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Finite Element Analysis and Practical Modeling of
Reinforced Concrete Multi-Bin Circular Silos
by Can Balkaya, Erol Kalkan, and S. Bahadir Yuksel

Swress resultamis in overlapping wall regions (intersection walls) of
multi-bin circular silos require a significani computational effor?
1o determine forces due 1o siructural continuity. This paper pre-
sents a practical equivalent beam mode( for computing design
forces along the silo walls when subjected 10 various intemal and
inlerstice loadings. The equivalent beam model of interseciion wall
was developed based on the effective lengih concept, and verlfied
in a comprehensive series of finite element (FE) analyses of @ cluster
of four silos for various silo-wall ihicknesses. The influence of wall
thickness on hoop forces and bending moments acting on interstice
and external walls were also examined, and simple empirical
expressions were presented for design applications. The proposed
beam model yields an aceurate estimation of bending momenis und
hoop forces with @ maximum 7% deviation compared with those
obtained from detailed I E models.

Keywords: bending moment; force; oading.

INTRODUCTION

Multi-bin reinforced concrete (RC) silos are commonly
used in industry for storing granular materials within cells
and interstice bins. A typical four-silo cluster is shown in
Fig. 1. The transition region of two adjacent silos is referred
10 as intersection-wall, and the wall of the interstice cell is
referred o as interstice-wall. The midspan of the interstice-
wall is henceforth called the crown, and the exiernal-wal)
stands for the portion of silo wall other than the interstice and
intersection wall, Also shown in Fig. 1(b} is a typical
proportion of the intersection wall between two adjacent silos.

Clearly, the grouped silo behavior is different than single
silo behavior due 1o the force transfer in transition regions of
neighboring silos. Design standards such as ACI 313-97!
mentions the effects of loaded and unloaded cell combinations
in multi-bin configurations, and the bending moments
caused by the continuity of the transition region, but it
provides no guidelines to the dJesigner. Therefore, in
common practice, structural continvity of the walls along
two adjacent silos, which causes horizontal bending moments,
is usually ignored due 10 significant computational effort. On
the other hand, bending moments acting on interstice walls,
caused by siructural continuity when combined with
membrane tension, frequently cause cracking, and not
providing sufficient horizontal reinforcement to resist such
combined effects could Jead to 4 luss of primary strength of
the walls.” Therefore, dewiling of reinforcement in these
regions requires accurate computation of design forces.
Various methodologies exist in the literature for computing
bending moments and hoop forces (that i, membrane
forces) considering swuctural continvity; however, they
appear to give a wide scatter of results.® For that reason their
critical evaluation is egsential to provide definite guidelines
to the designer.
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Fig. 1—(a) Typical cluster of four silos; and (b) perspective
view 10 intersection wall,

RESEARCH SIGNIFICANCE

The computation of design forces due tc structural
continuity in the mulu-bin silos is a ime-consur ing process
because each loading combination including loaded and
unloaded cells, as well as interstice loadings. should be
considered to determine the worst-case Joading s enario. Six
critical loading combinations (five internal leiding cases
plug one interstice loading case) should be evaluated for the
design of a four-sifo cluster. The existing methccls proposed
in the literature to resolve this problem have their own
inherent difficulties in their applications {(discus:ed in more
detail in the following sections). Therefore, the objective of
this study is to propose a simpler model to com ute design
forces that ¢an be applicable to the design of in erstice and
exiernal walls in multi-bin silos. Due to a lack of ¢ cperimental
data, validation of the model is achieved through a
comprehensive series of finite elcment (FE) analyses taking
into account various FE modeling approaches as well as silo
geometrical configurations. Wail thickness is varied in an
extensive parametric study to demonstrate its i fluence on
resultant bending moments and hoop forces. The loading of
silo walls is considered as Jateral pressure duge 1) interstice
loading (interstice cell is filled and cylindricy] cells are
emptied) and internal loading (combinations of oaded and
unloaded cylindrical cells). Results of this study further
facilitate the development of empirical coeff cients for
practical computation of the maximum stress re sultants at
the external walls and interstice walls.
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BENCHMARK FINITE ELEMENT MODEL

In this study, an FE model of a typical four-silo cluster
(Fig. 1) is used as the baseline comparison. The geometric
configuration of the model was previously studied by many
researchers,” and therefore selected herein to allow a direct
comparison. The created FE model represents a horizontal
strip of unit height in the silo axial direction. The assumption
of plain strain accounts for the interaction with adjacent silo
strips, because in the model, zero axial displacement wags 3
constraint at all nodes. Use of a strip model in liev of the
complete three-dimensional model is based on the studies
that the strip models produce satisfactory tesults for horizontal
membrane tension (that is, hoop force) and bending moment
at the pressure zone locations of greatest interest in &ilo design
(that is, regions close to the Lp and botiom boundaries),>
Even for very short silos, studies by Prato and Godoy? show
that a strip model ean be used for design purposes with the
advantage over general FE assemblies of significantly
teduced computational effort.

The modeling of multi-bin silos becomes complicated
patticularly in the region of common walls (intersection)
where the silo walls overlap due to structural continuity
(Fig. 1(b)). Initially in this study, three-dimensional salid
elements were jmplemenied (that is, eight-noded brick
elements) in the FE modeling without sccommodating apy
simplifying assumptions about the geometry, stiffness, and
boundary conditions. The FE mode! was studied to get
benchmark results to be used later for the development of the
practical beam model. This computer model of the group of
four silos together with the FE discretization of intersection
walls are shown in Fig. 2. The nodes at the midsection of the
Intersection wall were allowed to displace only in the longi-
tudinal direction of the intersection wal], and displacements
of 2ll the nodes in the vertical direction were restrained. The
elastic modulus of concrete was taken as 3.02 x 10° ton/m?2
(29.6 GPa). For design purposes, it is vsually assumed that
nomal pressure acting on the walls is constant at a given
elevation. Therefore, the mode! was analyzed under interstice
and internal loading as the uniformly distributed horizontal
pressure of 11 tor/m® (108 kPa). According to interstice
loading (internal loading results are explained later), the
results of analyses showed that the critical sections in which
the stress resultant reached maximum are the crown of the
interstice walls and support region (refer to Fig. 1). The
maximum stress distribution in these regions is exhibited in
Fig. 3(a). Note that the stress resultants due to interstice Joading
on the face of the solid element have been com puted from the
element nodal forces® as described in Fig. 3(b). These results
will be used in the forthcoming for the validation of fhe
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Fig. 2—{a) FE discretization of silo walls using solil elementy;
and (b) a close-up to intersection wall mesh,
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Fig. 3—(a) Stress distriburion along transverse (}orizontal)
direction of interstice wally (unit are in ton/m” - and (b)
compuzation of stress resultants from nodal forces of
solid elements.

proposed beam model along with comparisons 'with other
simphfied FE madels, and also results from other st djes.

PRACTICAL BEAM MODEL DEVELOPKIENT
Despite the fact that FE modeling of group circular silos
using three-dimensional solid elernents produces ma e accurate
results than any other simplified modeling appre aches, its
application in practice is computationally demand ng due to
ditficulties in mesh generation in overlapping re sions and
interpretation of nodal forces under various eombi 1ations of
Joaded and unloaded silo cells. To avoid such difficulties,
various alternative FE modeling approaches were sroposed:
Horowitz and Nogueira’ proposed a mixed element model
that used solid elements for intersection walls ind shell
elements for silo walls (Fig. 4(a)); Stalnaker and Harris?
used a shell element model (having bending and riembrane
capabilities) for silo walls and for interstice walls (Iig. 4(b)).
In the shell element model, the overlapping region is
modeled with rigid link elements (that is, using shell
elements) that may overestimate the stiffness of this region.
The main advantage of the method, however, Is the. educt
in computation effort (decreasad number of{D.C E.5Y and
BASE 1N result interpretation, A mixed element mod ]’ seems
to reduce the computetional effort by decreasing th2 number
of elements and keeping the modeling of the intersection
region as accurate as possible, Yet, it may clearly produce
unrenliskic siress concentrations at ransition regions of shell
elements to solid elements, Additionally, the diffi -ultes in
the medeling of overlapping region snd the compuiation of
L Please. ¢
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design forces from the stress resultants of solid elements
have not been resolved in the mixed element model,
Because of these underlined reasons, we have considered
beam model insiead of the complicated geometry of the
overlapping region. At first glance, 2 tapered beam element
having variable cross section mj ght be used effectively as an
alternative 10 existing FE models. The analysis based on &
variable cross section of beam element, however, is still not
suitable for practical applications due to similar complexities
exiting in the solid and shell FE models. Previous studjes
show that variable section properties can be well estimated
with equivalent beam elements vsing the effective length
concept and average cross section properties.® Based on this
concept, different geometrical configurations of beam
elements were investigated by dividing the intersection wall
into a number of beam segments along the centroidal axis of
the wall in the longitudinal direction. Each beam segment
was modeled with a two-noded beam element having
average cross section properties (that js, cross section
moment of inertia and area). The equivalent length of the
transition beam element was varied from 15 to 25% of the
intersection wall (that is, for Element Type-2 in Fig. 5). The
transition beam element having 15% length of the intersection
wall was found to give the most accurate results when compared
with a solid FE model. Therefore, the beam configuration

given in Fig. 5 is proposed for the modeling of transition

region of multi-bin circular silos, and its validity is discussed
in the next section. It should 4lso be noted that the external
and interstice walls were also modeled using two-noded
beam elements. Because these regions have constant cross
secrign properties, simple beam elements were used without
necessitating any complication as in overlapping regions.

COMPARISONS OF BEAM MODEL
WITH OTHER FE MODELS

The FE mode) using the beam element is compared with
the shell element modet® and solid element model (assumed
as the most accurate) under the effects of internal and interstice
loading conditions. A similar geometvical coafiguration given
in Fig, 1 is used for all cases. Notably, the mixed-clement
model’ does not seem ta avoid the existing difficulties in the
solid model in computation of resultant design forces and
moments at interstice and external walls, therefore it is not
taken into evaloation,

FE models were analyzed considering various D/r values
from 31.25 o 62.50. Based on the interstice loading, the
resulting bending moments and hoop forces at the crown and
support of the interstice walls are compared in Fig. 6 for the
solid model, shell element model, and proposed beam
model. An excellent match was obtained for both the hoop
forces and bending moments berween the solid model and
the beam model. In general, the beam model is supetior to
the shell model by producing hoop forces and bending
moments close to benchmark results of the solid model,
Differences between the beam and shell models become
much clearer for bending moments: the shell mode! gives
smaller bending moments at the crown but yields larger
negative momeunts at the support of the interstice walls.

In Fig. 7, bending moments and hoop forces along the
external walls for three of the models are compared for
internal loading as the loaded and unloaded tilo cell
configurations. For the internal loading of the four-silo cluster,
five Joad combinations were examined, and the critical
internal load case was obcained when a single cylindrical cell
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Fig. 4—Finite element simplil‘ied models: (a) mixed model”
and (b) shell-element model *
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Fig. 6—Comparisons of hoop forcer and bending moments
at crown and support of intersrice wall undsr intersrice
loading from models bosed on beam element, shell elemeny,
and solid element for varipus DA values,

was filled and the others cells were kept er pry. These
loading combinations are illustrated in Fig. 8. The resuits
presented in Fig. 7 reflect the numerical projectio 1 of a single
cell-loading along the external wall. Similar t> interstice
loading, the beam model gives better estimatioy of design
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Fig. 7—~Comparisons of hoop forces and bending moments
@ span and support of external wall under internal loading
Jrom models based on beam clement, shell element, and
solid element for various D/t values.

Fig. 8—Intemal loacling combinations for group of four silos.

forces compared with the shell element model relative to the
solid element model. It is also noteworthy that the resultant
bending moments along the external wall duc to internal
loading are negligibly small. However, the critical value of
the hoop force, which is an essential design parameter for
reinforcement of the silo walls, becomes larger due to the
internal loading compared with the interstice loading (refer
w0 Fig, 6). This is basically due to the membrane action of the
cxternal walls when subjected to internal loading condition.

368

Note: r=~JH} KNmM*; Da 12.5m.

The outward pressure in the cells tends to create a significant
tension in the axial direction of the silo wall, and therefore
the resultant bending moments become negligiile. On the
other hand, interstice loading creates an arching e ifect at the
interstice walls that results in considerable bendin;; moments
as well as axial thrust at the crown and support of the interstice
wall. However, the axial thrust during interstice loading cage
becomes smaller than that of intcrnal loading.

The results based on the beam model deviate irom those
obtained from the solid FE model by a maximum of 7%. For
the quantification of Lhe deviation, bending moments due to
internal loading were not considered because hey were
negligibly small. Despite the pros and cons of «ll models
from the modeling and computational points, 211 of the
madels can be used for design purposes; however the beam
model appears to be the easiest to analyze and interpret while
retaining the desirable engineering accuracy.

The results obtsined from the practical beam nodel are
further compared in Table 1 with other modeling
approaches. The method by Timm and Mindels.® which
assumes that free axial force and hoop displaceme:nt at wall
supporis, produced the largest moment value: at both
support and crown. Conversely, bending momens through
FE solutions of Safarian and Harris'® are unrealisticatly low
due to their modeling assumption of restrained will against
axial or hoop movement. The method by Ciesielshi'! yields
closer results to those of solid FE model and practical beam
model in terms of both axial forces and bending moments.
Similarly, results obtained by the method of Hayd * are also
comparable with findings of this study, These more realistic
results of Ciesielski and Haydl stem from their modeling
assumption that wall supports have partial restraint:: from the
attached silos.

EMPIRICAL DESIGN FORCE COEFFICIENTS

In the previous sections, the beam-model was introduced
for the discretization of complex geometry of ovarlapping
region as well as the modeling of interstice an¢ external
walls. To complete the practical framework of the study,
alternative empirical design formulas are introduced here to
compute the bending moments, boop forces at both interstice
and external walls, and shear forces al interstce walls
without necessitating finite element discretization.
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Fig. 8—{(a) Positive and negative moment coefficients; and
{b) hoop force cocefficients, obiained from beam maudel, solid
model, and from simplified equations for span and support
of external wall in case of internal loading. (Note: Eq. (4)
for moment at span, Eq. (5) for moment at support.)

Studies by Stalnaker and Harris? show that the bending
moment due 1o stuctural continuity in multi-bin ctrcular
silos can be estimared by a simple relationship of radius,
pressure and a cocfficient obtained from (he FE analyses.
Their equation has the following form

M=Cy-p-r? )

where M is the moment per unit height of the silo wall; p is
the pressure applied due to stored material; and r is the silo
radius. Cyy i8 the estimator coefficient deduced from the FE
analyses for positive and negative values of stress resultants.
It shonld be noted that Stalnaker and Harris* investigated the
internal Joading conditions only and derived the bending
moment coefficient of Cy, based on their FE analyses on four
and six silo clusters (recall that their FE models were based
on shell elements).

For the completeness of this approach, the following two
equations are developed here as the modified version of Eq. (1)
to estimate the hoop forces along the silo walls and shear
forces at interstice walls

N=Cy-p-r )
N=Cy'p-r &)

where N and V stand for the axial hoop force and shear force,
respectively. Cy and Cy are the point estimators found using

ACI Structural Journal/May-June 2008

Fig. 10=={a) Positive and negative moment co¢/ficients; and
(b} hoop force coefficients, obtained from beam model, solid
model, and from simplified equarions fer span and support
of interstice wall in case of interstice loading. (Note: Eq. (7)
and (9) for crown; Eq. (8) and (10) for suppirt moments
and hoop forces, respectively.)

the solid madel and practical beatn model. The FE models
created using solid elements and beom ele ments were
reanalyzed for silo wall thicknesses of 0.20, 0.24, 0.30, 0.35,
and 0.40 m with a constant silo diameter of 12.50m and internal
lateral pressure of 11 ton/m? (108 kPa). The analyses were
repeated for interstice loading as well as five interr al load cases
accounting for the empty and toaded cell comb nations. For
each case, output of the FE inodels was scanned for the Jargest
positive and negative bending moment coefficients, hoop force
cocfficients for the exiernal and interstice walls, as well as shear
force coefficient for interstice watls.

It should be noted that positive moment cavses tensile
flexural stress on the ingide surface of the wall. Fig. 9 and 10
exhibit the influence of D/t variation on th: estimator
coefficients of Cjy and Cy for external walls ur der internal
loading and interstice walls under interstice leading
conditions, respectively. The coefficients can be considered
as reasonable approximations for a range of cammon D/t
values (wall stiffness) from 31.25 1o 62.50. Also noteworthy
is that the solid model and the beam model yielded consistent
results. Cy is found to be insensitive to D/? for all loading
cases, Therefore, it can be well approximated u:ing Eq. (2)
by taking the Cy value as 1.0 for external walls, In case of
interstice walls, howevcr, different Cy coefiicients are
essential for the support and crown hoop forces, therefore
use of a constant Cy, as 0.23 for support and 0.4 for crown
may produce satisfactory results.
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Table 2—~Comparison of critical shear torce at
inmerstice walls

Interstice wall Solid FE model, | Practical beam mode),
thickntss 1, m kM (1an) | kM (1on)
0.20 484.6 (40.40) 452,7 (46.15)
0.25 484 4 (35.38) 4525 (46,13)
0,0 4838 (49.32) 451.7 (46.04)
035§ | 48312924 452,0 (46,08}
0.40 | as27(e320) 576 (86 13)

A bending moment coefficient of Cy, shows mare variation
with respect to D/2. Cyy becomes larger as D/t value becomes
smaller because the walls become suffer. The critical loading
case for interstice walls is observed to be the interstice
loading; and for exierna) walls, it is the internal loading.
Under this loading condition, the critical shear force may
occur at the support of the interstice walls, whereas it
becomes negligible at the span. Table 2 campares the shear
force variation computed based on a solid FE model and
proposed beam model. Whereas slight shear force variation
is observed with the change in interstice wall thickness, in
general, both modeting alternatives give analogous results,
which ¢an be approximated with a constant Cy value of 0.67.

These results suggest that the generalized forees at interstice
and external walls can be computed for practical applications
from the following set of equations for the span and support
of the external walls as well as crown and support of the
interstice walls. It is also worlh mentioning that the empirical
coefficients are unit dependent, and consistent units given in
this paper should be used for their applications.

For external walls

Mgpan = (0.0015) - p - r? @)
Msypporr= (-0.0030) - p - r* (5)
Nsupporr = Nspan = (1.0} -p- 1 ©)

For interstice walls

Merown = (0.07) - p - r? ™
Mgypporr=(-0.12) -p - r? (8)
Ncrown=040)-p-r ®
Nsypporr=(0.23)-p - r (10)
Vsupporr=(0.67)-p - r (11)
CONCLUSIONS

Several available FE models for computing the maximum
bending moments and hoop forces along the walls of multi-bin
circular silos have been examined. Major difficulties in these
models are the mesh generation due to continuity of the silo
walls in the overlapping region, the significant computational
effort due o size of the mesh (that is, the large number of
DOF), as well as the conversion of nodal outputs into hoop
forces and bending moments, To minimize the complexities
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of current modeling approaches, a practical beam model is
proposed in this paper. The model was verified through a
comprehensive parameuric study against benchirark results
of FE madels baving three-dimensional solid mes», Analysis
of results shows that the proposed model is simple and accurate
enough to compute the hoop forces, shear forces, : nd bending
moments along the external and interstice walls of multi-bin
circular silos to be used for degign,

In the proposed model, two-dimensional beary elements
are used for modeling the interstice and external walls. For
modeling the intersection walls, average sectional properties
are used. The transition region at the intersection wall is
madeled using beam elements having a length of (5% of the
total intersection wall length. The results of the proposed
beam model yield maximum deviation of 7% compared with
solid FE element madel.

It should alse be pointed out that the results presented here
do not reflect the special variation of stresses, be:ause they
are derived from a plane strain model of the silo with no
considetation for the variation of internal pressure and
discharge pressure with height, as well as n¢ corsideration
for the global restraining effects of the base and 1op. Also,
uniforn pressure is assumed in the horizontal plane.

Free sway at the top due to wind or seismic forces and global
restraining effects at the base require special co rsideration
regarding the approximation by using the beam madel that is
not discossed within the scope of this paper. Numer cal results
cited are only used to illustrate the applicability of the practical
beam model for modeling of interstice, interse:tion, and
external walls. Common values of geometric pararmeters were
considered for the model verification, Therefore, the presented
results are valid only for the four-silo configuration 1aving the
same diameter cells, but the approach can easily be expanded
10 cover other silo clusters.

Numerical projections based on the simple beam models
are sufficiently accurate in illustrating the influenc:: of D/t on
bending and in-plane stress resultants for a typica four-silo
cluster, The largest bending moment becomes critical for
interstice walls under interstice loading whereas hoop forces
are more critical for the design of external wills under
intemnal loading cases,

The bending moment and hoop forces on a group of four
gilos are expressed by simple expressions. Various D/t
values in FE models were considered. While the values of
Cy and C), vary slightly with D/t, the same basic pattern is
always observed for each case, and the variation is negligible
for design purposes. Therefore consiant design force
coefficients in the empirical equations are proposed. The
design coefficients were obtained considering the interstice
loading 4s well as the worst-case load combinations of
loaded and unloaded silos under internal loading.

The research reported herein provides more insight in
behavior of multi-bin circular sifos under several different
loading conditions and develops a practical fram:work by
proposing the beam-model as an alternative FE mc deling of
complex peometry of silo clusters and suggesting :mpirical
equations for practical estimation of interstice an¢ external
wall design forces.

NOTATION
A = cross-sectiomal area
Cy =  estimator coefficient for positivie and negative volues of bending
moment
Cy = estimator cocfficient for hoop farce
D = silodiameter
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{ = momem ¢f inentia of section

M = momest per unit height of silo wall -
N = uxial hoop force

p = pressure applied by sioved niaterinl

r = siloradis

I =

\2 =

uMmybers
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