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Bending Analysis of Castellated Beams

By Sahar Elaiwi
Boksun Kim
LongYuan L{

Existing studies have shown that the leadying capacity of castellated beams can be
influenced by the shear stresses particularly those around web openings anthanEer
section, which could cause the beam to have different failure modes. This paper
investigates the effect of web openings on the transverse deflection of castellated beams by
using both analytical and numerical methods and evaluates the-isliegedtransverse
deflection of castellated beams of different lengths and flange widths subjected to
uniformly distributed transverse load. The purpose of developing analytical solutions,
which adopted the classical principle of minimum potential energy is©iéodésign and
practical use; while the numerical solutions are developed by using the commercial
software ANSYS for the validation of the analytical solutions.

Keywords: Castellated Beam, Deflection, Energy Method, Finite Element, Shear Effect.

Introdu ction

Engineers and researchers have tried various methods to reduce the material
and construction costs to help optimise the use of the steel structural members. The
castellated beam is one of the steel members which uses less material, but has
comparal# performance as thebbam of the same size (Altifillisch et al. 1957
An example is shown in Figure la. The castellated beam is fabricated from a
standard universatdeam or Hcolumn by cutting the web on a half hexagonal
line down the centre of the &m®. The two halves are moved across by a half unit
of spacing and then4eined by welding This process increases the depth of the
beam and thus the bending strength and stiffness of the beam about the major axis
are also enhanced without additional mate being added. This allows
castellated beams to be used in long span applications with light or moderate
loading conditions for supporting floors and roofs. In addition, the fabrication
process creates openings on the web, which can be used to acetenseodces.

As a result, the designer does not need to increase the finished floor level. Thus,
despite the increase in the beam depth the overall building height may actually be
reduced.

When compared with a solid web solution where services are pdvid
beneath the beam, the use of castellated beams could lead to savings in the
cladding costgspecially in recent years, the steel cost becomes higher. Owing to
the fact that the steel materials have poor fire resistance, buildings made from steel

"PhD Student, Plymouth University, UK.
YPlymouth University, UK.
"Plymouth University, UK.
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structues require to use high quality fireproof materials to protect steel members
from fire, which further increase its cost. Moreover, because of its lightweight the

castellated beam is more convenient in transportation and installation than the
normal Fbeam.

Literature Review

For many years, the castellated beam have been used in construction because
of its advantages when considering both the safety and serviceability while
considering functional requirements according to the use for which the
constructdn is intended. Extensive study has been done by researchers who are
working in the construction field to identify the behaviour of castellated beams
when they are loaded with different types of loads. It was found that the castellated
beam could fail in arious different modes depending on the dimensions of the
beam and the type of loading as well as the boundary conditions of the beams.
Kerdal and Nethercdi984) informed the potential failure modes, which possibly
take place in castellated beams. Alsbey explained the reasons for the
occurrence of these failure modes. For instance, shear force and web weld rupture
cause a Vierendeel mechanism and web-lpasitling. Additionally, they pointed
out that any other failures whether caused by a flexurahamezm or a lateral
torsional instability is identical to the equivalent modes for beams without web
opening.

The web openings in the castellated beam, however, may reduce the shear
resistance of the beam. The saved evidence, that the method of andlgssign
for the solid beam may not be suitable for the castellated beam (Boyer 1964,
Kerdal and Nethercot 1984, Demirdjian 1999). Design guidance on the strength
and stiffness for castellated beams is available in some countries. However, again,
most of hem do not take into account the shear effect. As far as the bending
strength is concerned, neglecting the shear effect may not cause problems.
However, for the buckling and the calculation of serviceability, the shear weakness
due to web openings in cdtdted beams could affect the performance of the
beams and thus needs to be carefully considered.

Experimental investigations (Aminian et al. 2012, Maalek 2004, Yuan et al.
2014, Yuan et al. 2016, Zaarour and Redwood, 1996) were carried out and finite
elements methods (Hosain et al. 1974, Sherbourne and Van Oostrom 1972, Soltani
et al. 2012, Sonck et al. 2015, Srimani and Das 1978, Wang et al. 2014) were also
used to predict the deflection of castellated beams and/or to compare the
predictions with the redts from the experiments. The experimental findings
(Zaarour and Redwood 1996) demonstrated the possibility of the occurrence of the
buckling of the web posts between web openings. The shear deflection of the
straightsided tapering cantilever of the r@ogular cross sectiogalek 2004)
was calculated by using a theoretical
and virtual work method. Linear genetic programming and integrated search
algorithms (Aminian et al. 2012) showed that the use of the maldanang
system is an active method to validate the failure load of castellated beams. A

met h
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numerical computer programmeéherbourne and Van Oostrom 197Ras
developed for the analysis of castellated beams considering both elastic and plastic
deformations ¥ using practical lower limit relationships for shear, moment and
axial force interaction of plasticity. An analysis on five experimental groups of
castellated beamsS{imani and Das 1978yas conducted to determine the
deflection of the beam. It was denstnated (Hosain et al. 1974) that the finite
elements method is a suitable method for calculating the deflection of symmetrical
section castellated beams. The effect of nonlinearity in material and/or geometry
on the failure model prediction of castellabeshms (Soltani et al. 2012) was done

by using MSC/NASTRAN software to find out bending moments and shear load
capacity, which are compared with those published in literature.

Axial compression buckling of castdla columns was investigated (Yuan et
al. 2014), in which an analytical solution for critical load is derived based on
stationary potential energy and considering the effect of the web shear
deformations on the flexural buckling of simply supported castell column.
Recently, a parametric study on the large deflection analysis of castellated beams
at high temperatures (Wang et al. 2014) was conducted by using finite element
method to calculate the growth of the end reaction force, the middle span
deflecton, and the bending moments at susceptible sections of castellated beams.
More recently,a comprehensive comparison between the deflection results of
cellular and castellatedeams obtained from numericahadysis (Sonck et al.
2015) was presented, which was obtained from different simplified design codes.
The comparison showed that the design codes are not accurate for short span
beams and conservative for long span beams. The principle of minimum potential
energy was adopted (Yuan et al. 2016) to derive an analytical method to calculate
the deflection of castellated/cellular beams with hexagonal/circular web openings,
subjected to a uniformly distributed transverse load.

The previous research efforts shthat there were a few of articles that dealt
with the deflection analysis of castellated beams. Due to the geometric particulars
of the beam, however, it was remarkable to note that most of the theoretical
approximate methods are interested in calculahegleflection of the castellated
beams for long span beams where the shear effect is negligible. However, the
castellated beams/columns are used not only for long span beams/columns but also
for short beams/columns. Owing to the complex of section profilehe
castellated beams, the she#fect caused by the web opening on the deflection
calculation is not fully understood. There are no accurate calculation methods
available in literature to perform these analyses. Thus it is important to know how
the $ear affects the deflection of the beam and on what kind of spans the shear
effect can be ignored. In addition, researchers have adopted the finite elements
method to predict the deflection of castellated beams by using different software
programs such aMSC/NASTRAN, ABAQUS, and ANSYS. However, these
programs need efficiency in use because any error could lead to significant
distortions in results. European building standards do not have formulas for the
calculation of deflections of castellated beamsgcivimclude shear deformations.

This paper presents the analytical method to calculate the elastic deflection of
castellated beams. The deflection equation is to be developed based on the
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principle of minimum potential energy. In order to improve the acgueand
efficiency of this method, shear rigidity factor is determined by using suitable
numerical techniques. The analytical results were validated by using the numerical
results obtained from the finite element analysis using ANSYS software.

Analytical Philosophy of Deflection Analysis of Castellated Beams

An approximate method of deflection analysis of castellated beams under a
uniformly distributed transverse load is presented herein. The method is derived
based on the principle of minimum potentedergy of the structural system.
Because of the presence of web openings, the-seation of the castellated beam
iIs now decomposed into three parts to calculate the deflection and bending stress,
two of which represent the top and bottorséktions, onef which represents the
mid-part of the web. The analysis model is illustrated in Figure 1a, in which the
flange width and thickness dpgandt;, the web depth and thickness hfeandt,,
and the half depth of hexagonsisThe half of the distance twgeen the centroids
of the two Fsections i%. In this study, the crossection of the castellated beam is
assumed to be doubly symmetrical. Under the action of a uniformly distributed
transverse load, the beam section will have axial and transversaceimpht as
shown in Figure 1b, whereis the longitudinal coordinate of the beams the
crosssectional coordinate of the beamy;,(w) and (i, w) are the axial
displacements and the transverse displacements of the centroids of the upper and
lower T-sections. All points on the section are assumed to have the same
transverse displacement because of the beam assumption used in the present
approach (Yuan et al. 2014). The corresponding axial stegims the upper T
section andex i in the lower TFsecion are linearly distributed and can be
determined by using the straiiisplacement relation as follows:

In the upper Isection _(%4_“) <z<—a

16 WA :,—Qll) .(C.X"' Vaz (1)
In the lower Fsectioh Q<7< (%-I—tf)

™, (23]
. QO = —Z= - 0 — 2
20 ()Jg va (q Q ’Q‘A? ( )

The shear straig,; in the middle part between the twes@&ctions can aldoe
determined using the shear strdigplacement relation as follows:

For the middle part between the twesdctions_; < ; < 5
DD 01 05 N [9101)

3)

s Y 6 = — 4+ — —_——
O =gt g TR YR
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Because the upper and lowersdctions behave according to Bernoulli's

theory, the strain energy of the uppesdction 4 and the lower 3section Y
caused by a transverse load can beesgad as follos:
Q

Qi a2 o SR
Y = - - £, Q0L+ — - 6, Q00
0 (og2 0 &y
a
IR, 2+ - QR0 2 -
T2 0 o ¥n o
. 0 . ()
a3 L aloa g
Y% = - - £, Q0L+ - TN (ON
0 ® | 0 % (6)
o
L w, 2+ - QR0 -
T2 L O R o [OR:

whereE is the Young's modulus of the twesEctionsG is the shear modulus,
Awceandlicc are the area and the second moment ofa@fréee T section, which
are determined in their own coordinate systems as follows:

b Gaart & o G
o e 3 X
. o . Q+0q . Q Q .
Qo 75+ @Po —— Q +5 5 ©
., Q20 7
+Q > 0 Q (8)

The midpat of the web of the castellated beam, which is illustrated in
Figure la, is assumed to behave accordin
2014). Therefore, its strain energy due to the bending and shear can be
expressed as follows:

9)

where @ is the relative d-sestprisduewment of
pair of shear forces any Wiei,iskhe express
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combined stiffness of the mid part of the web caused by the bending and shear,
and is determined ini@s of Timoshenko beam theory as follows,

13 &
Vg 2@; 1209 (10)

where A,= & 3, astthe equivalent crossectional area of the mid part of the

web, = ( 4,82 i tre second moment of area, dpd 2a is the length of

the Timoshenko beam; herein representing the web post length. Note that, the

Young's modulus of the two-3ectionsi€E=2 ( 1+3) G and the Poisson
taken ass =0.3, the value of the combined sti#ss of the mid part of the web

caused by the bending and shear can be determined as fallow:

3@, 11
y (11)

Og =

Thus, the shear strain energy lo¢ web, U, duetoh e s heaycanstr ai n 0
be calculated as follows:

. 3 , N3Gy, ¥ "Qy, O
Yq= 7 by CF & Qléw [ &= —QZ) [ & (12)
1 2x /B0 0

Let the shear rigidity factoks,= 0.25 Substituting Eqgs. (3) into (12) gives
the total shear strain energy of the fpatt of the web

7, d s~ I3
TY., = % g q_ ’
0 & Qv Q
0

o) (13)

Note that, in the calculation of shear strain energy of Eq. (12) one uses the concept
of smear model, in which the shear strain energy was calculated first for web
without holes. Then by assumirggtratio of the shear strain energies of the webs
with and without holes is proportional to the volume ratio of the webs with and
without holes, the shear strain energy of the web with holes was evaluated, in
which ks, = 0.25 was obtained (Kim et al. 2016jJowever,by using a twe
dimensional linear finite element analysis (Yuan et al. 2@ié)value of the
combined stiffness of the mid part of the web of the castellated beam caused by
the bending and sheavas found to be

M3y,
Og = 0.78 x @ (14)

which is smaller than that aboderived from the smear model. This leads to
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the shear rigidity factoks, = 0.78x0.25.The reason for this is probably due to
the smear model usedrfthe calculation of the shear strain energy for the mid
part of the web in Eq. (12).

Figure 1. (a) Notations used in Castellated Bea(b$ Displacementand (c)
Internal Forces
(a)

b; L=nx 6a3
F?TW \\\\
lﬂ A 2)"4a A
| MK
¥

P \
-—4;;/\34"‘

I a/\3 t=2a/N3t a3 \
Qa3

6aN3 3aN3 [+
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= " ! a3 L-lzm 3 a3

e

(b)

©

However, it should be mentioned that the factor of 0.78 in Eq. (14) was
obtained for only one specific section of a castellated beam. It is not known
whether this factor can also be applied to other dimensions of the beams. A
finite element analysis model faletermining the shear rigidity factég, is
therefore developed herein (see Figure 2c), in which the length and depth of the

unit are (4al/a3) and (2a+al/l2), respectiv.
& can be cal cul at e doadi ismmplied (sea Figuse 20vhen a u
Hence, the combined rigiditfp,= 1/ &8 i s obt ai ned. Note that

all displacements and rotation of the bottom line are assumed to be zero,
whereas the line where the unit load is applied is assumed to hawengral
displacement. The calibration of the shear rigidity for beams of different
section sizes shows that the use of the expression below gives the best results
and therefore Eq. (15) is used in the present analytical solutions.

G

0.76 — X
a

0= (15)

NN

where | is the length of the beam. Thuke total potential energy of the



Vol.6, No.1 Elaiwi et al.: Bending Analysis of Castellated Bea
castellated beardris expressed as follows,
Yy= Y+ %+ Y (16)

For the simplicity of presentation, the following two new functions are
introduced:

_Utu,
=172 17
a 5 (17)
_U-U
Uy = ——=
2 (18)

By using Egs. (17) and (18), the total potential energy of the castellated
beam subjected to uniformly distributed transverse load can be expressed as
follows:

a ., 2 o}
N R
0

o

V) 7 a "~ (19)
LB R @
® . (o4

where W is the potential of the uniformly distributed loagh.x due to the
transverse displacement, which can be expressed as follows:

a
W = I',]d(;m VO N) (20)

0

wheregmax is the uniformly distributed load, which can be expressed in terms
of desi gasfolows: ess

, _ ” (A)'Q'n)(:m
v 3. ” > \
Q. 23 2% a® B @ § (22)
12 12 12
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Figure 2. Shear Strain Energy Calculation Model: (a) Unit Considered, (b)
Shear Deformation Calculation Model and €) ni t e EIl ement Model
Length Unit and (2a+a/2) Depth, Loaded by a Unite Force F

/N3 /
k_éi}—»* " 3alN3 '

(b) (c)

Deflection of Simply Sugorted Castellated Beam with Uniformly Distributed
Transverse Loading

For a simply supported castellated beagx), u(x) and w(x) can be
assumed as follows:

) . . d “ d)
0 (W= 04 cos—d

a=12, (23)
y . a*w
6 (W= Oq cos—d

a=12,. (24)
U((L): - Ou Sin—‘a

aene (25)

whereAn, B, andC,, are the constants to be determined. It is obvibatsthe
displacement functions assumed in Egs. {23) satisfy the simply support

W:d’-'w:0 du, :%:
boundary conditions, that are dx’ and dx  dx atx = 0 andx =1,
and m = 1, 2, é i sSulistiuting Eqs.t(28)g(R4adf@s5niniomb e r .

(19) and (20) and according to the principlenohimum potential energy, it
yields,

Yt g © =0
(26)
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The variation of Eq. (26) with respectAg, By, ard Cp, results in following
three algebraic equations:

S« (e I
O)(')'SD T Og = 0
B B (27)
. (’xu 2 w ‘, € )., ) wn " Y )., (’xu .
(bOKD —_— + Q]JQQ Og C%—QX?Q — 04 =
a w W a (28)
oo &4, B FRe a2, B at
S i . - .
O&n 5 5w % T @ %
_ 1 1% Naga
* (29)
Mathematically Eqgs. (27)29) lead to:
6(, =0
. (30)
@y, OQg a*
04 = w . o}
" b & T @B Y
a0 T 4
s oL (D et
« = a“ s> ‘P ym (32)
Ot B gwa 2
TORAF

Therefore, the deflection of the castellated beam can be expressed as follows:

) e 2 F0 5n
0(W) = == =F ——= 1+: —
O "@n+ F0sn 410 O > Qo+ FOsm
S C s (33)
s G “ 2 L OQuidd“ 2  a“w
“og, & "Bog, TP sin—

The maximum deflection of the simply supported bésuat the mid of the
beam, that ix=I/2 and thus it can be expressed as follows:

10
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, _ Nt 2 1@ . Foan  OBanld
Olemt2 = 5 T @5, o, T 20 15 Got Py R @
§ 2 1@t O@n 2 1@
L ."220 13 "HERE._ 20 1
x12,. x12,. (34)
Note that, mathematically, the following equations hold,
2 1%t 5
"5 20 15 2x384
12, ] (35)
2 1%t 1
%320 13 16 (36)
x12,.
2 191 1
) « ZTQ 1 - 2 (37)
‘x1.2,.

Using Egs. (35), (36) and (37),etmaximum deflection of the beam can be
simplified as follows:

, _ 5Rcf . AR § Doy 2
Olemarz = 3840 2'@p+ 2PF0sp 1600,  ‘@n+ POsmn
20QnpM (38)
X 1 P ———————
Ry FE

It is clear from Eq. (38) that, the first part of Eq. (38) represents the deflection
generated by the bending load, which is deemed as that givenrimulieEuler
beam, while the second part of Eq. (38) provides the deflection generated by the
shear force. Moreover, Eq. (38) shows that the shdaced deflection is
proportional to the crossection area of the two -Jections but inversely
proportion& to the beam length. This explains why the shear effect could be
ignored for long span beams.

If the calculation does not consider the shear effect of web openings, Eq. (38)
reduces to the following bending deflection equation.

s
v |GFUZ - 384‘0%@ (39)

Numerical Study

In order to validate the abovementioned analytical solution numerical analysis
using the finite element method is also carried out. The numerical computation

11
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uses te ANSYS Programming Design Language (APDL). The FEA modelling of
the castellated beams is carried out by using 3D linear Quadidtidelthin shell
elements (SHELL181). This element presents four nodes with six DOF per node,
i.e., translations and rotatie on the X, Y, and Z axis, respectively. Haligth of
the castellated beams is used because of the symmetry in geometry. The lateral
and transverse deflections and rotation are restraised, (,=0 andd,=0) at the
simply supported end, while the symmetrical boundary condition is applied at the
other end by constraining the axial displacement and rotations around the two axes
within the crosssection (=0, d,=0 andd=0). The material properties of the
castellated beam are assumed to BbBe |inear
= 210 GPa and=0Boi ssond6s ratio
A line load effect is used to model applied uniformly distribution load, where
the load is assumed acting on the junction of the flaamge the web. The
equi valent nodal |l oad is calculated by mul
half-length and then divided by the number of the nodes on the junction line of the
flange and the web.

Discussion

Figure 3 shows a comparison of the maxm deflations between analytical
solutions using different shear rigidity factors including one with zero shear factor
and FEA numerical solution for four castellated beams of different flange widths.

It can be seen from the figure that, the analytickit®n using the proposed shear
factor is closest to the numerical solution, whereas the analytical solutions using
other shear factors is not as good as the present one. This demonstrates that the
shear factor is also affected by the ratio of the flamigith to the beam length.

Also, it can be seen from the figure that, the longer the beam, the closer the
analytical solution to the numerical solution; and the wider the flanges, the closer
the analytical solution to the numerical solution.

12
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Figure 3. Maximum Deflections of Simply Supported Castellated Beams with
Uniformly Distributed Load Obtained usingnalytical Solution with Different
Shear Rigidity Factors . (38) and (39)and FEA Numerical Solution for Four
Castellated Beams of Different Flangediii's (a) b=100mm(b) bf=150mm(c)
bf=200mm(d) b=250mm £,=300mm t=10mm t,=8mmanda=100mm)
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Figure 4 shows the relative error of each analytical solution when it is
compared with the finite element solution. From the figure it is evident that the
error of the analytical solutions using the present shear rigidity factor does not
exceed 6.0% for all of discussed four sections in all the beam length range (>3
meter). In contrast, the analytical solution ignoring the shear effect, or considering
the skear effect by using smear model or by using the leingkipendent shear
rigidity factor will have large error, particularly when the beam is short.
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Figure 4. Divergence of Maximum Deflections of Simply Supported
Castellated Beams with Uniformly Distriteal Load Obtained usingnalytical
Solution with Different Shear Rigidity Factorsg& (38) and (39)and FEA
Numerical Solution for Four Castellated Beams of Different Flange W{d)hs
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Conclusions

This study has reported the theoretical and numerical solutions for calculating
the deflection of hexagonal castellated beams with simply supported boundary
condition, subjected to a uniformly distributed transversd.|dde analysis is
based on the total potential energy method, by taking into account the influence of
web shear deformations. The main novelty of the present analytical solution for
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the calculation of deflection is it considers the shear effect of webngzsemore
accurately. Both the analytical and numerical solutions are employed for a wide
spectrum of geometric dimensions efhaped castellated beams in order to
evaluate the analytical results. From the present study, the main conclusions can be
summaized as follows:

1. The present analytical results are in excellent agreement with those
obtained from the finite element analysis, which demonstrates the
appropriateness of proposed approach.

2. Shear effect on the deflection of castellated beams is veryrtempo
particularly for short and medium length beams widrrow or wide
section. Ignoring the shear effect could lead to an uestenation of the
deflection.

3. Divergence between analytical and numerical solutions does not exceed
6.0% even for short spaastellated beam with narrow or wide section.

4. The effect of web shear on the deflection reduces when castellated beam
length increases.

5. Despite that the numerical solution based on FEA has been widely used in
the analysis of castellated beams; it is lgtiane-consuming and limited
to specific geometrical dimensions. Thus, a simplified calculation solution
that is able to deliver reasonable results but requires less computational
effort would be helpful for both researchers and designers.
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Wheel Load Distribution in Four-Sided Concrete
Box Culverts

By Elie Awwad

Mounir Mabsout
Kassim Tarhini
Hudson Jacksdfi

This paper presents the results of a parametric study of wheel load distribution-in four
sided precast concrete box culverts using tiegensional finite element analysis (3D

FEA) as compared to the tvaimensional (2D) plane frame analysis. Maximugnding
moments and deflections from the-BBEA results and the 2D frame analysis were
computed and evaluated. Several concrete box culvert sizes were chosen with various
span lengths, constant rise, and standard laying width. The culverts were subjected to
various combinations of earth loading and AASHTO HS20 wheel loading applied at mid
span of the top slab. As the soil cover increases from 0 to 3 m, wheel loads are projected
to the top slab using ASTM C890 procedure. The finite element results showtbé that
effect of wheel loading along mégan is significant and that the edge loading condition

for a single box is more critical than center loading for soil cover less than 0.9 m. The
earth loading tends to gradually dominate as the soil cover increatish is expected

based on geotechnical engineering practices. It was shown that the plane frame analysis
and 3DFEA gave similar results for lorgpan and norstandard box culverts. However,

for shortspan (3.6 m) concrete box culverts, the plane framelysis was less
conservative than the 3BEA by about 15% for moments; versus about 5% forsmag

culvert (7.2 m). The results of this paper will assist bridge engineers in analyzing and
designing norstandard precast concrete box culverts and quiekhacing small bridges.

Keywords: Concrete Box Culverts, Earth Pressure, Finite Element Angliisel Load
Distribution.

Introduction

According to the U.S.A. Feder al Hi ghwa
Bridge Inventory data, 21.7% of the nat®03,620 bridges are structurally
deficient or functionally obsolete as reported in Better Roads Magazine
(November 2016). Highway Bridges that are either built using easplace
concrete or precast concrete panels form about 69% of all bridges @)23,21
Single span reinforced concrete bridges represent about 150,000 and assuming
22% of those bridges to be structurally deficient or functionally obsolete. In the
2017 ASCE Infrastructure Report Card, ASCE cited almost 40% of all bridges are
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'Better Roads Magazine (2018hnual Bridge InventoryNov).
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over fifty years or older and an additional 15% are between the ages of 40 and 49
years. The average bridge age in the U.S.A. was 43 years old while most of the
bridges were designed for a lifespan of 50 years. Therefore, an increasing number
of bridges will soon neednajor rehabilitation or replacement. However, this
bridge inventory accounts for structures with span lengths greater than 6 m (20 ft),
where the majority of the structurally deficient bridges are short spans, averaging
less than 15 m (50 ft) in length. @$e deficient bridges are being recommended
for weightlimit posting, rehabilitation, or decommissioning and replacement.
Thousands of such structures especially with span length are less than 6 m (20 ft)
in every state and municipality may be ignored,ingpected, or not replaced on
regular basis due to the lack of funding. This task is left up to each local
government to maintain structures spanning less than 6 m (20 ft) without federal
support.

Castin-place reinforced concrete box culverts have bemsigded and used
for many years because of special geometry or site conditions. As labor cost
continues to rise, increase in traffic volume on highways, and the cost of
inconvenience and delays associated with-iogstace construction methods
resulted m the introduction of precast concrete box culverts. To reduce cost and
develop alternative to castplace structures, prefabricated reinforced concrete
culverts were developed as an economical alternatives for replacing deteriorating
shortspan bridgesand casin-place culverts. These prefabricated structures
include reinforced concrete arches, thraed foursided concrete or metal box
culverts. The most commonly used type is the precast reinforced concrete culvert
due to its durability and minimaldid construction time. There are two American
Societies for Testing and Materials (ASTM) Specification for Precast Reinforced
Concrete Box Culverts design standards: (i) ASTM CIU38AASHTO M273)
standard for culverts using AASHTO Standard Specificatiansl (i) ASTM
C157%16 (AASHTO M259) standard for culverts using AASHTO LRFD. Four
sided concrete culverts are typically referred to asdobwerts with standard span
by rise sizes starting at 0.9 m X 0.6m (3 ft X 2 ft) and goes up to 3.6 m X 3.6 m
(12t X 12 ft) with onefoot increment. The standard laying length is either 1.8 m
or 2.4 m (6 ft or 8 ft) depending on the maximum weight limits generate per
precast section and transport on the highway to the specific site. The maximum
span length of a stdard ASTM precast concrete box section is 3.6 m (12 ft)
which may be too small to handle heavy water flow and may require the use of
multiple sections placed sig-side. In this case, the walls of adjacent culverts
will act as a pier that may obstructetifiow of water and be associated with
flooding problems. Therefore, developing new fsigled box sections with longer
spans have proven to be an economical alternative to multipiesiotigns.

This paper builds on the study reported by Awwad et al. 30
investigating the analysis of longer span 7.2 m (24 ft) culvert. The finite element
analysis (FEA) results of fotwsided reinforced concrete box culverts with span
length of 7.2 m (24 ft) were compared to 2D frame analysis suggested by ASTM
and AASHTO Standard Bridge Specifications (2002). The culvert had constant
rise and was subjected to various load combinations of earth pressures and
AASHTO HS20 wheel loading in the top slab. This study considered the effect of
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each and/or combinations of soil eovon the culvert behavior, lateral earth
pressures applied to side walls, and soil bearing pressure applied to the bottom
slab. The results presented in this paper can assist bridge engineers in analyzing
and designing precast concrete box culverts witindengths longer than 3.6 m

(12 ft) subject to various loads or load combinations of dead load, earth pressure,
and live load.

Background

Precast concrete box culverts are typically designed as highway bridges per
either AASHTO Standard (2002) or LRFIR012). These specifications
introduced the provision of distributing single or multiple wheel live loads to the
bridge superstructure as a function of the depth of sail fill. Therefore, AASHTO
suggest the analysis and design of box culverts by redd@n8l structure to a
2D frame. Abolmaali and Garg (2008) reported the results of a study evaluating
the shear behavior and capacity of 42 standard precast concrete box culverts
presented in ASTM C1433 subject to AASHTO HS20 truck wheel load. No fill
was phaced on the top slab of the culverts and rigid bedding material was assumed
to support the culverts. Fidcale experimental tests were conducted on 24 typical
precast concrete box culverts designed as per ASTM C1433. Sacdidl 2.4 m
span concrete basulverts were tested to failure by subjecting each culvert to the
AASHTO HS20 wheel load. Each structure was loaded incrementally up to failure
in which crack initiation and propagation were identified and recorded at each
step. It was shown that all tiest structures behaved in flexural mode up to and
beyond the standard loads. Therefore, the test results indicated that flexure
governed the behavior required by AASHTO Specificatidimseedimensional
nonlinear finite element models of the test str@dumwere developed and
compared with the experimental results. It was shown that the actual shear
capacity exceeded the factored critical shear force for all the ASTM C1433 box
culverts. The study concluded that shear is not the governing behavior mode for
the concrete box culverts, and it was recommended that the live load distribution
width equations along with the provisions for shear transfer devices for box
culverts required in the AASHTO Standard must be revised. The study also
concluded that there iso need for shear transfer device across the joints of
adjacent precast concrete box culverts.

Awwad et al. (2008) reported the results of a study comparing tHeE2D
versus 2D plane frame results of a newf&ided box culvert with span length of
5.4 m (18 ft) and a rise of 2.4 m (8 ft). The culvert was subjected to various
combinations of earth loading from the soil cover, lateral earth pressure, and
AASHTO HS20 wheel loading applied at center or edge alongspad of the top
slab. As the soil cover aneases from 0 to 3 m (10 ft), wheel loads were projected
to the top slab using ASTM C890 procedure. The results showed that the effect of
wheel loading along midpan is significant and that the edge loading condition for
a single box is more critical thaenter loading for soil cover less than 0.9 m (3 ft).
The earth fill loading tends to gradually dominate as the soil cover increases. It
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was shown that moments from plane frame analysis and 3D FEA gave similar
results.

Orton et al. (2015) reported expeental data from field testing of muttell
reinforced concrete box culverts under soil fill. This study was performed to
quantify the reduction of livoad effects with increasing fill depth since the
current structural analysis procedures are oveshyservative in predicting the
live-load effects. The study investigated experimentally the effects of truck loads
on reinforced concrete box culverts classified as bridges (where spans are greater
than 6 m (20 ft)) under soil fills of different thickne3$ie study considered ten
existing reinforced concrete box culverts with fill depths ranging from 0.76 m (2.5
ft) to 4.1 m (13.5 ft). Test results showed that the-lbael effect does diminish
with increasing fill depth. It was shown that at depths beyio82 m (6 ft), the
live-load pressures are less than 10% of the-tiatipressure, and this fill depth
was considered as a point at which diwad effects may be neglected. This
conclusion matches the results reported earlier by Awwad et al. (2008).
Furthermore, the AASHTO LRFD Bridge Design Specifications (2012) were
found to be overly conservative in predicting strains and displacements compared
with field data for fill depths less than 2.4 m (8 ft). The primary source of
conservatism is likely the twavay action in the top slab of the culvert.

Acharya et al. (2016) reported the results of a parametric study by
investigating the influence of concrete pavement thickness, fill depth, wheel loads,
and culvert span on the load distributions. The study wsesdban the results of a
comprehensive field study of a singlell low-fill box culvert. The culverts were
instrumented with displacement transducers and pressure cells to capture
deformations and pressures resulting from different combinations of whdsl lo
It was shown that the intensity of the vertical pressure gradually decreased with an
increase in the concrete pavement thickness and fill depth because the wheel load
was distributed over a wider area. The vertical pressure on top of the culvert
decrased with the increase of the culvert span. The study demonstrated that the
AASHTO pressure distribution methods are overly conservative for the wheel
load distribution on a lowill box culvert under rigid pavement. The difference in
the calculated vertat pressure decreased with the increase of the fill depth. For all
the fill depths considered, the calculated pressure by the AASHTO LRFD code
was higher than that by the AASHTO Standard Specifications. At the higher fill
depth (2.4 m) and wider span, tbalculated pressure by the AASHTO Standard
Specification closely matched the pressure found by the numerical method.

Description of Box Culverts
Geometry

A typical threedimensional precast concrete box culvert is shown in Figure 1.
The main geomntdc parameters of a box culvert are the span length, rise, laying

width, haunches, wall thickness and top/bottom slab thicknesses. A box culvert
with span length (S) of 7.2 m (24 ft) is investigated in this study. The culvert had
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constant rise of 2.4 m 8, constant slab and wall thicknesses of 0.3 m (1 ft), and
haunches at each corner of 0.3 m x 0.3 m (1 ft x 1 ft). The laying width of the
section was chosen as the standard 1.8 m (6 ft). The box section selected for this
study was labeled as B24, whiobrrespond to the span length. The overall weight
and possible transporting the box culvert to a construction site was not addressed
in this investigation.

It should be noted that this longer culvert of 7.2 m (24 ft) was selected to fill a
need to providepractical structural analysis of concrete box culverts spanning
more than 3.6 m (12 ft) and less than 9 m (30 ft). The ASTM Standard covers
precast culverts with spans up to 3.6 m (12 ft), and this research will allow
engineers to address box culvertchiiag up to 7.2 m (24 ft).

Figure 1. Typical 3D Precast Concrete Box Culvert
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Material Properties

The material properties used in modeling the precast concrete box culvert was
assumed to be normstrength concrete with compsage strength of 27.6 MPa
(4,000 psi), modulus of elasticity 24.8 GPa (3.6¢id), and Poisson's ratio 0.2. A
typical 19 kN/mi (120 lbs/ff) uni tooweif gl®oi i was used
f was assumed to be B@r well-drained granular fill material. The soil is
considered at rest condition with a lateral pressure coeffiggeh.5 (whereky =
1-sinf). To be conservative, it was assumed thatdépth of water table to be
below the culvert and there was no stream running water.
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Loading

Figure 2 shows the various critical applied loads that will influence the load
distribution in precast concrete box culverts. The culverts were subjected to
overburden pressure due to soil cover, lateral earth pressures, and the standard
AASHTO HS20 truck wheel load. The culvert sekight was included in the
comparative analysis of 3BEA vs 2D frame analysis. However, the culvert-self
weight should be part @ahe load combination of the soil and live loadings in the
final analysis and design of the culverts. The height of soil ¢@y@bove the top
slab was varied from 0 m (no cover) to 3 m (10 ft), with increments of 0.6 m (2 ft)
and the resulting overburdgmessurg o &as applied uniformly to the top slab.

The lateral earth effect was modeled as linearly varying trapezoidal pressures on
the culverts walls, starting withkgZ) at the top slab level. The soil bearing
pressure below the bottom slab was modeled bysnetlinear springs of 268
kN/m?/m (50 Ibs/if/in).

Figure 2. Typical Earth and HS20 Wheel Loading on the Culvert
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In the 3DFEA, AASHTO HS20 truck consists of 2 lines of wheels spaced
1.8 m (6 ft) apart. Each line has 18, @hd 72 kN (4, 16, and 16 kips)
concentrated wheel loads as shown in Figure 2. AASHTO and ASTM C1433
(2016) specify that a wheel load is to be applied as a tire print over an area of 0.50
m x 0.25 m (20 in x 10 in) directly to the top slab of a culverstok cover less
than or equal to 0.6 m (2 ft). For soil cover more than 0.6 m (2 ft), the tire print
area is projected using ASTM C890 (2013) equafunt 1.752)x (L + 1.75Z)
whereWis the width (20 in) and is the length (10 in) of the tire printwb wheel
loading positions along mispan are considered: (i) Centered Loading where the
projection of the tire print of the middle wheel is placed in the center of top slab
along midspan and (i) Edge Loading where the projection of the tire print of the
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wheel is placed at the edge of top slab along-spah. These two loading
conditions were considered based on a study by Awwad et al. (2008) in which
several wheel load positions were investigated, located from edge to center along
mid-span. The maximumalues of bending moments and deflections in the top
slab, as expected, decreased as the tire print was moved from edge toward the
center. The centered and edge wheel loadings alongpaitd were therefore
selected to represent extreme loading conditiomsrepassing all other possible
intermediate wheel load positions. The AASHTO Standard Bridge Specifications
(2002) consider an impact factor for the dynamic live load effect as follows: 30%
increase in wheel load for soil cover less than 0.3 m (1 ft), B@%dse in wheel

loads for soil cover between 0.3 and 0.6 m (1 and 2 ft), 10% increase in wheel
loads for soil cover between 0.6 and 0.9 m (2 and 3 ft), and no impact for soil
covers more than 1.2 m (4 ft).

Load Combinations

The concrete box culvert seted for this study was analyzed, subject to the
variable soil pressure and static wheel loading described earlier. The culvert was
subjected to both Centered and Edge wheel loadings. In addition, soil loading was
applied in three stages as follows: Casmisiders only the overburden pressure
on the top slab for the various soil covers selected and assumes the culverts to be
simply supported by hinges under the side walls. Case 2 is similar to Case 1 but
with the addition of lateral earth pressure appliedthe side walls. Case 3
considers all soil pressures on the culvert slabs and walls, in addition to bearing
springs under the bottom slab which support the culverts. The concrete culvert was
analyzed considering the various load combinations of sixeadrs, two wheel
positions, and three earth loading cases.

Finite Element Modeling

The concrete box culverts were modeled using the finite element analysis
computer program SAP2060A mesh sensitivity analysis was conducted and a
suitable discretizain using 0.15 m x 0.15 m (0.5 ft x 0.5 ft) fewwde shell
elements with six degrees of freedom at each node was adopted. The concrete
slabs and walls were modeled as linear elastic-riode shell elements that
account for plate bending in the slab, &etding with axial behavior in the side
walls. The shell thickness of 0.3 m (12 in) was used for the slabs and walls while
haunches are modeled using an equivalent thickness of 0.38 m (15 in).

The concrete box culverts were also analyzed as 2D planesfrm@&STM
and AASHTO procedures. A unitidth is considered in the analysis and the
corresponding earth pressures are applied in the three stages discussed earlier. For
soil cover less than or equal to 0.6 m (2 ft), the middle tire print of the HS20 truck
is applied at migspan of the top frame member and is divided by the distribution

2SAP2000 (Version 17Berkeley, CaliforniaComputers and Structures Inc
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width suggested by AASHTO Standard Bridge Specifications (280&),= 4 +

0.063% where S (ft) is the effective span length, measured between mid
haunches&s = dear sparSi haunch width). When the soil cover exceeds 0.6 m

(2 ft), the tire prints are projected using procedures specified in ASTM C890.
Noting that the centered and edge wheel loading condition become identical in the
2D analysis.

The finite elementnodel of a typical culvert B24 subjected to edge wheel
loading, overburden and lateral earth pressures4witld.6 m (2 ft), supported by
bearing springs distributed below the bottom slab, as described in Case 3. The
corresponding deflected box culvenddongitudinal bending moment distribution
in the slabs and walls are shown in Figure 3. The longitudinal moment is the
bending moment about the transverse axis which is used in determining the main
reinforcing steel in the culvert.

Figure 3. Deflection and Bending Moment in Culvert B24 under Edge Loading
(Case 3,Z=0.6 m)

-66.
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Results

The critical bending moment#1f and M,) were identified at migpan and
the wall support of the top slab along with the maximum vertical dieite(®) at
mid-span for all culverts and load cases considered in this investigation. The
maximum positive bending moments, negative bending moments, and deflections
for all three culverts (B12, B18, and B24) investigated by Awwad (2008) are
summarized iMable 1. Typical FEA results for the culvert with span length of 7.2
m (24 ft or B24) for Case 1 are shown in Figure 4. The 3D FEA and 2D Frame
analysis results are plotted along the culverts laying width (1.8 m or 6 ft) for
selected soil covers (Z = O (2 ft) and 1.8 m (6 ft)) for individual edge and
centered tire loading, earth loading, and total combined tire and earth loading.

General observations can be made to all three culverts (B12, B18, and B24)
results that were summarized in Table 1. Theeettandition results are higher
than the cent er eddessithans0.6 mqz ft). $he differerceo ver s i
between edge and centered conditions decreases when the soil cover exceeds 1.2
m (4 ft), and becomes insignificant for soil cover greater $ham(10 ft). This is
consistent with geotechnical engineering practice, the deeper soil cover tends to
lessen the influence of the wheel load position and its concentration by spreading it
more evenly to the top slab. The effect of overburden pressurg(@abe 1),
overburden and lateral earth pressure (Case 2), and overburden, lateral, and
bearing pressure (Case 3) on the box culvert were analyzed and compared with
reference Case 1. The lateral pressure added in Case 2 tends to camber the top slab
upwards resulting in a decrease in the positive moments and deflections and an
increase in the negative moments in the top slab. Applying bearing pressure to the
bottom slab in Case 3 has the reverse counter effeetesults in Table 1 showed
that the differace between the three load cases is more significant for the short
span culvert B12, and is less significant for the ispgn culverts B18 and B24,
namely between Case 1 and Case 2. This is due to the fact that the lateral pressure
effect in Case 2 is sihar for all three spans considered since the culvert rise is
kept constant; the lateral effect will therefore be more significant for thesgaont
culverts with relatively smaller values of moments and deflections in the top slab.

The FEA results foruvert B12 showed a decrease of approximately 13% in
the maximum positive moment in the top slab for the load case with lateral
pressure (Case 2 versus Case 1); this decrease is reduced to about 4% when
bearing pressure was added (Case 3 versus CasarBspgondingly, an increase
in the maximum negative moments of about 15% and 4% is observed when
considering Cases 2 and 3 versus Case 1, respectively. The maximum deflection in
the top slab is also decreased by about 20% for Case 2, compared to Case 1. The
deflection resulted from load Case 3 is excluded from the comparison since it
includes the settlement due to presence of bearing springs.
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Table 1. Box Culverts B12, B18, and B24: Maximum Positive Moments, Negative Moments, and Deflections for AldC@seslitions Considered

Culvert B12
Maximum Values

Z=0m

Z=0.6m

Z=12m

Z=18m

Z=24m

Z=3.0m

Case ]

Case 7

Case 3

Case 1 Case 4 Case 3

Case ]

Case J Case J

Case ] Case 4 Case J

Case

1 Case 4 Case 3

Case

1 Case 4 Case 3

FEA-3D-Centel
FEA-3D-Edge
2D-Frame

33.84
49.19
40.68

30.69
46.04
37.53

32.45
47.79
39.69

42.57| 37.98| 41.13
56.93| 52.29| 55.49
49.05| 44.37| 47.88

35.15
37.31
34.70

28.94
31.10
28.53

33.26
35.60
32.63

43.16| 35.46( 41.22
45.05| 37.49| 43.47
41.76| 34.07| 39.51

51.71
52.74
50.63

42.53| 49.59
43.52| 50.72
41.40| 48.15

62.69
62.69
60.30

51.93
51.93
49.55

60.53
60.53
57.56

FEA-3D-Cente
FEA-3D-Edge
2D-Frame

19.76
29.07
24.57

22.82
32.22
27.72

21.11
29.97
25.56

29.84| 34.43| 31.28
37.94| 42.66( 39.02
34.02| 38.70| 35.19

34.20
36.18
33.21

40.28
42.26
39.38

36.00
37.80
35.28

43.20| 50.76( 45.09
45.23| 52.79| 46.85
41.27| 48.96| 43.52

51.98
53.01
50.13

61.02( 54.00
62.01( 54.86
59.31( 52.61

63.00
63.00
59.67

73.49
73.49
70.38

65.03
65.03
62.42

FEA-3D-Centel
FEA-3D-Edge
2D-Frame

Deflection| M negativg M positive
(mm) | (kN-m/m] (kN-m/m

0.44
0.65
0.60

0.35
0.56
0.51

0.70
1.37
0.97

0.64 | 051 | 1.15
0.84 | 0.70 | 1.78
0.79 | 0.66 | 1.41

0.71
0.75
0.72

0.53
0.57
0.54

1.38
1.47
1.40

0.88 | 0.66 | 1.81
0.92 | 070 | 1.91
0.88 | 0.66 | 1.79

1.06
1.08
1.07

0.79 | 2.21
0.81 | 2.27
0.80 | 2.21

1.28
1.28
1.27

0.97
0.97
0.96

2.70
2.70
2.65

Culvert B18
Maximum Values

Z=0m

Z=0.6m

Z=1.2m

Z=18m

Z=24m

Z=3.0m

Case ]

Case 7

Case 3

Case ] Case 4 Case 3

Case ]

Case 4 Case J

Case ] Case 4 Case 3

Case ]

Case J Case 3

Case 1

Case 4 Case J

FEA-3D-Centel
FEA-3D-Edge
2D-Frame

45.90
61.65
52.34

43.47
59.22
49.91

44.87
60.66
51.48

64.49| 60.89| 63.99
79.25| 75.69| 78.80
70.56| 66.96| 70.20

64.17
67.68
63.63

59.45
62.96
58.86

64.04
67.68
63.32

81.90| 76.01| 82.40
85.46| 79.56( 86.13
79.88| 73.94| 80.06

99.86

101.75

96.35

92.84( 100.98
94.73 | 103.05
89.28| 96.98

122.27]
122.27]
117.18

114.08] 124.07
114.08] 124.07]
108.95 118.24

FEA-3D-Centel
FEA-3D-Edge
2D-Frame

31.41
39.20
36.18

33.75
41.72
38.61

32.36
39.74
36.99

56.43| 59.85| 56.84
61.61| 65.34| 61.65
59.85| 63.41| 60.21

73.85
77.31
70.88

78.39
81.81
75.60

73.94
77.27
71.19

98.28|103.91 97.83
102.15 107.78 101.57
93.20( 99.09( 93.06

122.36
124.61
114.35

129.02 121.14]
131.36] 123.30
121.41) 113.72]

149.81]
149.81]
139.05

157.64] 147.94
157.64| 147.99
147.29 137.97

FEA-3D-Cente
FEA-3D-Edge
2D-Frame

Deflectior] M negativd M positive
(mm) | (kN-m/m] (kN-m/m

1.20
1.55
1.49

1.05
1.40
1.34

1.50
2.21
1.88

201 | 1.79 | 281
234 | 211 | 3.48
2.29 | 2.07 | 3.18

2.52
2.65
2.55

2.22
2.35
2.25

3.70
3.90
3.73

3.30 | 293 | 5.03
3.43 | 3.08 | 5.23
3.28 | 2.93 | 4.98

4.05
4.13
4.00

3.63 | 6.30
3.70 | 6.43
3.55 | 6.15

4.98
4.98
4.85

4.45 | 7.75
4.45 | 7.75
4.35 | 7.50

Culvert B24

Z=0m

Z=0.6m

Z=12m

Z=18m

Z=24m

Z=3.0m

Maximum Values

Case ]

Case 7

Case J

Case ] Case 4 Case 3

Case ]

Case 4 Case J

Case ] Case 4 Case 3

Case ]

Case 4 Case J

Case ]

Case 4 Case J

FEA-3D-Centel
FEA-3D-Edge
2D-Frame

57.78
73.71
62.33

55.85
71.73
60.35

56.79
72.68
61.38

89.55| 86.63| 89.15
104.49 101.57| 104.09
93.92| 90.99| 93.51

100.26
105.21]
99.68

96.44
101.39
95.85

100.62
105.66
99.90

131.49 126.77| 132.48
136.85 132.08] 137.97
128.84) 124.07] 129.60

161.37
164.16
157.46

155.66] 162.90
158.45 165.83
151.70] 158.63

197.24
197.24
191.43

190.62] 199.44
190.62] 199.44
184.77] 193.19

FEA-3D-Centel
FEA-3D-Edge
2D-Frame

43.56
49.41
46.53

45.36
51.53
48.51

44.46
50.00
47.48

90.32| 92.97| 90.63
94.23| 97.07| 91.13
90.90| 93.78] 91.26

129.11]
134.33
123.35

132.62
137.88
127.22]

129.20
134.42
123.57

176.99 181.40] 176.49
183.42 187.83) 182.93
166.95 171.72] 166.64]

221.63
225.45
207.36

226.89 220.05
230.720 223.79
213.08 206.15

270.90
270.90
252.18

277.02 268.74
277.02 268.74
258.84] 250.43

FEA-3D-Centel
FEA-3D-Edge
2D-Frame

Deflectior] M negativd M positive
(mm) | (kN-m/m] (kN-m/m

2.52
3.00
2.90

2.31
2.80
2.68

2.82
3.63
3.25

4.78 | 4.48 | 5.83
523 | 493 | 6.58
5.15 | 485 | 6.25

6.50
6.78
6.55

6.08
6.35
6.13

8.30
8.68
8.35

8.75 | 8.23 | 11.30
9.08 | 855 | 11.75

8.70 | 8.20 | 11.23

10.88
11.05
10.75

10.25| 14.18
10.45| 14.43

10.15| 13.98

13.28
13.28
13.08

12.58| 17.38
12.58| 17.38
12.38| 17.03

26



Athens Journal ofechnology and Engineering March 2019

Figure 4. (a) Positive Momentb) Negative Momen&nd (c)Deflections Results
under Wheel Loading (Center and Edge) and Earth Pressure (Case 1, Z= 0.6 m
and 1.8 m) for Culvert B24
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For the other twaulverts B18 and B24, the finite element results indicated
that an average of 5% increase is observed in the maximum positive or negative
moments when lateral pressure is included (Case 2 versus Case 1) and almost no
changes occur when bearing pressueelded (Case 3 versus Case 1). A decrease
of 8% in the maximum deflection is observed for loading Case 2 versus Case 1. It
was also noted that the percent increase or decrease in moments and deflections
with respect to Case 1 are similar for-BEA, centerand edge, and 2D plane
frame analyses.

The 3DFEA results were compared with 2D plane frame analysis
recommendedy AASHTO Bridge Specifications and ASTM standards. The
average bending moments and deflections were obtained for the three load Cases
1, 2, ad 3. For soil cover less than 0.9 m (3 ft) and centered tire loading
condition, 2D plane frame analysis overestimates the maximum positive and
negative moments by 15%, 10%, and 5% for culverts B12, B18, and B24
respectively; the maximum deflections wereerestimated by 25%, 17%, and
10%, for Culverts B12, B18, and B24, respectively. For soil cover less than 0.9 m
(3 ft) and edge wheel loading condition, the 2D frame analysis underestimates the
maximum positive and negative moments by about 17%, for €82, and by
about 10% for Culverts B18 and B24. However, the maximum deflections was
about 3% difference for all three culverts. For soil cover more than 0.9 m (3 ft), the
results for centered and edge tire loading conditions were similar to tRERD
and slightly greater than the 2D plane frame for all three culverts, reaching about
5% increase for edge loading.

Conclusions

This paper presented the results of a parametric study investigating the
structural response of fosrded concrete box culver using finite element
analysis. Three culverts span lengths (B12, B18, and B24) were selected and
analyzed under various load combinations of wheel load, earth pressure, and
various soil covers. For soil fill up to 0.9 m (3 ft), it was observed thawiieel
loading is dominant and it was found that the edge wheel loading was more critical
than centered wheel loading at rsigAn. As the soil cover increases above 0.9 m
(3 ft), it was expected that the earth loading tends to gradually dominate, and for
sdl cover exceeding 2.1 m (7 ft), the live wheel loading effect was found to be
negligible when compared to dead load due to earth fill loading. Load cases with
lateral earth pressure applied to side walls (Case 2) and bearing pressure applied to
the bottomslab in addition to lateral pressure (Case 3), were compared with the
case when only overburden pressure is applied to the top slab (Case 1). It was
observed when comparing Case 2 loading combination relative to Case 1 loading:
(a) the positive moments cleased by 13% for B12 and increased by 5% for B18
and B24; (b) the negative moments increased by 15% for B12 and increased by
5% for B18 and B24; and (c) the deflections decreased by 20% for B12 and
decreased by 8% for B18 and B24. It was concluded thae grame analysis
leads to slightly conservative bending moment results when compareeRi6/A8D
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it was off by 15% for shoispan culverts (B12), 10% for B18, and 5% for longer
span (B24) culverts.
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Parametric Study for Performance of R.C. Wall
with Opening using Analytical F.E. Model

By Alaa Morsy & Youssef Ibrahifh

Earthquake is a catastrophic event, which makes enormous harm to properties and
human lives. R.C. walls are provided in structures to decrease horizontal
displacements under seismic load. R.C walls in residential buildings might have
openings that are required for windows, doors or different states of openings due to
architectural purposes. Size, position, and area of openings may fluctuate from an
engineering perspective and might have an impact on stiffness of R.C wall and on the
structures seismic reaction. F.E. modeling approach has been conducted to study
effects of opening shape, size and position in RC wall with different thicknesses under
axi al & | ateral static | oads. F. E. Met hod
approach in aalyzing civil engineering problems numerically. Now we can make
various models with different parameters in short time by using ANSYS instead of
examining it experimentally, which consumes much time and money. The proposed
F.E approach has been verified tlviexperimental programs conducted by other
researchers and gives a perfect correlation between the model and experimental
outputs including load capacity, failure mode, crack pattern and lateral displacement.
A parametric study is applied to investigatéects of opening size, shape, orientation,
aspect ratio, position with different R.C. wall thicknesses. After verifying the proposed
F.E approach with other mathematical design models conducted by other researchers,
a statistical analysis was performedh 88 F.E. specimens and is presented in this
paper. Outcomes of this statistical analysis provide an overview of the performance of
current design models and identify research gaps. The findings presented herein will
be used to define a new mathematicainfidla to provide the ultimate axial load of

R.C. wall with circular opening. This research may be useful for improving existing
design models and to be applied in practice, as it satisfies both architectural and
structural requirements.

Keywords: ANSYSF.E.M., Opening, Seismic, Shear Wall.

Introduction

Shear walls are vertical structural elements designed to resist lateral forces
exerted on a building by the lateral loads that may be induced by the effect of
wind and earthquakes. But shear walls &exjuently pierced for doors,
windows and building services or other functional reasons. Openings are
usually avoided in reinforced concrete structural elements because the size and
location of openings in the shear wall may have adverse effect on seismic
responses. These openings are also source of weak points and cause decrease
inside the structure's stiffness and ldwhring capacity. As a designer, it is

fAssociate Professor, Theab Academyor Science, Technology & Mairhe Transport, Egypt.
*Post Graduate Student, Theb Academyior Science, Technology & Maritime Transport, Egypt
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important to know the impacts of large openings sizes and configurations in
shear wall on stiffnesand also on seismic responses and behavior of structural
system as a much amount of concrete and reinforcing steels has to be removed.
So, an optimum configuration of openings in shear walls needs to be made (Lin
and Kuo 1988).

Behavior of shear wall wittopenings has been studied in number of
researches. Lin and Kuo (1988) conducted finite element analysis and
experimental work to examine the ultimate strength of shear wall with
openings under the effect of lateral load. The test program demonstrated the
shear behavior of R.C. walls with different sizes of openings and reinforcing
patterns around the opening. It was resolved that the shear capacity of the
section is not only affected by the width of openings but also affected by the
depth of openings as Weavhich is not included in ACI Code.

Chowdhury et al. (2012) has modeled a-stirey frameshear wall
building using ETABS and studied the effects of openings in core type shear
wall of thickness 203 mm under earthquake loads in equal static analysis. T
results found out that stiffness and seismic response of the structure is affected
by the dimensions of openings and position of openings in shear walls. It is
also concluded that the more size of opening the more displacements conceded
via building andhis trend will increase with increasing storey level. Increasing
wall thickness around the door openings are extra effective than that of window
opening as far as displacement is concerned at top most story level.
Furthermore, it is clearly definitely &t opening in shear wall positioned in
plane of loading is extra critical than that of opening in shear wall located out
of plane of loading due to the fact that there is a significant change in
displacement noticed after having opening in shear walliposi in plane of
loading.

Mosoarca (2014) analyzed the seismic behavior of shear walls with regular
and staggered openings after the strong earthquake. He modeledsidrege
shear wall of thickness 120 mm on a scale of 1/3 and statically loaded them
with alternating cyclic horizontal loads. The study concluded that, with the
same amount of reinforcement and layout, the walls with staggered openings
developed a ductile failure, whereas the ones with regular openings developed
a brittle failure; and thehear walls with staggered openings are more rigid and
needed less reinforcement. Therefore, the opening location affects the shear
wall capacity.

Musmar (2013) has modeled a fistorey frameshear wall building using
ANSYS and studied the effects of opegs size in shear wall of thickness 300
mm. The openings are placed in all stories at the mid length of shear walls.
Adopted openings length is 1m, and the opening height is variable starting
from 0.5m to 3.0 m by 0.5m increments. The study revealed Shll
openings yield minor effects on the load capacity of shear walls, flexural
stresses along the base level of shear walls, cracking pattern and maximum
drifts. The larger the area of the opening is the extra is the stress flow
disturbance within the hear wall. The study also conducted that when
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openings are large enough, the load capacity is reduced because stiffness of
shear wall with openings decreases.

Kankuntla et al. (2016) aimed to compare seismic performance -of 15
Storey with openings in sheavall situated in earthquake zone V. Seismic
coefficient method and Response spectrum method were used for seismic
analysis. SAP software was used and the results were compared. Location of
shear wall was determined by changing shape configuration and afea
openings in shear wall for all buildings models. The study concluded that, the
presence of openings in shear wall decreases the strength and rigidity of the
shear wall depending on the sizes and shapes of opening. The column moment
and axial force increased as sizes of opening increase because of reduction of
stiffness of shear wall with openings. The opening effect decreases as length of
shear wall in plan increases. Moreover, the responses of structure are not
affected by shapes of opening but thedth and height of openings have
significant effect. The frames with shear wall is stricken by the size of
openings than their positions inside the shear walls on the stiffness and
response of Sstructure with opening
However, it is extensively impacted by the opening positions in shear walls
with opening area >15% of solid wall area.

Despite of the growing interest in modeling and analyzing behavior of
shear walls, no researcher has yet seriously examined various feasatoe
have an optimum opening shape, orientation, aspect ratio, size, and position in
RC wall, which could help designers in making openings either after
construction or prior design. Consequently, by the use of ANSYS, the behavior
of RC walls with opemgs can be explored. If the material properties have
been implemented properly, ANSYS could simulate the elastic and plastic
deformations that would take place in concrete till ultimately concrete crushing
due to increasing the load.

Research Scope and Bjective

The purpose of this study is to explore the behavior of shear walls with
openings using finite element approach after being accurately verified
experimentally and mathematically. The study includes a parametric study to
gain an optimum opening &pe, orientation, aspect ratio, size and position in
R.C. wall with different thicknesses to increase capacity and dominance cracks.
This paper is a part of a larger research study on the performance of opening
configuration of shear wall openings and thee of fibefreinforced polymers
(FRPs) for strengthening those opening to enhance their behavior in opposing
horizontal loads in highise buildings. The ongoing program is expected to
significantly extend the findings of the previous studies and preseatified
F.E. approach, which help for more research in this field. In addition, this paper
conducts a new mathematical formula to predict the ultimate axial strength of
the R.C. wall with circular opening.
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Table 1.Examined Parameters by F.E.M

Study

erial Vertical | Horizontal -, Wall Aspect | Openin
S‘No. Shape Dim. oDim. Position Thickness (m) Rgtio s?ze %g
1 Square 0.4 0.4 Middle 0.06 1.00 6.58%
2 Square 0.4 0.4 Middle Right 0.06 1.00 6.58%
3 Square 0.4 0.4 Top Corner 0.06 1.00 6.58%
4 Square 0.4 0.4 Top Midde 0.06 1.00 6.58%
5 Square 0.4 0.4 Bottom Corner 0.06 1.00 6.58%
6 Square 0.4 0.4 Bottom Middle 0.06 1.00 6.58%
7 Square 0.6 0.6 Middle 0.06 1.00 14.81%
8 Square 0.6 0.6 Middle 0.09 1.00 14.81%
9 Square 0.6 0.6 Middle 0.12 1.00 14.81%
10 Square 0.6 0.6 Middle 0.15 1.00 14.81%
11 Square 0.6 0.6 Middle 0.18 1.00 14.81%
12 Square 0.6 0.6 Middle 0.21 1.00 14.81%
13 Square 0.6 0.6 Middle 0.24 1.00 14.81%
14 Square 0.6 0.6 Middle 0.27 1.00 14.81%
15 Square 0.8 0.8 Middle 0.06 1.00 | 26.34%
16 Square 1.0 1.0 Middle 0.06 1.00 | 41.15%
17 Square 1.2 1.2 Middle 0.06 1.00 59.26%
18 Rectangle 0.8 0.2 Middle 0.06 0.25 6.58%
19 Rectangle 0.2 0.8 Middle 0.06 4.00 6.58%
20 Rectangle 0.8 0.4 Middle 0.06 0.50 13.17%
21 Rectangle 0.4 0.8 Middle 0.06 2.00 13.17%
22 Rectangle 1 0.6 Middle 0.06 0.60 | 24.69%
23 Rectangle 0.6 1 Middle 0.06 1.67 24.69%
24 Rectangle 1 1.4 Middle 0.06 1.40 57.61%
25 Rectangle 0.4 1 Middle 0.06 2.50 16.46%
26 Rectangle 1 0.4 Middle 0.06 0.40 16.46%
27 Rectangle 0.8 0.6 Middle 0.06 0.75 19.75%
28 Rectangle 0.8 0.6 Middle 0.09 0.75 19.75%
29 Rectangle 0.8 0.6 Middle 0.12 0.75 19.75%
30 Rectangle 0.8 0.6 Middle 0.15 0.75 19.75%
31 Rectangle 0.8 0.6 Middle 0.18 0.75 19.75%
32 Rectangle 0.8 0.6 Middle 0.21 0.75 19.75%
33 Rectangle 0.8 0.6 Middle 0.24 0.75 19.75%
34 Rectangle 0.8 0.6 Middle 0.27 0.75 19.75%
35 Rectangle 0.6 0.8 Middle 0.06 1.33 19.75%
36 Rectangle 0.4 1.2 Middle 0.06 3.00 19.75%
37 Rectangle 0.5 0.8 Middle 0.06 1.60 16.46%
38 Rectangle 0.3 1.2 Middle 0.06 4.00 14.81%
39 Rectangle 0.5 1 Middle 0.06 2.00 20.58%
40 Rectangle 0.7 0.8 Middle 0.06 1.14 | 23.05%
41 Rectangle 0.5 1.2 Middle 0.06 2.40 | 24.69%
42 Rectangle 0.5 0.6 Middle 0.06 1.20 12.35%
43 Rectangle 0.3 0.6 Middle 0.06 2.00 7.41%
44 Rectangle 0.3 1.4 Middle 0.06 4.67 17.28%
45 Rectangle 0.3 14 Middle 0.06 4.67 17.28%
46 Rectangle 0.3 0.8 Middle 0.06 2.67 9.88%
47 Rectangle 0.4 0.6 Middle 0.06 1.50 9.88%
48 Rectangle 0.2 1.2 Middle 0.06 6.00 9.88%
49 Rectangle 0.3 1 Middle 0.06 3.33 12.35%
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50 Rectangle 0.2 1.4 Middle 0.06 7.00 | 11.52%
51 Rectangle 0.7 0.4 Middle 0.06 0.57 11.52%
52 Rectangle 0.5 0.4 Middle 0.06 0.80 8.23%
53 Rectangle 0.6 0.4 Middle 0.06 0.67 9.88%
54 Rectangle 1.2 0.2 Middle 0.06 0.17 9.88%
55 Rectangle 0.2 0.4 Middle 0.06 2.00 3.29%
56 Rectangle 0.6 1.2 Middle 0.06 2.00 29.63%
57 Circular Diameter 0.8 Middle 0.06 - 20.67%
58 Circular Diameter 0.6 Middle 0.06 - 11.63%
59 Circular Diameter 0.7 Middle 0.06 - 15.83%
60 Circular Diameter 0.5 Middle 0.06 - 8.08%
61 Circular Diameter 0.9 Middle 0.06 - 26.17%
62 Circular Diameter 0.45 Middle 0.06 - 6.54%
Methodology

The research plan includes three phases, the first phase; includes verification
of the experimental results conducted by other researchers using an ANSYS model
and ensure the correlation between both F.E. and experimental results for load
capacity, failure mode and lateral displacement. The research depends on two
different experimental programs using three different F.E models to be more
confident with the model results.

The second phase; After the model has been verified with the experimental
outpus, a parametric study has been conducted by changing opening shape,
opening location, size of opening, aspect ratio of opening, rectangular opening
orientation and changing R.C. wall thickness. Table 1 shows the details of the
examined parameters andvtgiation. So that a number of 62 different F.E. model
have been conducted on ANSYSS for such study.

The third phase includes verification between the F.E approach and other
mathematical design models. Then, a statistical analysis is performed on 38 F.E.
specimens to validate the accuracy of the current mathematical design models.
Based on the results of this statistical analysis, an overview is provided on the
performance of current design models and to identify research gaps. The results
will be used to coduct a new mathematical formula to get the ultimate axial load
of R.C wall with circular opening.

Finite Element Analysis of Shear Wall with Openings

ANSYS finite ebment software is used to model two experimental
programs of reinforced concrete shear loaded in the model up to failure, which
have a symmetric opening (Popescu et al. 2016) and (Mohammed et al. 2010).
Nonlinear response of RC wall is developed by cragkplastic deformations
in compression, crushing of the concrete and plastic deformations of the
reinforcement.
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Experimental Data Used for Model Verification

First Model Verification

Two shear wall specimens namel &nd IS designed to represent tyal
wall panels in residential buildings (1800mm long, 1350mm tall and 60mm
thick), modeled for testing to failure, they have symmetric openings (900mm x
1050mm) & (450mm x 1050mm) as shown in Figures 1 and 2. The specimens
are designed to be lodmbaringconcrete walls that are loaded by vertical loads
with no transverse loads between supports or laterplaime forces. Welded
wire fabric reinforcement was used to reinforce the walls, comprising of
deformed 5 mm diameter bars with 100 mm spacing in loothogonal
directions and centrally positioned in a single layer. The concrete utilized to
cast the specimens was a smifhsolidating blend that could be poured without
vibrating it The average cubic compressive strength of the concrete was 62.8
MPa. Stel mean yield strength (fy) was 632MPa.

Four hydraulic jacks, each with a most extreme limit of 1400kN, were
connected together to apply a uniformly distributed load, with controlled total
force, along the wall length. An eccentricity of one sixth of ttadl thickness
was applied in the loading. A steel rod was welded to both of loading beam in
order to apply eccentric distributed loading, designed to fit into a guide system
connected to the upper edge and lower edge of the specimen as illustrated in
Figure 1 and 2 (Popescu et al. 2016).
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Figure 2.1-S Specimen Test Setup
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Second Model Verification

A shear wall specimen named WO?2 designed to represent typical wall
(400mm long, 800mm tall and 50mm thick), modeleddseting to failure, it has a
symmetric opening (135mm x 240mm) as shown in Figure 3. The specimen was
cast with constant thickness. The specimen is designed to be -helrath
concrete wall that is loaded by vertical loads with no transverse loads betwee
supports or lateral iplane forces. Welded wire fabric reinforcement was used to
reinforce the walls, consisting of deformed 5 mm diameter bars and centrally
positioned in a single layer. The concrete used to cast the specimens was a self
consolidatingblend that could be poured without vibratingTihe average cubic
compressive strength of the concrete was 22.11 MPa. Steel mean yield strength
(fy) was 478MPa.

A hydraulic jack with a most extreme limit of 300kN, applies a uniformly
distributed load, wit controlled total force, along the wall length. An eccentricity
of one sixth of the wall thickness was applied in the loading. A steel rod was
welded to both of loading beam in order to apply eccentric distributed loading,
designed to fit into a guide gge connected to the upper edge and lower edge of
the specimen as illustrated in Figure 3 (Mohammed et al. 2010).
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Figure 3. Test Setup of WO2 Specin{tfohammed et al. 2010)

Material Model

Modeling of Concrete

The nonlinear response of reinforcedncrete is modeled by solid65
element. The concrete material is modeled by this element, which
primarily based on a constitutive model for the triaxial behavior of concrete
after Williams and Warnke (1975). This element is isoperimetric element
which is claracterized by eight nodes, each having three translation degrees of
freedom in the nodal x,y anddirections. The geometry, node positions and
the coordinate system for the element is appeared in Figure 4. It is able to
simulate plastic and elastic defeation, crushing in compression and cracking
in tension in three perpendicular directions at each integration point as the load
is increased (Morsy et al. 2015).

Figure 4. Solid 65 Element
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Changing the element stiffness matrices conducts an adjustmeine
material properties, which helps in the cracking modeling. In Solid 65,
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crushing is known as the complete deterioration of the structural integrity of
the material (material spalling). If the material fails at an integration point in
uniaxial, biaxal or triaxial compression, the material is assumed to be crushed
at that point. The von Mises failure criterion is used to model the -tmdtr
isotropic concrete along with Willam and Warnke model to define the failure
of concrete.

The multtlinear i®tropic stresstrain curve for the concrete is computed
by the use of the following equations (Chinese Standard, 2@&usch
model (Rusch and Hilsdorf 1963) in order to obtain the compressive uniaxial
stressstrain relationship for the concrete model.

When fcu > 50 MPa When fcu < 50 MPa
o =f[t — (1 -%)"] o 1 Be &
G =1 [ 6e=f|2= () (8.<80)
Ly &0
’ 2 —I—- 50)
! - (y()|'r‘I . .
% Oc = Jc (&0 <&c=éEu)
&0 0.002 + 0.5(f., S50) = 10
0.0033 — (fou — 50) > 1077
Where:
g the stress in concrete corresponding t

fc: the axial compressive strength of concrete
(3: the compressive strain correspondingto f
G the ultimate compressive strain

fcu: the cube strength of concrete

n: a parameter

Table 2.Concrete Properties prior to Initial Yield Surface

1st 2nd
experimental experimental
program program
Modulus of elasticity "MPa" 41236.18 16761.59
Poisson's ratio 0.2 0.2
Shear transfer coefficients for an open crac
(bt) 0.5 0.5
Shear transfecoefficients for a closed crack 1 1
(bc)
Uniaxial tensile cracking stress (fr) "MPa" 6.28 2.21
Uniaxial crushing stress (fc) "MPa" 62.8 22.11
States of the crack face is represente:q

starts from 0 to 1, with @hdicating a smooth crack (complete loss of shear
transfer) and 1 indicating a rough crack (no loss of shear transfer) (Kwan et al.

% Chinese Standard 'GB 5002002' (2002)Code for Design of Concrete Structures.
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1999, Terec et al. 2010). Table 2 lists concrete properties within Solid65 element.

Modeling of Steel Reinforcement

The Ink8 element models the nonlinear response of reinforcement bars which
may be included in the finite element model as a discrete model (individual bars).
As shown in Figure 5, prior to initial yield surface steel material model is linear
elastic, after thénitial yield surface it is completely plastic, in compression and
tension loading. Figure 6 shows the geometry, node positions and the coordinate
system for the element. The parameters selected to define the material properties
of steel are given in TabI3.

Table 3.Material Properties for Steel

Linear Isotropic
Es "MPa" 200000
Poisson's ratio 0.3
Bilinear Isotropic
1% experimental 2" experimental
program program
Yield Stress "MPa" 632 478
Tang Modulus "MPa" 632 478
Figure 5. StressStain Curve for Steel Reinforcement
g~
-7,

Compression

-
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Meshing & Load Steps

The mesh generation directly affects the accuracy of F.E. analysis results.
The mesh generation method is mainly determined by the element type and
shape. Perfect simation needs highly refined meshes.

The panels are meshed with specific material characteristics by using 8
node elements called Solid 65 for concrete, link 8 for reinforcement steel and
solid 185 for loading plates. A dense mesh of this element type may be
required in order to obtain accurate results during the analysis. ANSYS
parametric design language (APDL) generates the mesh. In this method of
mesh generation, the nodes are assigned to specific coordinates with ordered
numbering. Then, meshed elemente formed after the nodes are joined
together. The accuracy of the model, including objectivity issues related to
mesh geometry and size, is demonstrated through several mesh sensitive
studies, which were performed to select the optimum mesh sizes.notieds
of first experimental program, the elements have a length of 50 mm. Elements
have a length of 25 mm in the second experimental program. In the specimen
named 1L in the first experimental program, there are 4620 nodes in the
model, which are connea together to form 4068 elements as shown in Figure
7. Specimen namedS in the first experimental program, there are 5000 nodes
in the model, which are connected together to form 4464 elements. Concerning
the second experimental program, there are 208@s in the model, which are
connected together to form 2170 elements.

Figure 7. Meshed Elements

Automatic time stepping was used to solve the FE model with a specific
number of substeps (1000) depending on the material properties, the value of
loads and element density. In order to carry out a {degplacement curve
based on nofinear analysis in ANSYS, the load should be broken into a series
of load increments by defining number of load steps (185) in the first
experimental program and (60) in thecond experimental program, increment
in load to be applied in each step and maximum load to be applied. The model
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must be always checked back to determine the exact load step at which the walll
failed.
Loading and Boundary Condition

Hinged connectionat the top and bottom boundaries of the specimen and
clamped side edges, which had to be sufficiently rigid to stop immoderate out
of-plane deformations. Top edge is restrained in x and z directions along the
wall length and released in y direction whichthe loading direction. Bottom
edge is restrained in X, y and z directions along the wall length. Side edges are
restrained in x and z directions along the wall height in the first experimental
program but released in all directions in the second expetanprogram. In
order to simulate what happens in the laboratory properly, an axially uniformly
distributed load is applied in the F.E.M. along the wall length with a small
eccentricity at both of upper and lower end (one sixth of the wall thickness) to
emulate influences of defects that happen in ordinary construction practices as
presented in Figure 8. In the first experimental program, the model is axially
loaded by distributed load of 5000kN by applying pressure 185Mpa along the
wall length and 15 mm idth. That load almost simulates the actual loading
process developed in the laboratory as the wall loaded by four hydraulic jacks,
each with a most extreme limit of 1400kN. These jacks were connected
together to apply a uniformly distributed load, witmtrolled total force along
the wall length. In the second experimental program, the model is axially
loaded by distributed load of 300kN by applying pressure 60Mpa along the
wall length and 12.5mm width. That load almost simulates the actual loading
proces developed in the laboratory as the wall loaded by one hydraulic jack
with a maximum capacity of 300kN. When the model also has been loaded
with different loads more than the expected failure load, it is found that the
model failed at the same failure thavhich ensures the F.E. model accuracy.

Figure 8. Applied Load

Applied Load
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Failure Criteria

In this research, failure is considered when steel reinforcement yields
followed by severe cracking of concrete. This initiates a large disturbance to the
FE simulatiorand a major difficulty to the solution algorithm. This in turn leads to
termination in the FE simulation due to a divergence. Divergence in the FE
solution corresponds with an extremely large deflection, surpassing the
displacement limitation of the ANSYsftware.

Model Verification

F.E. modeling approach has been conducted and verified with two
experimental programs of three different specimens conducted by Cosmin
Popescu et al. (2016) and Mohammed et al. (2010). After verification, a
parametric studyis applied to investigate the effect of opening size, shape,
orientation, aspect ratio, position with different R.C. wall thicknesses.

Verification of First Experimental Program

Verification for Load versus Deformation Curve

The validity of the proposed material constitutive models for steel and
concrete were verified by comparing their predictions with experimental data
conducted from testing reinforced concrete shear wall (1800mm long, 1350mm
tall and 60mm thick and has a symmetric openin@r®@ x 1050mm) which
named 4L. The results of the verification study, Figure 9, demonstrated that the
F.E. model fitted with the experimental results of the reference wall. The measured
maximum capacity and corresponding out of plane displacement inféhenme
wall were 1180kN and 12mm, respectively. On the other hand, the F.E.
predictions obtained for maximum capacity and corresponding out of plane
displacement were 1240kN and 12.9mm, respectively.

Another specimen has been conducted for verificatibich has a symmetric
opening (450mm x 1050mm) and name8. IThe results shown in Figure 9
demonstrated that the F.E. model fitted with acceptable accuracy the experimental
results of the reference wall. The measured maximum capacity and corresponding
out of plane displacement in the reference wall were 1500kN and 15.5mm,
respectively. On the other hand, the F.E. predictions obtained for maximum
capacity and corresponding out of plane displacement were 1780kN and 13mm,
respectively. The experimental andEF.failure loads and out of plane
displacement capacities are presented in Table 4.
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Table 4.F.E. and Experimental Results

Ultimate load, Pu Out of plane displacement
Serial (kN) (mm)
Anal. Exp. Accuracy % Anal. Exp. | Accuracy %
I-L 1240 | 1180 5.1 12.9 12 7.5
I-S 1605 | 1500 7.0 15.6 15.5 0.64

Figure 9. Exp. and F.E. Results fotll & 1-S Specimens
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Crack Pattern and Failure Mode

The specimen-L failed in a mode of deflection in a single curvature with
a maximum deflection occurring near theddie of the wall panel as shown in
Figure 10. Crack Propagation is shown in Figure 11. The brittle failure in the
wall caused by crushing of concrete with spalling and reinforcement buckling
along the line between the opening corner and wall corner opienavhich
leads to the failure of the wall panel as illustrated in Figure 12. Comparing the
crack pattern of sample specimen at failure predicted numerically to that
obtained from the experiment in Figure 12, there is a good correlation between
the expemental and F.E. crack patterns.
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Figure 10.Deformed Shape forll 7Figure 11.Crack Propagation for-L

The specimen-$ failed in a mode of deflection insingle curvature with a
maximum deflection occurring near the middle of the wall panel as shown in
Figure 13. Cracks opened along the line between the corner of the wall and
opening corner and these cracks continued to widen when several other cracks
arownd the same location began to grow. The brittle failure in the wall caused by
crushing of concrete with spalling and reinforcement buckling along the line
between the opening corner and wall corner of one pier (Figure 14). Comparing
the crack pattern of s#le specimen at failure predicted numerically to that
obtained from the experiment in Figure 15, there is a good correlation between the
experimental and F.E. crack patterns.

45



Vol. 6, No. 1 Morsy & lborahimPar amet ri ¢ St udy

Figure 13.Deformed Shape for$ Figure 14.Crack Propagation for-S

Figure 15.Cracks in Experimental Specimen foSI
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Verification for Second Experimental Program

Verification for Load Capacity

Proposed material constitutive models for steel and concrete were veyified b
comparing their predictions with another experimental data conducted from testing
reinforced concrete shear wall (Mohammed et al. 2010). The reference wall
dimensions were (400mm long, 800mm tall and 50mm thick and has a symmetric
opening (240mm x 135mnmwhich named WO?2 as illustrated in Figure 3. The
results of the verification study demonstrated that the F.E. model fitted with the
experimental results of the reference wall. The measured maximum capacity in the
reference wall was 203.8kN. On the othenchahe F.E. predictions obtained for
maximum capacity was 175.12kN with 16.4% variation.
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Crack Pattern and Failure Mode

The specimen WO2 fails in a mode of deflection in a single curvature with a
maximum deflection happening close to the middle ofathk panel as illustrated
in Figure 16. The cracks begin from the center of the opening, parallel with the
loading direction towards the applied loads. Followed by that is a crack from the
center of the opening, parallel with the loading direction towitielbottom of the
wall panel. Other than that, the cracks also happened near the middle of the wall
panel, orthogonal to the loading direction, which causes the failure of the wall
panel as appeared in Figure 17. Comparing the crack pattern of sampteespeci
at failure predicted numerically to that obtained from the experiment in Figure 18,
there is a good correlation between the experimental and F.E. crack patterns.

Figure 16.DeformedShape Figure 17.Crack Propagation
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Figure 18.Cracks in Experimental Specimen
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Failure mode in the F.E. models fitted with the experimental results of the
reference walls, which comfns the capability of the F.E. models to accurately
predict the load capacity of other models of shear walls and simulate the
nonlinear structural behavior of opened shear walls to examine a larger domain
of parameters instead of laboratory testing, whish expensive, time
consuming and labedense. After verification of the finite element method
with the proposed reference models, several arrangements of openings with a
variety of dimensions were created in different shapes in the reference wall
model toexamine the impacts of openings.

Parametric Study

Effect of Opening Shape

Based on the F.E. study carried out on four shapes with the same average
opening size and position, it is clearly seen that the opening shape has
significant impact on the axiatapacity values at failure stage. The square
shape has the lowest carrying capacity then the circular shape is much higher
and the maximum axial load capacity is related to R.C wall with vertical
rectangle direction opening. As shown in Table 5, it candiged that for a
constant average value of opening size 15.9% of the total wall area, which
located in the middle, the lowest ultimate load is recorded at square shape,
which is 1630.8kN, then the circular shape with 1695.6kN. Meanwhile, the
ultimate loal of wall with vertical rectangle direction opening reaches
2155.68kN which is slightly lower than the solid wall capacity by 8.8%.
Therefore, the highest load capacity is related to vertical rectangle direction
and these findings indicate that the effgicthanging the opening shape should
not be ignored. The main reason is that the loaded cross section area at opening
section in the R.C wall with vertical rectangle opening is larger than those in
the other shapes at the same opening section. This lagean resist higher
axial load values.

Regarding the stress concentration, the presence of the openings in the
panels determines the load paths and creates high stress concentrations around
the opening, which encourages cracks to occur first at thesrsowt the
opening. Therefore, the circular openings are preferred as there are no corners
& concentrations, which cause lower stress values around the opening than
other shapes as shown in (Figure 19).
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Table 5.Changing Opening Shape Results
. . . Average Capac_ity
Shape | Opening |Vertical | Horizontal Openin Load Shane reduction
Sr. | Shape [dim.(m) dim.(m) | 2P€MN9 | N) P8 than solid
Area %
wall %
Solid No_ N o leses| |
wall opening
0
1 Rectanglg 1 0.4 15.9% |2155.7 I 8.8%
2 Circular | Dia. = 0.7 15.9% 1695.6. 28.2 %
3 Square | 0.6 0.6 15.9% 1630.8. 31 %

Figure 19. Stress Concentration in Different Shapes

49




Vol. 6, No. 1 Morsy & lborahimPar amet ri ¢ St udy
Effect of Opening Orientation

F.E. study's findings conducted that changing rectangle orientation has
considerable effects on the axial capacity. The F.E. study is carried out on two
different groups in terms of aspect ratio. Both of the groups have the same size
and locate in the middle of the wall. The opening orientation is varying in the
same group frm horizontal direction to vertical direction and opening area is
constant for both of groups (10% of the total wall area). Results of Groups G1
(aspect ratio = 1.5) and G2 (aspect ratio = 6) were analyzed to demonstrate the
effect of opening orientation dRC walls behavior. The enhancement in axial
capacity increases when the rectangular opening is in vertical direction because
the loaded cross section area at the opening section in the R.C wall with
vertical rectangle opening is larger than the loadesiscsection area in the R.C
wall with horizontal rectangle opening at the same opening section as shown in
Table 6. When the solid wall axial capacity compared with G1 rectangular
opening in vertical direction, it can be noticed that the ultimate axiaMalae
decreases by 1% unlike the horizontal rectangle direction that records
1719.9kN with 27.2% reduction. G2 follows the same manner of G1 as vertical
rectangular direction opening ultimate axial load decreases by 7.3% counter to
the horizontal rectangl direction, which records 772.2kN with 67.3%
reduction. It can be also noticed that when the aspect ratio decreases, the
difference in ultimate load value between the two shapes decreases. According
to the table, in G1, the difference in ultimate loaduealvas about 621kN. On
the other hand, the aspect ratio was 6 in G2 and that significant change
reflected in difference in ultimate load value which was 1418.6kN. In addition,
it can be seen that when rectangular opening is in vertical direction, thé out o
plane displacement values increase. The out of plane displacement here defines
and indicates the ductility. When the out of plane displacement value increases,
the ductility of the R.C. wall increases. As shown in Table 6, it can be noticed
that for G1 ad G2, the out of plane displacement for vertical rectangle
direction are 20.01 & 15.72mm, which are more than horizontal rectangle
direction values 16.23 and 4.8mm respectively. These displacement values
indicate that rotation from horizontal rectangleedtion to vertical rectangle
direction increases the wall ductility. It is obviously concluded that the
changing the opening orientation has considerable impact on the wall ductility
and the axial capacity values.
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Table 6.Changing Opening Orientationg3ults

Ver Capacity Out of
- Hor. Aspect : : Load reduction plane

Group %:; Dim. (m) ratio Orientation kN than solid Dis.
wall % (mm)

Solid | _ . . Y 2363 | . . . .. 22.5

0.6 0.4 2340.9 1% 20.01
Gl 1.50

0.4 0.6 1719.9 27.2% 16.23

1.2 0.2 2350.4 0.5% 15.72
G2 6.00

0.2 1.2 772.2 67.3% 4.80

Effect of Opening Aspect Ratio

FE models llustrated that opening aspect ratio has significant impact on
the axial load capacity of R.C walls. From Figure 20, it can be seen that when
aspect ratio of middle horizontal rectangle direction opening is increased, the
axial load capacity of the sheaallvdecreases because of the reduction in the
resisting cross section area in the R.C. wall. While studying opening sizes
10.97%, 15.14% and 19.34% of the total wall area, it can be noticed that the
reduction percentage in the solid wall ultimate load sgfeat ratio 1 is (29%)
which shows better results when compared to aspect ratio 2 (43.2%). The
reduction percentage at aspect ratio 3 (58.4%) is lower than aspect ratio 4

which recorded the highest reduction percentage in the solid wall ultimate load
(65%).
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Figure 20.Aspect Ratio versus Capacity Diagrams
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Effect of Opening Position

Figure 21 shows the positions of openings in the R.C. wall. The FE models
in Table 7 conducted that the highest axial load capacity values at openings
located at bottom ofhe shear wall because this position is away from the
loaded edge and the axial load path. Then followed by lower load capacity
values are recorded for the models with openings in the middle of the shear
walls. In contrast, while the openings locatedhat top of the shear wall, the
ultimate axial load value decreased sharply to be the lowest.

In addition, it can be noticed that when opening is shifted from the middle
to edges and corners, the ultimate axial load values become lower than those in
the midde. For example, in Table 7, it can be seen that for a constant value of
opening size (6.58% of the total wall area) and constant shape (square), the
ultimate load of position 2 is 2281.5kN which shows better results when
compared to position 3 and slighfower than position 1 which recorded the
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highest axial capacity (2334.15) and the lowest reduction percentage from the
solid wall capacity (1.22%).

Figure 21.Positions of Opening in R.C Wall
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Shifting the opening position from position 1 to positibinas displayed
decreasing in the ultimate axial load value by 9%. The reduction in capacity
from solid wall rose up from 1.22% to 12.13%. Another noticeable feature is
that the highest out of plane displacement is corresponded to position 2, which
is 20.(mm.

This leads us to believe that the best opening position in the shear wall in
terms of axial load capacity is at the lower side in the middle (position 1) and
in terms of ductility is at exact middle of the shear wall (position 2).

Table 7.ChangingOpening Position Results

Ver Capaci Out of
Position o " | Hor. Dim. Load pacity plane
Position Dim. reduction .
Sr. (m) kN : Dis.
(m) than solid (mm)
wall %
Solid | _ _ . _ . oL oL 2363 | _ . . .. 22
Lower 0
1 Middle 0.4 0.4 2334.2 1.22% 10.73
2 Middle 0.4 0.4 2281.5 3.45% 20.05
Upper 0
3 Middle 0.4 0.4 1657.8 29.8% 59
4 Middle | 4 04 20763 | 12.13% | 9.33
Right
5 Upper | 4 04 1117.8 | 52.7% 9.3
Corner
6 Lower 0.4 0.4 2206.2 6.6% 9.35
Corner
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Effect of Opening Size

Opening size is highly affectinthe axial capacity of R.C wall. Figure 22
briefly summarizes results for various models, which have the four shapes
(vertical rectangle direction, circular, square and horizontal rectangle direction)
and the same position (middle) & aspect ratio but hdifferent sizes. The
ultimate axial loads are presented in Figure 23 in the vertical axe and opening
sizes are presented in the horizontal axe. The-$oaa curve indicates that
minor effects on ultimate axial load are yielded for the shear wall withioge
area less than 7% of the whole wall area. That almost accomplishes with
guidelines provided in AS3600 (2009) and EN 199P (2004) which state
that if the walls are restrained on all sides and enclose an opening with an area
less than 1/10 of the @t the effects of this opening on the axial strength can
be neglected. Another noticeable feature is that when openings are large
enough and exceed 7% of the whole wall area, the axial load capacity of the
shear wall becomes less. According to the grépd load capacity of circular
shape went down to about 84.4% from 2352kN to 1275.48kN as we move from
opening size 7% to 26.2%. Additionally, the opening area has extensive impact
on out of plane displacement values of the shear wall as presented i fiable
circular shape as an example. However, the out of plane displacement is
reduced considerably as the opening size increases. The major conclusion that
has been drawn is that small openings (size < 7%) have negligible effect on
shear wall capacity. Inontrast, the larger the size of the opening, the lower is
the amount of shear wall capacity and ductility.

Figure 22.Loadsize Relationship Curve
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Table 8.Changing Opening Size Results

: . Capacity Out of plane
Shape gg;r:ilgg 2[:::(;9 ngsd reduction displacement
0 than solid (mm)
wall %
Solid 0.00% 2363 0.00% 21
Circular . o 0
(Dia. = 0.45m) Middle 6.54% 2351.97 0.47% 17.3
Circular . 0 .
(Dia. = 0.50m) Middle 8.08% 2219.4 6.08% 15.49
Circular . 0 .
(Dia. = 0.60m) Middle 11.63% 1920.78 18.71% 15.23
Circular . 0 .
(Dia. = 0.70m) Middle 15.83% 1695.6 28.24% 10.4
Circular : 0 .
(Dia. = 0.80m) Middle 20.67% 1463.4 38.07% 8.225
Circular : 0 .
(Dia. = 0.90m) Middle 26.17% 1275.48 46.02% 7.5

Effect of Shear Wall Thickness

Figure 23.Load-S| ender ness Ratio (&=H/t) Curve
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F.E. study is carried out on two different openings in terms of shape and
size but both of them locate in the middle of the wall. Each opening is modeled
with different wall thicknesses. Figure 23 briefly summaizesults of
changing the wall thicknesses where the ultimate axial loads are shown in the
vertical axe and slenderness ratio (eoa=H/
load - slenderness ratio curves indicate that there is a gradual increase in
ultimateaxial load when slenderness ratio is higher than 10. The graph shows a
sharp increase in ultimate axial load when slenderness ratio is lower than 10.
Another noticeable feature is that when wall thicknesses are large enough, the
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out of plane displacemermif the shear wall at failure becomes less and that
leads to ductility reduction. According to the Table 9, the out of plane
displacement for openings 14.81% & 19.75% went down from 12.02 mm to
0.96mm and from 8.4mm to 0.95mm respectively as we move frain22.5

to 5. In conclusion, increasing the wall thickness has considerable effect on the
axial capacity but decreasing the wall ductility.

Table 9.Changing Shear Wall Thickness for Opening 0.6x0.6m & 0.8x0.6m

Opening 0.6 x 0.6 M Opening 0.8 x 0.6 M
Opening Size 14.81 % Opening Size 19.75 %
Thickness Slenderness Load out Of. plane Load Out Of. plane

(m) ratio (| (kN) Dis. (kN) Dis.

(mm) (mm)
0.06 22.50 1630.80 12.02 1475.01 8.40
0.09 15.00 2408.40 6.65 2097.90 5.31
0.12 11.25 3599.64 3.69 2717.28 3.15
0.15 9.00 4006.80 3.20 3358.80 2.97
0.18 7.50 6010.20 1.40 4941.00 1.33
0.21 6.43 6939.00 1.00 6660.90 0.99
0.24 5.63 7236.00 0.97 6912.00 0.95
0.27 5.00 7803.00 0.96 7344.00 0.94

Current Mathematical Design Models for R.C. Walls with Rectangular
and Square Openings

Presence of openings in@®.wall significantly decreases its ultimate load
capacity in comparison to the solid wall. There is very limited information in
the research literature may be due to the complex failure mechanisms of such
elements. Design equations are not provided irdésign codes to predict the
axial strength of a concrete wall with openings. AS3600 (2009) and EN 1992
1-1 (2004) give a few guidelines, which express that if the walls are restrained
on all sides and have an opening with a size under 1/10 of the tdtares
the impacts of this opening on the axial strength cagrimged.

The below mentioned design models are improved by many attempts and
include effects of area, location, dimensions and boundary condition:

Saheb and Desayi Model

Saheb and Desayl990) had studied the effect of one or two openings,
positioned either symmetrically or asymmetrically, and combinations of
window or door openings. The equation which is given underneath has been
proposed to extend the usefulness of their empiricahtgoh to represent the
presence of area and position in an opening.
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Nyo = (ki — kaa )N, eq. (1)

where N is the ultimate load of a panel without openings. The constaatsdk

ko were obtained using cunféting techniques. Under one way (OW) iact
this procedure yieldsik= 1.25 and k= 1.22, while under two way (TW)
action k = 1.02 and k= 1.00. The effect of the area and position of the
opening in the wall is takento consideratiowiaa dimensionless

parametef=, defined fromequation 2 and Figure 24.

eg. (2)

where Ayx and A represent the horizontal wall cressctional area of the
opening (i.e. A« = Lot) and of the solid wall (i.e. A= Lt), respectively. The
term a' is figured concurring to tii@lowing equation

r ﬂ.Sth_ LDI:H'I]'

T Lt Lyt €q. (3)

Doh and Fragomeni Model

Doh and Fragomeni (2006) proposed another set of constants for Eqg. (1)
based on new arrangements of tests on walls with openings under both OW and
TW actions. Themain difference between this model and the Saheb and Desayi
model is: Demonstrate different values for the constants, based on another
arrangement of experimental tests. In addition, the constardadkk were
obtained using curvétting techniques, tis time through a larger number of
tests. For OW panels this yielded % 1.175 and k= 1.188, while for TW
panels k= 1.004 and k= 0.933. Both models take into consideration the area
and location of an opening through the param&tempernitting a decrease in
the ultimate capacity. Fragomeni et al. (2012) found that this model provides
outputs in good agreement with the test results from another experimental
study (Lee 2008).

Guan et al. Model

Guan et al. (2010) found that raising botlk tangth and the height of an
opening has the most considerable effect on the capacity and proposed a new
model in order to take this effect into consideration. Having established a
benchmark model, the authors executed a parametric study by changing the
parameters that the capacity was most sensitive to. Their analysis proceeded
via a nonlinear F.E. approach. In the model a tadlieeensional stress state was
used with elastic brittle fracture behavior for concrete in tension, and a strain
hardening plastity technique was supposed for concrete in compression. Their
model is almost conformable to that proposed by Doh and Fragomeni (2006),
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the main contrast being th% was changed t8+» to take the opening height
into consideration.

.. — ZxtreEy Ay , @
o 1+r  where ™ =~ ax T = eq. (4)

in which Aoy represents the vertical cressctional area of the opening (i.eyA

= Hot), Ay represents the vertical cressctional area of the solid wall (i.ey A

= Ht) and d represents the distance between ceotenavity (G and G) of

the wall with and without the opening, in the vertical direction (Figure124).
represents O66the weightin®inrrdatontm i ndi cat i
926 06 . Usi ng r egrewsea bfconstaats was geteinsngds a n

0.21, k =1.361 and k= 1.952 for OW walls an¥i = 0.40, k = 1.358 and k=

1.795 for TW walls. It ought to be noted that this model was obtained from
walls with an aspect ratio of unity @& fixed slenderness ratio (i.e. k = 30).

Figure 24.Geometry of a Wall with Openings (G3 = Center of Gravity of Wall
with Opening, G1 = Center of Gravity of Solid Wall, G2 = Center of Gravity of
Opening)

The abovementioned researchers didn't takéoirconsiderations some
important parameters which affect the accuracy of these models such as
changing the thicknesses of R.C wall with opening, walls with eccentricities
above t/6 and the effect of circular openings on R.C. Walls. Therefore, a
statisticalanalysis is performed on each model in turn, using all of the results
conducted by the F.E. models available in order to validate the accuracy of the
mathematical current design models.
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