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Abstract

This research investigates reinforced concrete plates and shells with skew reinforcement whose directions are not aligned with the principal inter-
nal forces. Two normal forces, one tangential force, two bending moments, and one twisting moment are defined in the plane of the element. The
analysis includes two shear forces in the transverse direction. The membrane and flexural forces are distributed between two panels at the upper
and lower faces of the element. The smeared cracking model, equilibrium considerations, and plasticity approach yield the design equations of the
skew reinforcement. The slab reinforcement of flat bridges, with and without lateral beams and girder bridges are compared considering different
skew angles. The minimum reinforcement criteria of skew meshes are discussed. The results show that skew reinforcement yields higher steel and
concrete stresses.

Keywords: shell structures, shell design, skew reinforcement, slabs, skew bridges.

Resumo

Essa pesquisa investiga estruturas laminares de concreto armado com armaduras esconsas e obliquas em relagéo as solicitagdes. Duas for-
¢as normais, uma forga tangencial, dois momentos fletores e um momento volvente sdo definidos no plano do elemento. A analise inclui duas
forgas cortantes na diregdo transversal. As solicitagdes de membrana e flexao sao distribuidas entre duas chapas nas faces superior e inferior
do elemento. As armaduras esconsas sdo calculadas através das condi¢des de equilibrio e de uma abordagem plastica pelo modelo da chapa
fissurada. O trabalho compara as armaduras das lajes de pontes em laje, pontes em laje com vigas laterais e pontes em vigas multiplas segundo
diversos angulos de esconsidade. Os resultados mostram que a utilizagdo de malhas esconsas aumenta as tensdes no acgo e no concreto. Crité-
rios para armaduras minimas em malhas esconsas sao discutidos.

Palavras-chave: estruturas laminares, dimensionamento de cascas, armadura esconsa, armadura obliqua, pontes esconsas.
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1. Introduction

EE

In -plane loads subject reinforced concrete shell elements to biax-
ial stresses and transverse loads subject them to triaxial stresses.
Therefore, shell reinforcement, whose directions are not necessar-
ily aligned with the principal stress resultants, must consider the in-
plane internal forces F , Fy, ny, M, My, and Mxy, and the transverse
shear forces F , and F , (Figure 1).

The classical smeared cracking model is widely used in rein-
forced concrete analysis. Falconer [1] defined the equilibrium
equations of a plane element by considering a compression field
of concrete stresses. Based on the plasticity approach, Nielsen
[2] established the design equations for the orthogonal reinforce-
ment of a concrete panel subjected to membrane forces. Wood,
Mills, and Armer [3] [4] discussed the reinforcement design of
slabs whose principal bending moments were not aligned with the
orthogonal reinforcement. Baumann [5] established the equilib-
rium equations for a reinforced concrete shell element subjected
to membrane forces, flexural moments, and torsional moments
by distributing the internal forces between two panel elements
on the upper and lower faces of the shell. The reinforcement de-
sign of both panels subjected to only membrane forces was es-
tablished by considering linear elastic behavior and minimizing
the strain energy. The CEB-FIP [6] adopted the same internal
force distribution but the reinforcement design was based on the
yield conditions established by Nielsen [2]. The compression field
theory, proposed by Mitchel and Collins [7], introduced the gen-
eral equation that estimates the angle of the compression struts.
Schulz [8] presented a rational theory for reinforced concrete
shell elements subjected to flexural moments, torsional moments
and in-plane forces. Vecchio and Collins [9] introduced the modi-
fied compression field theory considering the tension stresses
across the cracks, tension stiffening, and compression softening.
Polak and Vecchio [10] used the same model for the experimen-
tal and theoretical analysis of reinforced concrete shells. Schulz
[11] applied the smeared cracked panel theory to thin-walled re-
inforced concrete beams by considering the normal and shear
forces, bending moments, Saint-Venant torsion, warping torsion,
and bimoment. Schulz and Santisi D’Avila [12] investigated rein-
forced concrete shells with in-plane and transverse forces by di-
viding the shell element into three-dimensional layers with triaxial
behavior. The reinforcement design of shell elements with skew
reinforcement presented by Schulz and Oliveira [13] is an exten-
sion of the method proposed in CEB-FIP [6].

Figure 1
Shell element internal forces

This paper discusses the mechanical behavior of reinforced con-
crete shell elements and the skew reinforcement design for con-
crete bridge decks by considering in-plane internal forces and
transverse shear forces. The slab reinforcement of flat bridges
with and without lateral beams and the slab reinforcement of girder
bridges are compared considering skew angles between 0° and
45°. The formulation simplifies manual calculations and compu-
tational implementation. Design recommendations and minimum
reinforcement criteria are proposed. The results show that skew
reinforcement yields higher steel and concrete stresses.

2. Mechanical model
EE
2.1 Simplifying hypotheses

The mechanical model is based on the following simplifying hy-
potheses: concrete tension forces are neglected; concrete cracks
have infinitesimal thickness and are uniformly distributed; the com-
pression stresses are in the same direction as the concrete struts
between the cracks.

It is also considered that the crack directions are not affected by
the loading history. The secondary effects, such as aggregate in-
terlock and dowel action, are neglected. The mechanical model
does not include compression reinforcement that reduces concrete
compression stresses.

The concrete strength is affected by a constant reduction factor k =
0.60, as recommended by Eurocode 2 [14]. This factor includes the
Risch effect (0.85) and concrete strength softening (0.70) caused
by tensile strains in the directions transverse to the compression,
as discussed by Robinson and Demorieux [15].

2.2 Distribution of internal forces between
two panel elements

Panels and membranes are defined as two-dimensional structures
subjected to only in-plane normal and shear forces. Plates and
shells include bending moments, torsional moments and trans-
verse shear forces. The edges of the two-dimensional elements
have unit length (Figure 1). The in-plane internal forces F , Fy, ny,
M., My, and Mxy and the transverse forces F,, and FyZ represent
design values that include the corresponding load factors.

Two panels are defined on the upper and lower faces of the shell
with constant thickness t (Figure 1). The bending and torsional mo-
ments are removed from the problem by distributing the internal
forces between both panels. The membrane forces per unit length
(Figure 2) are given by:

FX X

L= m
F

e 2
F M

By = (3)

where z_ is the lever arm. The tensile forces are positive.
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Figure 2
Panel internal forces per unit length

The panel thickness t_and the lever arm z_ are approximately de-
fined as:

L=k, (%) )
i 5% ®

where d_and dy are the effective depth in the x and y directions, re-
spectively. Leonhardt [16] recommends k_= 0.3 and k,= 0.9. The panel
thickness t, can be increased on predominantly compressed elements
if the lever arm z,_ is correspondingly reduced (Eurocode 2 [17]).
Bertagnoli, Giordano and Mancini [18] proposed a genetic algo-
rithm by varying the thickness of the upper and lower plates and
lever arms. Schulz [11] divided the shell element into membrane
layers whose stresses and strains satisfied equilibrium and com-
patibility equations.

The principal forces per unit length are:

2
fI:fX+fy+ [fx—fyj e (6)

2 2 X
f +f £ —f Y
s M

Tension reinforcement is not necessary if both principal forces are
negative. In this case, the modulus of the compressive stress must
satisfy [f/t, | < 0.85f, where f_ is defined as the design value of
concrete strength.

2.3 Skew reinforcement design for concrete panels

Figure 3 shows the forces per unit length in a skew reinforced
concrete panel. The orientation angles of the primary and sec-
ondary reinforcements are a and B, respectively. The forces per
unit length in the steel reinforcement are f_ and f,. The com-
pression force per unit length in the concrete struts between
cracks is fw. The orientation angle of the cracks is @. All angles
are defined by their corresponding counterclockwise rotations
from the x-axis.

Figure 4 presents the force components of f_. The force decompo-

sition of f_, f, and f_; yields:
2 2 2R —
f, cos?o+f, cos’a+fgcos’B=f (8)
N2 N2 1M2R—
f, sinfQ+f sin*o+fgsin’p=f, )

f cospsine+f cosasino+f cosPsinB=1,  (10)

The inverse of (8) to (10) leads to:
[—fxsinBsina—fycosBcosa+fxysin(B + a)]

feo = sin(B—¢)sin(p — o) (I
- [fxsinBsin(?+fycosBc?s¢ —f, sin(B+ (p)] (12
sin(B—a)sin(p—a)

Figure 3
Forces per unit length in a skew reinforced
concrete panel
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Figure 4
Force components of fsa in x and y directions

[fxsin(psina+fyc05(pcosa— f,,sin ((p + a)]

sin (B - a)sin(B - (p)
The summation of both sides of (11), (12), and (13) yields:
f,+f,+fg=f +1, (14)

Considering (14) and f_ < 0, minimizing the modulus [f_ | yields the
lowest sum of the steel forces f_ + f_.. The following expressions
are obtained by maximizing f_, in (11):
_o+f
2

fy

(13)

fsasin?a

fsaSinocosa

fsacosasina

fsaCOS?ct

\\\\\

1
‘II Q'

R

-

f,,sinf—f cosp
f sinf—f  cosp

tangp =

(16)

Equations (11), (13), and (15) define Case B. When f < 0, the
substitution of f ;= 0 in (13) yields:

f,,sina—f cosa

tang = (17)

f.sina—f cosa

Equations (11), (12), and (17) define Case C.
The following equations yield the concrete stresses and the re-
quired steel reinforcement:

if —f sinPsina —f cosBcosa +f, sin ([3 + a)s 0 fcq)
(15) ou=-= (18)
_o+B+m c
2 f
. . . . — _Sa
if —f sinfisina —f cospcosa+f, sin (B+(x)> 0 A = ) (]9)
y
The design procedure defined by (11), (12), (13), and (15), denoted f
as CaseA, yields a,, a, and f_ whenf >0andf 20 Whenf < o _ s (20)
0, the substitution of f_= 0 in (12) ylelds P v
\ g,s\nﬁk -
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Figure 5

(0) Steel forces in directions a and B and arbitrary direction x (b) and (¢)

f,; component according fo x direction
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Figure 6
Maximum and minimum resultants f_ , and f_ , angles

where fy . is the design steel strength. The concrete stresses are
limited to |0C¢| <0.6f .

2.4 Minimum reinforcement for skew meshes

The minimum and maximum resultants of the steel forces f_ and f;
are in orthogonal directions. For skew meshes, it is proposed that
the minimum relation between secondary and main reinforcements
must ensure that the minimum relation between minimum and maxi-
mum resultants is greater than 20%. This assumption satisfies and
generalizes the recommendations of ABNT NBR 6118:2014 [19] and
other codes for orthogonal meshes. The resultant of the steel forces
f, and f_, in an arbitrary direction x (Figure 5) is expressed by:

(21)

2 2
f, =f,cos” (x— a)+fzcos’ (x—PB)
The angles of the maximum and minimum resultants fle and f_,

are X, and x,, respectively (Figure 6). The following equation is
obtained by setting the derivative of (21) equal to zero:

where Mo fsB/fsa and f_ is the force in the main reinforcement.
Equatlon (22) confirms that X, and x, are orthogonal. The minimum
relation between the force resultants f_ and f_, is defined by:

(23)

L >0.20

sl

The iterative solution of (21) to (23), presented in Rocha [20],
yields the minimum relations Mgamin @S @ function of the skew rein-
forcement angle B-a (Table 1). The procedure yields r,, .= 1,00
and fsB,mm= f,, for B-a = 48.2°. No convergence is achieved for B-a
<48.2°.

The following theoretical study investigates the minimum reinforce-
ment when B-a < 48.2°, although this solution is not recommended

for engineering practice. This approach defines f . = fSB nin @nd
fsxz/fsxlzo 20, where f"_ is the maximum resultant for f = f_
and f' , is the minimum resultant for fSB min = Teamin = Kfegr

f

., =2f cos (B_ J

* 2

=2k f_sin (B aj
2

The condition f,, /£, > 0.20, (24), and (25) yield:

(24)

f

sy2

(25)

k=020c0t P—% (26)
2

The values of k (Table 2) increase rapidly when reducing the angle

between reinforcements. This conclusion confirms the recommen-

dation that B-a should be greater than 48.2°.

The force associated with the minimum reinforcement ratio is de-

noted as fs.min' The conditions fswin 2 fs min? fsBmm p- fs mn @nd fsx2 i
>f _and (21) and (22) yield f and f by using an optimi-

s,min sa,min sB,min

zation procedure that is available in standard spreadsheets. The
minimum reinforcement ratios in the primary direction p_ are

sin (20L)+1‘BOL sin (2B) presented in Table 3. Figure 7 presents the corresponding rein-
tan (2X1 ): tan (27(2 ): (22) forcement ratio p_. . as a function of p_ and B-a. The minimum
cos (20 )+1,,cos (2p) sfmin =
Table 1
Minimum secondary reinforcement for different skew angles
B-a(® 900 | 850 | 80.0 | 750 | 700 650 | 60.0 55.0 50.0 48.2 450
il 0.200 | 0.202 [ 0.210 | 0.222 | 0.243 | 0.275 | 0.325 0.414 0.625 1.000 1.000*
Table 2
k factor for different skew angles
B-a(®) <482 | 450 | 400 | 35.0 30.0 25.0 20.0 156.0 10.0 5.0 0.0
k 1.000 | 1.166 | 1.510 [ 2.012 | 2.786 | 4.069 | 6.433 11.539 26.129 104.92 0
Table 3
Minimum reinforcement ratfio for different skew angles
B-a(®) | 900 85.0 80.0 75.0 70.0 65.0 60.0 55.0 50.0 48.2 45.0
<C30 [ 0.150% [ 0.164% | 0.182% | 0.202% | 0.228% | 0.260% | 0.300% | 0.352% | 0.420% | 0.450% | 0.512%
£ C35 0.164% | 0.180% | 0.198% | 0.221% | 0.249% | 0.284% | 0.328% | 0.385% | 0.459% | 0.492% | 0.560%
o C40 0.179% | 0.196% | 0.217% | 0.241% | 0.272% | 0.310% | 0.358% | 0.420% [ 0.501% | 0.537% | 0.611%
C45 0.194% | 0.212% | 0.235% | 0.262% | 0.295% | 0.336% | 0.388% | 0.455% | 0.543% | 0.582% | 0.662%

106 I
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Minimum reinforcement ratios for f, < 30 MPa

reinforcement ratio Pspmin decreases with increasing p_ for
psa > pstx,min :

2.5 Transverse shear forces

Schulz [11] and Marti [21] define the principal shear force F,, as:

R, =F+F 27

When shear reinforcement is necessary, the upper and lower pan-
els must consider the following additional tension forces:

F? cotd
nf =-—=
= (28
F. cot®
£ =20
n Yy Fez 2 (29>
F,F,, cotd
_ Xz yZ
S @

where &7 is the angle of the transverse struts. The additional ten-
sion forces are equivalent to the staggering rule.

3. Examples
EE

The design procedure is applied to flat bridges with and without
lateral beams and decks of multi-girder bridges. Figures 8 and 9
present the typical cross section of the flat bridges with and without
lateral beams, respectively.

Figure 10 presents the cross section of the studied multi-girder
bridges. Each structural system is analyzed using finite element
models by considering skew angles of 0°, 15°, 30°, and 45°.

NEW—JERSEY BARRIER .

f 1280
40, 250 . 350 { 350 250 40
¥ SHOULDER LANE ! LANE SHOULDER
r"“
3 ®©
2 of
w
Figure 8

Typical cross section of fiat bridges without lateral beams

LATERAL BEAM
1280 N\
40, 250 350 | 350 ) 250 . ,40
i SHOULDER LANE 1 LANE SHOULDER .
o PAVEMENT ‘ Lo
o (2]
ol
(=]
w
Figure 9

Typical cross section of flat bridges with lateral beams
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Figure 10
Typical cross section of multi-girder bridges
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Figure 11
Finite element models for (a) flat bridges without lateral beams, (o) flat bridges with lateral beams,
and (c) multi-girder bridges
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Figure 12
Vehicle positions for fiat bridges

-~ e

i

Figure 13
Vehicle positions for multi-girder bridges
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Figure 14
Crifical locations for reinforcement design
on flat bridges

The flat bridges are 0.60 m in height and have a single 10.4 m
span in the direction of traffic. The multi-girder bridges have five
concrete main girders with a 35m free-span and a 0.23 m thick
concrete deck. The width of all bridges is 12.8 m comprising two
3.6 m main lanes, shoulders, and New Jersey barriers. On the flat
bridges with lateral beams, the barriers are exchanged for lateral
beams 1.5 m in depth (Figure 9).

The in-plane reinforcement is determined by the design procedure
proposed for skew meshes. The transverse shear reinforcement is
verified for the principal transverse shear force. The discussion is
limited to the in-plane reinforcement and does not consider service
limit states, fatigue, and girders’ prestress.

The internal forces are evaluated by linear elastic analysis of fi-
nite element models. The mesh patterns of the flat bridge and
girder bridge decks are 0.20 m x 0.20 m and 0.25 m x 0.25 m,
respectively (Figure 11). Thin-shell elements are used for the slabs
and frame elements are used for the beams, and the models are
processed on SAP 2000 [22] software. The insertion points of the
frame elements are properly defined for the correct evaluation of
the in-plane normal forces. The x local axis of the shell elements is
defined in the direction of the longitudinal reinforcement and traffic;
thus, a is always zero and (3 is defined as 8 = 90°-y, where y is the
skew angle (Figure 11).

Figure 15

C35 concrete and CA-50 steel are used. The Poisson ratio is con-
sidered to be 0.20 and the elasticity modulus of concrete according
to ABNT NBR 6118:2014 [19] is adopted by considering granite as
coarse aggregate.

The dead loads include the self-weight, pavement, recapping load,
and barriers’ weight. The analysis of the girder bridges did not con-
sider the self-weight of the main girders because they are usually
pre-cast and their self-weight does not generate internal forces
on the slabs. The moving load is defined according to ABNT NBR
7188:2013 [23] Class 45 considering the number of lanes and ver-
tical and additional impact factors. Figures 12 and 13 show the pre-
defined vehicle positions. The dimensions of the shell elements are
defined to favor the distribution of the axle loads projected on the
mid-plane of the slabs.

The loads are combined according to ABNT NBR 8681:2003 [24].
Figures 14 and 15 present the critical locations for the reinforce-
ment design.

Shear reinforcement is evaluated according to ABNT NBR
6118:2014 [19]. Flat bridges require shear reinforcement and the
in-plane reinforcement is neglected in the evaluation of the maxi-
mum resistant shear force because the reinforcement is rarely
placed in the same direction as the principal shear force. In girder
bridges, the transverse shear force evaluated by the finite element
models and complementary manual verifications do not demand
shear reinforcement.

The total steel mass is calculated considering the schematic rebar
detailing presented in Rocha [20].

4. Results and discussion
——

4.1 Flat bridges without lateral beams

Table 4 presents the reinforcement and concrete stresses at criti-
cal points of the flat bridges without lateral beams.

The skew angles increase the necessary amount of reinforcement
and compressive concrete stresses. The bottom rebar meshes are
denser and especially affected by the skew angle. The amount of
reinforcement has reduced at the acute edges.

The 30° and 45° flat bridges do not meet the allowable concrete
stress neither by using k. = 0.3 and k, = 0.9, as recommended by
Leonhardt [16]), nor by adjusting the panel thicknesses and lever
arm. The 30° and 45° flat bridges require concrete strength higher
than 35 MPa.

The obtuse edges have concentrated twisting moments and shear
forces. Shear forces in other parts of the slab are not significantly
affected by the distortion of the deck.

Skew decks increase the bending moment M_and torsional mo-
ment M, , which lead to higher amount of reinforcement (Table 5).
The minimum reinforcement has little influence on the total amount

of steel.

MEIA VISTA

Critical locations for reinforcement design on multi-girder bridges
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TRC(;?r:?o‘:cemenT area and concrete stresses on flat bridges without lateral beams
A omex (EMP/M) /a o (cm?/m) A, cpmax (EM?/M) / Oy inmax (cm?/m)

Point y=0° y=15° y = 30° y = 45° y=0° y=15° y = 30° y = 45°
1 0/12.57 4.1/27.27 | 8.29/40.78 13.5/48.96 | 3.69/5.62 | 8.28/17.18 | 8.44/35.56 | 2.8/52.98
2 0/8.17 0/9.15 0.67/18.68 | 4.92/25.88 | 0.62/3.27 | 0.94/5.59 | 5.72/12.97 | 11.62/23
3 0/12.57 0/7.89 0/4.03 0/2.54 3.69/5.62 | 0.87/1.85 | 0.13/1.42 | 0.12/0.76
4 0/35.86 0/41.56 0/44.77 0/46.8 0/2.29 0/8.05 0.61/13.34 1 0.98/18.43
5 0/30.24 0/38.33 0/47.41 0/58.47 0/7.89 0/17.05 0/29.63 0/46.2
o) 0/35.86 0/41.56 0/44.77 0/46.8 0/2.29 0/8.05 0.61/13.34 | 0.98/18.43

| 900 | mex (MPO) | 9pint| e (MP)

Point y=0° y=15° y=30° y = 45° y=0° y=15° y =30° y = 45°
1 -2.76 -4.39 -4.79 -3.64 -2.68 -8.5 -17.33 -24.69
2 -1.8 -1.75 -2.11 -4.3 -1.27 -2.26 -5.51 -10.54
3 -2.76 -1.94 -1.04 -0.46 -2.68 -0.67 -0.65 -0.45
4 9.2 -8.77 -7.17 -5.18 -0.19 -3.5 -7.54 -11.53
5 -7.76 -7.34 -6.12 -4.41 -0.21 -4.94 -12 -21.11
6 -9.2 -8.77 -7.17 -5.18 -0.19 -3.5 -7.54 -11.53

4.2 Flat bridges with lateral beams

Table 6 presents the reinforcement and concrete stresses at the
critical locations of flat bridges with lateral beams. The skew angle
increases the bottom reinforcement as in bridges without beams.
The lateral beams reduce the influence of the skew angle in the
upper mesh and the total amount of reinforcement.

The 45° bridge requires concrete strength higher than 35 MPa be-
cause the adjustment of panel thicknesses and lever arms does
not reduce concrete stresses significantly.

The model automatically determines the effective flange width and
the shear reinforcement between the web and flange by consider-
ing the offset between the slab mid-plane and the beam axis.
Table 7 presents the total amount of reinforcement of flat bridges
with lateral beams. The lateral beams replace the barriers and re-
duces the total amount of reinforcement.

4.3 Multi-girder bridges
Table 8 presents the reinforcement and concrete stresses in

Table 5
Total steel mass and ratios for flat bridges without
lateral beams

Ratios
Total steel P/P
Y mass (kg) kg/m? kg/m? o
0° 7800 59 98 1.00
15° 10077 76 126 1.29
30° 15153 114 190 1.94
45° 23437 176 293 3.00

multi-girder bridges considering k_ = 0.3 and k,= 0.9. The concrete
stresses exceed the allowable values because the slab is the gird-
ers’ compression zone. Table 9 presents the results using the alter-
native indicated in Eurocode 2 [17], with thicker panels and corre-
spondingly reduced lever arms (Figure 16). The concrete stresses
of 0°, 15°, and 30° bridges are less than or equal to the allowable
limits. The 45° bridge requires C60 concrete or a 0.30 m thick slab.
The skew geometry changes the twisting moments Mxy and the
normal forces F in the transverse direction (90° to traffic). The in-
crease in the amount of steel (Table 10) is associated with the ef-
fective necessary reinforcement because the minimum ratios have
little influence on the total results.

The reinforcement design of orthogonal meshes based on the results
of the skewed models yield variable rebar distributions that does not
significantly increase the total amount of reinforcement. Orthogonal
and skew meshes are possible alternatives for skewed multi-girder
bridges that require case by case evaluation. The first is more eco-
nomical and the second simplifies rebar detailing and execution.

5. Final considerations

EE

This paper discusses the reinforcement design of two-dimensional
concrete structures with skew rebar meshes whose directions are
not aligned with the principal internal forces. The in-plane internal
forces include two normal forces, one tangential force, two bend-
ing moments, and one twisting moment. The analysis includes two
transverse shear forces in the direction normal to the element mid-
plane. The smeared cracking model, equilibrium considerations,
and plasticity approach yield the design equations of the skew re-
inforcement.

Design examples of flat bridges without beams, flat bridges with
lateral beams, and multi-girder bridges are presented for skew
angles of 0°, 15°, 30°, and 45°.

The flat bridges without lateral beams require upper reinforcement,
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ng)rlw?o(r)cemen’r area and concrete stresses on flat bridges with lateral beams
swsupmax (CM/M) / O i e, (CM/TN) Ay sup max (CM?/M) / Oy ey (EM?/M)

Point y=0° y=15° y = 30° y = 45° y=0° y=15° y =30° y = 45°
1 9.26/9.34 11.79/9.2 9.64/7.64 0.43/4.79 6.63/2.35 | 10.09/1.19 | 10.78/0 3.75/0
2 0/5.12 0/8.34 0.22/18.32 | 2.37/25.92 0/0 0/3.97 0/15.62 | 3.57/26.23
3 9.26/9.34 | 6.83/8.37 | 5.09/5.77 1.36/4.12 | 6.63/2.35 | 4.27/2.72 | 3.17/2.2] 0/0.59
4 5.82/24.8 | 7.5/30.12 6.4/37.76 2.82/47.9 7.81/5.69 | 4.2/10.29 | 5.86/17.36 | 6.66/28.31
5 0/18.05 0/24.48 0/34.51 0/52.08 0/14.37 0/20.02 0/27.81 0/43.09
6 5.82/24.8 | 7.5/30.12 6.4/37.76 2.82/47.9 7.81/5.69 | 4.2/10.29 | 5.86/17.36 | 6.66/28.31

| 9 sup | mex (MPCX) [ Ol mex (MPQ)

Point y=0° y=15° y = 30° y = 45° y=0° y=15° y =30° y = 45°
1 -56.03 -6.75 -6.55 -2.04 -2 -2.01 -1.59 -1.33
2 -1.52 -1.55 -1.47 -1.92 -0.65 -1.96 -6.67 -11.73
3 -6.03 -3.44 -1.96 -0.67 -2 -1.38 -0.53 -0.51
4 -0.52 -1.66 -2.01 -1.8 -0.2 -2.62 -6.95 -13.47
5 -6.3 -6.28 -4.98 -4.1 -0.19 -3.41 -8.97 -18.86
6 -0.52 -1.66 -2.01 -1.8 -0.2 -2.62 -6.95 -13.47

especially for higher skew angles. The maximum longitudinal re-
inforcement on the 0°, 15°, and 30° bridges are found at the free
edges. The maximum main reinforcement on the 45° bridge is ob-
served at the center of the slab. The skew geometry and rebar
meshes significantly increase the secondary reinforcement and
the required steel area in the obtuse edges. Concrete stresses are
critical in the bottom panel of obtuse edges.

The use of lateral beams reduces the required steel area but does
not change the location of the maximum values. Lateral beams
reduce the internal forces at obtuse edges. The required steel area
in obtuse and acute edges yield similar results. Concrete stresses
are higher in the bottom panel on the middle of the span. Lateral
beams significantly reduce the total mass of steel and compres-
sion stresses in the concrete.

The maximum bottom and upper reinforcement of multi-girder
decks are observed between the girders on the middle of the span
and over the girders next to the supports, respectively. Concrete
stresses are critical in the middle of the span because the slab
is the girders’ compression zone. Multi-girder bridges decks yield
in-plane normal and shear forces that are not considered by the
flexural approach proposed by Wood, Mills, and Armer [3] [4].
Baumann’s [5] two-panel model accounts for in-plane normal and
shear forces, bending moments, and twisting moments.

Skew reinforcement meshes increase the required amount of
steel and concrete compressive stresses. Even small skew angles
should not be neglected. The deck slab often requires higher thick-
ness or concrete strength because the adjustment of the panel
thicknesses and lever arm does not always yield allowable con-
crete stresses.

The proposed minimum reinforcement and minimum secondary
reinforcement extend the orthogonal mesh criteria to skew rein-
forcement in terms of principal steel forces. The minimum relation
between the principal steel forces indicates that the skew angle of
the reinforcement meshes should be limited.
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g;?r:?o?cemen‘r area and concrete stresses on girder bridges with k. = 0.3 and k, = 0.9
A, omex (EMP/M) /a -  (cm?/m) SR (cm?/m) / Oy inmax (cm?/m)

Point y=0° y=15° y=30° y = 45° y=0° y=15° y = 30° y = 45°
1 3.07/2.02 3.22/1.5 1.58/0.86 0/8.15 4.47/2.52 5/1.74 6.07/0.55 0/0
2 2.84/1.91 5.21/3.6 8.82/5.32 12.87/3.61 | 2.87/3.86 | 5.32/5.46 | 9.2/7.22 | 13.95/5.53
3 3.07/2.02 | 3.85/2.56 | 3.56/3.11 3.56/0 4.47/2.52 | 4.04/3.6 3.46/4.9 110.53/0.77
4 0/0 0/0 0/0 0/0 3.12/0 1.59/0 0/0 0/0
5 0/0 0/0 0/0 0/0 1.52/0.38 | 0.03/0 0/0 0/0
6 0/0 0/0 0/0 0/0 3.12/0 1.59/0 0/0 0/0
7 0.57/0 0.56/0 3.27/2.25 7.33/2.73 | 2.14/0.88 | 1.77/0.71 | 4.8/5.41 | 13.58/6.25
8 0.4/0 1.78/0 5.59/1.95 7.97/5.98 | 1.94/0.98 | 3.67/1.34 8.3/4.9 10.77/8.2
9 0.57/0 1.77/0 4.92/1.45 0/0 2.14/0.58 | 3.22/1.33 | 6.27/4.26 | 2.97/4.13
10 0/0 0/0 0/0 0/0 0/3.21 0/3.61 0/7.09 8.49/0
11 0/0 0/0 0/0 0/8.58 0/7.57 0/8.31 0/16.41 0/31.19
12 0/0 0/0 0/0 0/0 0/3.21 0/3.61 0/7.09 8.49/0

150 | e (MP) || mex MPO)

Point y=0° y=15° y =30° y = 45° y=0° y=15° y = 30° y = 45°
1 -5.94 -7.29 -10.5 -16.98 -4.46 -6.01 -9.65 -19.36
2 -5.32 -7.05 -11.04 -17 -3.49 -5.06 -7.29 -5.95
3 -5.94 -5.44 -5.05 -7.75 -4.46 -4.24 -4.99 -4.72
4 0 -24.94 -26.57 -23.51 -19.29 -19.77 -21.14 -29.88
5 -15.06 -22.78 -24.71 -28.76 -7.26 -17.14 -18.33 -20.83
6 0 -24.94 -26.57 -23.51 -19.29 -19.77 -21.14 -29.88
7 -2.51 -1.97 -5.97 -12.28 -2.7 -2.42 -56.05 -5.98
8 -1.98 -3.83 -9.53 -13.64 -2.35 -2.5 -5.87 -10.69
9 -2.51 -3.97 -8.31 -3.51 -2.7 -2.96 -5.3 -3.31
10 -24.11 -24.03 -28.17 -19.99 -14.58 -17.54 -22.01 -23.26
11 -23.18 -22.72 -25.56 -20.97 -14.45 -16.54 -22.42 -36.56
12 -24.11 -24.03 -28.17 -19.99 -14.58 -17.54 -22.01 -23.26
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Fe%ti)rlw?ogr’cemen‘r area and concrete stresses on girder bridges with MC 90 parameters
wsipmas MM /O, (CMZ/M) Oy up e (/M) /Oy, (CMIZ/TY)
Point y=0° y=15° y = 30° y = 45° y=0° y=15° y =30° y = 45°
1 3.36/1.73 | 3.72/1.3 2.16/0.33 0/15.02 4.88/2.11 | 5.72/1.28 7.32/0 0/0
2 3.16/1.59 | 5.74/3.08 9.74/4.4 14.69/1.78 | 2.96/3.82 | 5.54/56.29 | 9.71/6.77 | 16.31/4.17
3 3.36/1.73 | 3.85/2.26 | 3.85/2.82 6.33/0 4.88/2.11 | 4.21/3.43 | 3.38/4.97 | 13.42/0.64
4 0/0 0/0 0/0 0/0 3.91/0.41 2.44/0 0/0 0/0
5 0/0 0/0 0/0 0/0 1.98/0 0.57/0 0/0 0/0
6 0/0 0/0 0/0 0/0 3.91/0.41 2.44/0 0/0 0/0
7 1.19/0 1.61/0 5.32/3.75 6.94/2.71 2.59/0.96 | 2.53/0.97 6.3/6.78 | 14.87/6.66
8 1.08/0 2.92/0 8.05/3.02 10.72/7.34 | 2.46/1.21 | 4.51/2.05 [ 10.11/5.95 | 12.95/9.6
9 1.19/0 2.82/0 7.11/2.25 0/0 2.59/0.96 | 3.92/2.09 | 7.76/5.08 | 3.5/4.96
10 0/0 0/0 0/0 0/0 0/4.11 0/4.71 0/9.92 10.75/0
11 0/0 0/0 0/0 0/18.67 0/9.56 0/10.74 0/23.84 0/40.46
12 0/0 0/0 0/0 0/0 0/4.11 0/4.71 0/9.92 10.75/0
| 9, sup | max (MPOX) | O in | max (MPQ)
Point y=0° y=15° y=30° y = 45° y=0° y=15° y =30° y = 45°
1 -3.32 -4.04 -5.77 -8.68 -2.11 -2.9 -4.79 -11.02
2 -3.04 -4.01 -6.28 -9.95 -1.55 -2.32 -3.29 -2.02
3 -3.32 -3.02 -2.77 -5.86 -2.11 -2.03 -2.47 -2.74
4 0 -13.39 -14.32 -11.61 -9.71 -9.95 -10.58 -16.26
5 -8.76 -12.3 -13.46 -15.9 -3.46 -8.55 -9.12 -10.12
6 0 -13.39 -14.32 -11.61 -9.71 -9.95 -10.58 -16.26
7 -1.63 -1.56 -4.21 -6.51 -1.83 -1.47 -3.63 -3.13
8 -1.41 -2.62 -6.37 -8.78 -1.44 -1.59 -3.79 -6.49
9 -1.63 -2.59 -5.5 -1.93 -1.53 -1.65 -3.31 -1.82
10 -13.04 -13 -15.28 -10.41 -7.29 -8.76 -11.52 -12.66
11 -12.67 -12.39 -13.93 -11.54 -7.21 -8.32 -12.93 -25.42
12 -13.04 -13 -15.28 -10.41 -7.29 -8.76 -11.52 -12.66
| |
49 - 49 —
X R
s < Z <
F N
o @ —
Figure 16

Panel thickness and lever arm considered
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Table 10
Total steel mass and ratios for girder bridges
Ratios
Total steel P/P

Y mass (kg) kg/m? kg/m? 0

0° 8985 19 85 1.00

15° 11478 25 108 1.28

30° 21345 46 201 2.38

45° 51592 112 487 5.74
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