)
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A E
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M
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. M
sin%a (1 +cota cotd 1)—1
z
y

M
+cos?a(l-tana cotd, )—=
z
y

(25)



Principal compressive strain (&) can be
obtained from the diagonal compressive force
parallel to the crack direction

DC
‘E

€, P

_ 1 ﬁ’l_l_Mz sina cosa
h, E. |\ z, 2, )sind, cosd,
BB,03, AL sind, cosd,
M, M M M
172 |sina cos@ +{ —-+—2 |cotd
Zy Zy 2y Zx

2 .
BB,0 sr‘yAszy sind | cos®,

M, M M M
ZL_2 lsina cosa +| —-+—2 |tand,
z, 2z, z,

(26)

c

+

where

_ Pyer +hy o
" 2
= the mean depth of the effective area of
concrete in tension

Principal tensile strain (¢,) from the strain
compatibility conditions is

€)1 =€,+8,—€, (27)

5.2 The Crack Direction of a Plate
Element in the Elastic Range of the
Reinforcement in Both Directions

The strain compatibility condition can be used
to determine the unknown crack direction( @, ).

The compatibilfty condition and Eqgs. (24),
(25), (26), and (27) yield the following equation

with consideration on the crack direction under
service load state. The lever arms of z, and
z, can be reasonably assumed to estimate the
crack direction(¢,) as the mean lever arm of
Zem = 0.9-d, in the x and y directions.

£,cos’d, +&,sin’d, =¢ (28)

After some manipulation to obtain the crack
direction (¢) in the plate element, the following
equation for the crack direction under the service
load state can be obtained.

(tana +kcota) (cota +ktana) 1

o +0] ) =
R (P L T( B R
2 ﬂlﬁZOSerAst
+O— = :
/1s1nacosa(1—k)(lsmacosa+m-¢1)
(1+Vm)+(1_vmp12
1+0?
+¢2 ‘BlﬁZO.?r,yAszy .

! Asina cosa(l-k)(Isina cosa +m/®,)

|:(Vm ~4)-(v, +,1)q>12}

1+07

(29)

@, = cotg, , the crack angle from the transverse
reinforcement direction
k = the ratio of minimum principal moment and
maximum principal morment (M,/ M;)

zcm Zcm Zcm

Zcm Zcm ZCm

M
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A = ratio of reinforcement contents( A /A, )
v, = ratio of the stiffness of reinforcement {x)
and the modulus of elasticity of the concrete

E A
Pxm” /c » where 0, ,, = . hm 1

A positive real root of this equation gives the
angle (¢,) of the crack direction in a plate
element under service load state when the
reinforcement stress is below the yield strength
(f,). This crack direction is dependent on the
ratio of reinforcement contents, the ratio of
maximum principal moment and minimum
principal moment and the reinforcement
direction laid in the plate element

5.3 Crack Width Calculation in the Plate
Element

As cracks propagate due to the external
loading, the cracking is more likely to approach
a stabilized state. In this state, the average crack
width will be equal to the average spacing of the
crack multiplied by the average strain in the
reinforcement. &9

Therefore, the crack width (w) in the plate
element can be taken as the product of the
principal tensile strain (&) and the average
spacing of the diagonal cracks (I, ,..).

w= &- l:,max (30)

The spacing of the inclined cracks will depend
upon the crack control characteristics of the
longitudinal and transverse reinforcements,
respectively. It is suggested in reference ” that
this spacing should be taken as

-1
cosO sin©
L max = + (31)

lxx,max lsy,max
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Thus, .8 denotes the angle between the
reinforcement in the x-direction and the direction
of the principal tensile stress. [, is the
average crack spacing of a member subjected to
longitudinal tension while [, is the average
cracking spacing of the member subjected to a
transverse tension.

Average crack spacing has been empirically
modified to give the following relationship in
CEB-FIP MC78.

lsx max = 2(Cbx +'SLJ+k1 °k2 ' L =
' 10 p x.ef (32)
- Sy ek 2o
Loy max = 2[c,,y + 10J+ k -k, b,y 33)

¢, = clear concrete cover (mm)
s = maximum spacing of reinforcing bars
but less than 15-¢,
k,= 0.4 for deformed bars
0.8 for plain bars or bonded strands
k,=0.125 for pure bending
0.25 for pure tension

6. Verification of Theoretical
Proposal

The response of reinforced concrete plate
subjected to uniaxial bending and pure torsion
has been extensively investigated by Lens-
chow!"? and Ivéanyi and Lardi.”’

6.1 Lenschow's Plate Element Test

Lenschow!? performed experiments on plates
having a thickness of 4.14" and a width of 42"
and a length of 90™ with orthogonal rein-
forcements, which concemed plates carrying
uniaxial bending(My=0) or pure torsion (M=
-M ).
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Fig. 10 The specimen under uniaxial bending tested
by lenschow [unit: inch]

A list of the analyzed plates including the
ratios of longitudinal and transverse rein-
forcements with No. 2 bars (0.25" diam.),
concrete strength, and reinforcement deviation
angle (o ) are given in Table. 1.

Table 1 Material properties for lenschow's pecimens

Concrete | Yield Steel direction and spacing
strength | Stress Top/bottom
fc' Fy al al/a®l a2 |a2/a°2
Plate

[psi} [psi] | [°] [in.] [°] | [in]

B6 4890 | 50000 | 67.5° | 1.5/0 | -22.5° |1.375/0

B9 3820 | 50000 -45° | 3.0/0 45° |1.375/0

B11 | 4800 |50000| -22.5° | 1.5/0 | 67.5° |2.75/0

B21| 5180 |47800| 90° | 1.5/1.5 0°  [5.5/55

B22 | 5460 |53700| 90° |1.5/1.5 0° [5.5/55

6.1.1 Comparison of crack direction under
service loads

The patterns of crack direction (¢, ) under
service loads of the test plates with different
reinforcement ratio in two orthogonal directions
are shown in Fig. 11~Fig. 15 and compared
with the corresponding crack directions (g,;)
given by the proposed expression. The crack
directions (¢;) indicated on the figures are
calculated by the proposed expression from the
beginning of cracking to the failure of plate. That
is why the range of crack directions are shown.

Fig. 14 Crack direction of plate B21
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Fig. 15 Crack direction of plate B22

6.1.2 Comparison of moment-strain

response of plate

Lenschow"? obtained the steel strains of all
the plates for the bending loads up to the failure.

Two reinforcing bars in each layer of
reinforcement were instrumented with electric
strain gages placed well within the test area. The
measured strain values were plotted and shown
from the measured data. It can be shown in Fig.
16~Fig.25 that the comparison between
experimental and the theoretical results shows
good agreements at the service loads.

The steel strains of B6, B9 and B11 are elastic
under the load of 4000 Ib-in/in after the cracking
of tension zome that is in the tensile
reinforcement as shown in Fig. 16 ~Fig. 21.

In the case of biaxial bending experiment of
B21 and B22, the plates B22 is elastic under
3000 lb-in/in, which can be shown in Fig.
22 ~Fig. 25 in the case of biaxial bending.

From the figures, it can be observed that the
values of strain gage placed between the crack
planes are higher than the average strain value,
and the values of strain gage placed in the
concrete between the cracks are lower than the
average strain value. This is the reason why the
scatter values are shown in the measurements.
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Fig. 16 Moment-strain of reinforcement in the x
direction of plate B6
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Fig. 17 Moment-strain of reinforcement in the y
direction of plate B6
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Fig. 18 Moment-strain of reinforcement in the x
direction of plate B9
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Fig. 19 Moment-strain of reinforcement in the x
direction of plate B9
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Fig. 20 Moment-strain of reinforcement in the x
direction of plate B11
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Fig. 21 Moment-strain of reinforcement in the y
direction of plate B11
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Fig. 22 Moment-strain of reinforcement in layer
1, 4 of plate B21
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Fig. 23 Moment-strain of reinforcement in layer
2, 3 of plate B21
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Fig. 24 Moment-strain of reinforcement in layer
1, 4 of plate B22
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Plate B22 (layer 2, layer 3)
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Fig. 25 Moment-strain of reinforcement in layer
2, 3 of plate B22

6.2 Ivanyi and Lardi's Plate Element Test

Experiments of plates subjected to uniaxial
moment were performed by Ivdnyi-Lardi®. The
plates had a thickness of 15°™, a width of 180°™
and a length of 440 and were reinforced with
orthogonal nets of reinforcing steels. The ratios
of longitudinal and transverse reinforcements of
the selected specimens are A=1 in plate P8, P9,
P12, P14, P15, A=5 in plate P3, P7, P11 and
A=2 in plate P13 under uniaxial bending.

0, @ 0 80 2

unitica

Fig. 26 The specimen under uniaxial bending tested
by Ivanyi-Lardi [unit:cm ]
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Fig. 27 Strain gage position in the reinforcement (P7)

Table. 2 Material properties of Lardi & Ivanyi's

specimens

Concrete Reinforcement Yield

Strength Direction and ratio Stress
fc' o Py A x-dir | y-dir

Plate

[Mpa] | [°] | [%] [Mpa] | [Mpa]
P7 24.1 30° 0.82 5 532.0 | 554.6
P8 22.2 30° 0.82 1 550.5 | 486.9
P12 31.5 30° 0.52 1 540.0 | 537.7
P13 27.4 30° 0.82 2 489.0 | 449.3
P14 | 25.6 30° 1.2 5 4772 | 552.3

6.2.1 Comparison of crack direction under
service loads
The proposed crack directions are compared
with the experimental crack directions under a
service load state on the test plates with different
reinforcement ratios in the orthogonal directions
in Table. 3.

Table 3 Comparison of crack direction

a Px A Experiment Proposal
Plate
[°1][%] [°] [°1

P8 [30°(082] 1 37.5°~42.5° | 39.6°~40.1°
P12 30°j0.52| 1 37.5°~37.5° | 37.7°~39.0°
P13 | 30° [0.82| 2 | 37.5°~42.5° | 43.1°~45.0°

P7 | 30°|0.82]| 5 37.5°~42.5° | 50.4°~52.8°
P14{30° |12 5 35.0°~40.0° { 52.5°~53.0°

The patterns of crack directions in the
experiment are shown in comparison with the
proposed crack directions in Fig. 28 to Fig. 32.
The proposed crack directions coincide well with
the experimental results.



The crack direction of a plate element
becomes more acute to the longitudinal rein-
forcement with the increase of the reinforcement
ratio (A). However, it is not influenced by the
reinforcement contents (p,) according to the
proposal.

6.2.3 Comparison of crack width under

service loads

The measurement of crack widths is carried
out by means of the eye gage on the tension zone
of 1.8™ x 2.0™ of the test area.

The proposed crack widths (w,, ;) are the
product of the proposed principal tensile
strain(g,) and the average crack spacing (I, ,..)
based on the Model Code 78.

The mean crack widths (w,,) are plotted in Fig.
33 and Fig. 34 with respect to the loading history
and compared with the calculated crack widths
(Weas3) as the product of the principal tensile
strain(g,) and the expression of average crack
spacing in section 4.3.

It may be noted that the proposed principal
tensile strain (g;) is not estimated at the
reinforcing bar, but at the plate bottom surface.

fmvm = o s e g

e e g J T
iy

et SN/

Fig. 28 Crack direction of plate P7
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Fig. 30 Crack direction of plate P12

: ,_\eé-.—f::f .- .‘V
Fig. 31 Crack direction of plate P13
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Fig. 33 Response of load-crack width for plate P7
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Fig. 34 Response of load-crack width for plate P8

6.2.4 Comparison of load-strain response
of plate

Ivanyi and Lardi® obtained the load-
deformation behavior of the plates by attaching
the strain gages on the reinforcement in the
tension zone. The measured steel strains €, and
g, correspond to the mean values of all strain
gage measurements. Plates P8, P9, P12 and P15
have the reinforcement ratio of 1.0 and the
reinforcement content of 0.82, 0.82, 0.52 and 1.2
respectively, and Plate P13 has the reinforcement
ratio of 2.0 and the reinforcement content of 1.2.

Although the plotted strains of test are the
average values of the measurement, it is not
based on the concept of average strain because
the values are not from the total strain concept,
but from only the strain of reinforcement. Thus it
can be seen that the measured strains somewhat
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exceed the proposed steel strains at the same
load stage. Yield plateau is determined simply
from the equilibrium condition when one of the
reinforcement in x and y directions reaches the
yield stress(f, ).
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Fig. 35 Load-strain response of plate P8
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Fig. 36 Load-strain response of plate P12
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Fig. 37 Load-strain response of plate P13
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Fig. 38 Load-strain response of plate P15
7 . Conclusion

A mechanical model is proposed to describe
the behavior of the plate member, which is based
on the rotating crack model considering equili-
brium, compatibility conditions, loaddeformation
response of cracked member, and constitutive
law for material. Numerous experimental data are
compared with theoretical results to verify the
proposed model.

1. The unknown crack directions can be directly
determined by the proposed theory based on the
equilibrium and the compatibility conditions,
which show good agreements with the
experimental results under service load state .

2. It can be observed that the crack direction of
the plate becomes wider from the transverse
reinforcement with the increase of the
reinforcement ratio (1) in the plate element.
It is confirmed that the direction of principal
tensile stress changes with the monotonically
increasing loading.

3. The load-deformation responses such as
moment-strain  relationship, moment-crack
width relationship by the proposed theory show
good agreements with test results before
ultimate state of the plate element. The
theoretical crack width calculated by the

multiplication of the average tensile strain
(g,) of the proposed expression and the crack
spacing can be applied to predict the crack
width of the slab type structures.

. The tension stiffening effect in reinforced

concrete structures can be taken into account by
introducing the average tensile stress-strain
relationship of cracked concrete members.

The proposed theory is applicable to predict the
service load state behavior of a variety of
concrete structures such as slab bridges, deck of
girder bridges.
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