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NUMERICAL SIMULATION OF YIELDING
SUPPORTS IN THE SHAPE OF ANNULAR TUBES UNDER
STATIC AND SHORT-TERM DYNAMIC LOADING
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Tomsk State University of Architecture and Building, Tomsk, RUSSIA

Abstract: Occurrence of extreme man-made impacts on buildings and structures has become frequent lately as a
consequence of condensed explosives or explosive combustion of gas- vapor or air-fuel mixtures. Such accidents
involve large human and economic losses, and their prevention methods are not always effective and reasonable.
The given research aims at studying the way of enhancing explosion safety of building structures by means of
yielding supports. The paper presents results of numerical studies (finite element, 3D nonlinear) of strength and
deformability of yielding supports in the shape of annular tubes under static and short-term dynamic loading.
The degree of influence of yielding supports was assessed taking into account three peculiar stages of
deformation: elastic; elasto-plastic; elasto-plastic with hardening. The methodology for numerical studies
performance was described. It was established that rigidity of yielding supports influences significantly their
stress-strain state. The research determined that with increase of deformable elements rigidity dependency
between load and deformation of yielding supports in elastic and plastic stages have linear character. Significant
reduction of dynamic response and increase of deformation time of yielding supports was observed by increasing
the plastic component. Therefore it allows assuming on possibility of their application as supporting units in
reinforced concrete constructions.

Keywords: yielding supports, strength, deformability, numerical simulation, finite element method, explicit dynamic,
nonlinear effects

YUCJIEHHOE MOAEJIUPOBAHMUE INOJATJINBBIX OITIOP
B BUJAE TPYDB KOJIBHHEBOI'O CEYEHMUS ITPU CTATHYECKOM
N KPATKOBPEMEHHOM IUHAMNYECKOM HAT'PY XEHUU

O.I'. Kymnak, H.B. Meweynos

ToMckuii rocyiapcTBEHHBIN apXUTEKTYPHO-CTPOUTEIbHBIN yHUBEpCcUTeT, T. ToMmck, POCCUSA

AHHOTAIIUA: B nocnenanee BpeMsl YYacTHWIIUCh CITydad SKCTPEMAallbHBIX TEXHOTEHHBIX BO3ACHCTBHH Ha
3MaHNS M COOPYXXEHUs, HalpuMep, BCIEICTBHE B3pbhIBA KOHAECHCHPOBAHHBIX B3pBIBYATHIX BEIIECTB JINOO
B3pPBIBHOTO TOPEHUS Ta30-, Mapo- WM NBUICBO3AYIIHBIX cMeceld. Takue coOBITHS MOTYT IOBIIEYb OOJIBIINE
YeJIOBEYECKHEe M HKOHOMHMUYECKHE IMOTEpU, & METOJbl MX NPEAOTBPAIICHUS WM CHIXKCHMS TOCIEACTBUN He
Bcerna 3(Q¢eKTHBHBI U pannoHaubHbL. [lenblo naHHOW pabOTHl SABISIETCS M3y4eHHE croco0a MOBBIICHHS
B3pPBIBOOE30MACHOCTH CTPOMTENBHBIX KOHCTPYKIHH 3a CUeT NMPUMEHEHHs NOAATIMBBIX omop. lIpemcraBieHs!
pe3yabTaThl YUCICHHBIX (KOHEYHORJIEMEHTHBIX, B TPEXMEPHOW HENMHEHHON NOCTaHOBKAX) HCCIIEIOBAHUH
MIPOYHOCTH U Ae(POPMATHBHOCTH IOJATIMBBIX ONOpP B BHIE TPYO KOJBIEBOTO CEUEHUS IPH CTATUIECKOM H
KpPaTKOBPEMEHHOM IMHAMHYECKOM HarpyxeHuu. [Ipon3BeneHa OleHKa CTETEHH BIWSHHUSA MOJATIMBBIX OTIOD,
HMEIOIINX TPU XapaKTePHbIE CTaauH 1e(hOPMUPOBAHNSA: YIPYyTas; yIPYyro-IUlaCTHIeCKast; yIpyro-miacTuaeckas
¢ oTrBepreHueM. lIpuBeneHo omMcaHne METOIUKM YHCICHHBIX MCCIEOBAHUI M €€ MPOrpaMMHOM peann3aruy.
VYCTaHOBIIEHO, YTO NpPU YBEIWYEHUU >KECTKOCTH CMHHAEMBIX BCTABOK 3aBHCHMOCTb MEXKAY HArpy3skou u
nedopMUpoOBaHUEM OIOPHI B YIPYTOH M IIACTHYECKOHW CTAAMSIX MMEET JIMHEHHBIX XapakTep. BBISBICHO Takke
3HAYUTEIbHOE CHIKEHUE JTMHAMHYECKON PEeaKIUy U YBEJIMUYEHNE BPEMEHH 1e()OPMUPOBAHUS MOJATINBBIX OTIOP
IPU YBEIUYEHUM HX IIACTUYECKOH COCTABISIOIIEH, YTO MO3BOJSET PEKOMEHAOBAaTh MX K IPUMEHEHUIO B
Ka4ecTBE ONOPHBIX YCTPOMCTB [UIS JKeNe300€TOHHBIX M3TH0AeMbIX U CKaTO-N3rM0aeMBIX KOHCTPYKIIUH.

KiroueBble c10Ba: MOJaTINBBIC ONIOPHL, TPOYHOCTH, Ae(POPMAaTHBHOCTD, YUCICHHOE MOJICIIMPOBAHHE,
METOJ KOHEYHBIX JIIEMEHTOB, HESIBHAS CXeMa WHTETPUPOBAHIL, HEMTUHEHHBIC 2P PEKTHI
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1. INTRODUCTION

Explosive impacts refer to single emergency
loads. They are characterized by short term of
action but high intensity which results not only
in structural failure but also in production
facilities damage and human losses. The
existing approaches to designing building
structures resistive to explosive impacts are
based on increasing the material consumption of
structures, which leads to increasing the cost of
objects. Therefore, the elaboration of alternative
economically feasible and reliable approaches is
required to design structures that are resistant to
intensive dynamic loads.

Yielding supports are one of the active means of
structural protection, based on prevention or
localization of dynamic impact or reducing the
intensity of dynamic loading [1-9].

Currently, research results in the field of
yielding supports application for protection of
buildings and structures subjected to intensive
dynamic loading are fragmentary. Experimental,
theoretical and experimental-theoretical research
[1-9] demonstrate both positive and possible
negative influence of yielding supports on the
dynamic response of RC beams. The object of
the present study is numerical study of the
strength and deformation property of yielding
supports given as the tubes of annular section
under static and short-term dynamic loading.

2. METHODOLOGY FOR CONDUCTING
NUMERICAL SIMULATION OF
YIELDING SUPPORTS UNDER STATIC
LOADING

Finite element method (FEM) is certainly one of
the dominant modern techniques of numerical
simulation of such 3D nonlinear (physically,
geometrically and structurally) static objectives;
therefore it was selected as the basic one for
conducting the present studies.

Program software Ansys Mechanical, v 17.2.
was used as a software package realizing FEM
in the given statement. The first stage of the
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work included analysis of yielding supports
under quasi-static loading with the constant
loading velocity. The design model was
idealized and formalized copy of the physical
reality and it duplicated the experimental study
with a large accuracy [1] (Fig. 1).

Finite element model consisted of the two slabs,
one of them was supporting and motionless, the
second slab served as a force slab and it had the
capacity of vertical displacement. The third
element of the model was yielding support.
Sample spacing of the finite element mesh of the
slabs was 4 mm, of the yielding support —
0.840.1 mm. The volume eight-node finite
element SOLID185 was used as a finite element.
Each finite element node is defined by three
translational degrees of freedom and includes the
possibility of using plastic materials and is also
able to withstand larger deformations.

The model uses low-order finite elements (h-
simulation technique). The analysis was
performed for all the considered lengths of
yielding supports in the range from 10 to 120
mm (Fig. 2).

The dimensions of the solved objective
depending on the length of yielding support
varied from 5664 to 58464 finite elements.

The work of material of yielding support was
described by multilinear diagram of material
straining with isotropic hardening. It was
obtained by preliminary field experimental
study of material under tension.

The loading of vyielding support (rigid,
kinematic) was performed by means of the
given displacement of the upper slab (Fig. 1) to
the distance corresponding to the inner diameter
of yielding support.

3. RESULTS OF NUMERICAL
SIMULATION OF YIELDING
SUPPORTS UNDER STATIC LOADING

Let us consider the distinctive features of
yielding supports straining on the example of
inserted element of annular cross-section 40 mm
long (Fig. 3). As can be observed, for all the sta-
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b)

Figure 1. The general view of yielding supports field tests (a); numerical simulation (b),
1 — supporting slab, 2 — reinforced slab; 3 — yielding support.

d)

f)

Figure 2. The general view of flexible bearings of various length: experimental studies (a; b; c);
numerical finite element model (d, e; f): 120mm (a, d); 60mm (b, e); 10mm (c, f).

b) c)

d)

Figure 3. Peculiar stages of yielding supports deformation: elastic (a, e), elasto-plastic (b, f);
elasto-plastic with hardening (c, g, d, h)

ges of yielding support work the strain pattern
during field test corresponds to the strain pattern
during numerical simulation.

The geometry of the studied sample during
loading significantly changes its shape several
times (Fig. 3) and the rigidity accordingly.

Volume 13, Issue 4, 2017

Considering that fact, the model was
supplemented with the option of finite
displacements  consideration and angular

displacements after each equilibrium iteration
(geometrical nonlinearity). During straining
process (Fig. 3), the yielding support interacts
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t/

Figure 4. Alteration of the design model of yielding support in the process of straining: one contact
point (line) with the slab («); two contact points with the slab (b, c).

with the force slabs changing its design model
several times. After occurrence of the plastic
strain in the yielding support, the contact point
with each of the force slabs is divided in two.
Then, along with the load increase, the contact
points distribute from the center of the support
to its edges (Fig. 4). In order to consider the
above-mentioned process contacting pairs were
established in the model between the inserted
element and the force slabs, as well as between
the internal surfaces of the yielding support. The
blue color in Figure 7 identifies the contact
elements, which are significantly remote from
the contact surface. Contact elements, which are
rather close to the contacting surface, are
marked with yellow color. The red color
identifies contact elements interacting with the
contact surface, the force slab in particular.
Moreover, during yielding supports straining the
contact of inner surfaces of the ring occurs (Fig.
3 ¢, g), which in its turn alters the simulation
model one more time. Further, the internal
surfaces come into full contact (Fig. 3 d, h).

It was established, that during straining process
distortion of the ends of yielding support occurs
in the areas of plastic hinge. Thus, the contact of
internal surfaces of the ring occurs not
simultaneously and from the ends to the middle
part (Fig. 5).

As a contact interaction interface for all
contacting pairs the model of contact with
friction u=0.15 was used. This model includes
the possibility to divide contacting pairs after
interaction and generally can contain the areas
of cohesion and sliding. Augmented Lagrangian
method was applied for solution of contact
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interaction; it is based on the dependency of
contact force on the penetration value (1):

'F;z = k:lzxp +‘;|"J (1)

where: kn — contact stiffness directed from
normal to the surface, x, — the value of
penetration along the normal to the surface, 4 —
the augend reducing sensitivity to the value of
contact. Simultaneous linear equations method
was used for solution of the given objective (2):

[Kl{u} = {F} )

where, [K] — system stiffness matrix, {u} — the
unknown vector of nodal displacements, {F} —
the vector of the given external forces.

Checking the solution of non-linear problem
was conducted using the Newton-Raphson
method based on the equilibrium equation (3):

E

R = ”Fa.rr‘ - 'Fr.-:;q:-": = ||Z[Fa.rr,i - Fi:'!hi)_-

Ni:ﬂ

€)

where, R — the difference between the external
and internal force vectors, Fext — external force
vector, Fint — internal force vector, N — the
number of vector elements, equal to the amount
of degrees of freedom of FEM. During solving
the objective of static loading of the yielding
supports, the solution admitted computational
error of 5% between internal and external forces.
Along with the increase in the number of
elements in the solved objective in order to
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Figure 5. Alteration in the design model of yielding support during straining: impact of
contacting pairs at the edges (a); contact of internal surfaces in the mid-area (b); gradual increase
of the contact spot in the middle area (c); full contact of the internal surfaces (d).
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Figure 6. Distribution pattern of the plastic strain in the yielding support.

provide high accuracy, the proportional increase
in the number of equilibrium iterations was
required. Thus, the objectives considered from
500 to 8000 iterations. Analysis of the results of
numerical  simulation = demonstrated that
significant straining of yielding supports occurs
due to formation of plastic hinges when the
stresses in the material reach the yield stress.

Volume 13, Issue 4, 2017

These areas are first established in the upper and
lower areas of the rings (Fig. 6a), and then at
the lateral surfaces of the sample (Fig. 6b).
Further straining is accompanied by the gradual
growth of plastic strain and increasing the area
of active straining. It should be noted that the
value of relative strain at the internal lateral
surface of the yielding support € > 39% (Fig. 6d),
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Figure 7. The strain diagram of yielding supports of various length under numerical and
experimental study; dI- inner diameter; d2- outer diameter of the yielding supports; the uneven
numbers correspond to the experimental studies; the even numbers present numerical simulation.
1-2- 10 mm; 3-4- 20 mm; 5-6- 40 mm; 7-8 60 mm; 9-10-80 mm; 11-12- 100 mm, 13-14- 120 mm.

which exceeds the ultimate strain of the steel
255 & 255 > 26%. The mentioned area of
straining undergoes compressive strain and due
to curvilinear geometry of the sample, these
locations are marked by the materials self-
hardening effect.

Analysis of the results of numerical and
experimental studies under quasi-static loading
can be conducted based on the strain diagram of
yielding supports (Fig. 7). Figure 7 illustrates
the diagrams “load-displacement” for the
yielding supports 10 and 20- 120 mm long with
the span of 20 mm. According to the diagram, it
can be judged on the close level of accordance
of the experimental and numerical results at all
stages of yielding supports performance.
Furthermore, with the increase of the yielding
supports rigidity during experimental studies the
strain diagrams are marked with the “yield
drop” during transition of the support work from
elastic into plastic stage of hardening, however
it was not observed at the diagrams of numerical
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simulation. This effect applies for the low-
carbon steel. The occurrence of the “yield drop”
is attributed to the dislocation deformation
mechanism. At the initial phase, the density of
dislocations is insignificant to provide larger
strain degree. After reaching the upper yield
stress, the intensive formation of new
dislocations begins resulting in decrease of
stress. Software package Ansys v 17.2 does not
consider the dislocation deformation
mechanisms referring to micro-structural steel
composition; therefore, it leads to the absence of
the “yield drop” in Figure 7.

Along with that, the local inaccuracy of the
absolute value of load between the experimental
and numerical result does not exceed 3.5 % and
does not change significantly the general strain
pattern of yielding support within the solution of
the given objective.
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4. METHODOLOGY FOR CONDUCTING
NUMERICAL SIMULATION
OF YIELDING SUPPORTS UNDER
DYNAMIC LOADING

Simulation of dynamic impact was conducted in
the module Ansys v17.2 - explicit dynamic
(explicit difference integration scheme in time
for dynamic objectives). Explicit dynamic
defines the time step considering the stability
condition of Courant-Friedrichs-Lewy (4):

h
arﬂf*H

c “
where, At — the time step, f — Courant number (f
<1), h — the typical element size, ¢ — the local
sound velocity in the element material.

The objectives were solved using Lagrangian
approach to the medium motion description.

The simulation of the yielding supports
operation under short-term dynamic loading was
aimed at assessing the influence degree of the
yielding supports on the dynamic response of
the system: falling weight - yielding support -
supporting slab (Fig. 8). The variable rigidity
parameter in the work was changing the length
of the deformable element. Cross-section and
the material of yielding support were accepted
in accordance with the experimental studies [1].
Within the present objective the moment of
impact of the falling weight 1 on the yielding
support 2 was simulated. The mass of the
weight 1 corresponded to the weight used while
experimental studies, which is 265 kg. For that
purpose, the density of the weight was increased
for each of the solved objectives.

The velocity of the weight 1 at the moment of
impact on the yielding support 2 corresponded
to the velocity of weight dropped from the
height of 650 mm during experimental studies.
The velocity of the weight 1 at the moment of
impact on the yielding support 2 was calculated
according to the dependence (1) obtained from
the formulas for uniformly accelerated straight
line motion (5) and was 3.57 m/s.

Volume 13, Issue 4, 2017
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where: Sx- the height of falling weight (0.65 m),
V- squared velocity at the impact moment of
falling weight 1 and yielding support 2, V-
squared initial velocity of falling weight 1 (0
m/s?- the weight is suspended), ax - acceleration
of weight 1 (corresponds to gravity acceleration
9.81 m/s?).

The supporting plate 3 was rigidly fixed along
all degrees of freedom. Weight 1 and supporting
plate 3, due to their small thickness in the model
(Fig. 8 b), were accepted as completely rigid
elements.

In the present work, three distinctive types of
supports were considered (Fig. 9): a — elastic
support; b — yielding support, working in elasto-
plastic stage with hardening, ¢ — yielding
support, working in elasto-plastic stage.

5. RESULTS OF NUMERICAL
SIMULATIONSOF YIELDING
SUPPORTSUNDER DYNAMIC
LOADING

The degree of influence of the support rigidity
can be evaluated from the diagram (Fig. 13).
The first case (Fig. 9a) presents the elastic
support, which possesses the properties of low-
carbon steel, which strains according to the
Hooke’s law. This support can be
conventionally considered as elastic as the
relative strain in it under dynamic loading will
be changed according to the linear law with the
constant deformation modulus corresponding to
the steel elasticity modulus.

The support working in elasto-plastic with
hardening stage (Fig. 9b) is characterized by the
plastic straining with smooth increase in the
dynamic response up to the moment when the
internal surfaces of the supports contact
(Fig. 10) and (Fig. 13b, point A). After that
sharp increase in the value of dynamic response
occurs.

Supports working in elasto-plastic stage (Fig.
9¢), (Fig. 13 3,4), depending on their rigidity
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Figure 8. Design model of the yielding support testing under short-term dynamic loading
(a); general view of the finite element model (b); falling weight (1), yielding support (2);
supporting slab (3); d1-inner diameter: d2-outer diameter.

a) b)

Figure 9. Computational finite element models of yielding support under shor—term dynamic
loading; elastic support (a); yielding support, working in elasto-plastic stage with hardening (b);
yielding supports working in elasto-plastic stage (c, d).
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Figure 10. The overall scheme of the support straining, working in elasto-plastic with hardening
stage, the moment of transition of the support into hardening stage point A (Fig. 13b).

can have different dynamic response diagrams.
Along with the increase in plastic component of
such supports increase in time of response
occurs. Thus, for instance for the support 120
mm long (Fig. 13 4), compared to the support
1600 mm long (Fig. 13 3), the time of dynamic
resistance increased by 2.66 times, which
testifies on more plastic work of the first one.
Moreover, the support of the larger length does
not deplete the whole potential of its plastic
properties (Fig. 11), while the support of the
less length almost come into contact by the
internal surfaces of the ring (Fig. 12). The
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decrease in the maximum value of dynamic
response should be noted (Fig. 13 3, 4) from
407 kN corresponding to the support 1600 mm
long to 288 kN for the support 120 mm long
which makes 29.2 %.

Having compared the support work in elasto-
plastic stage (Fig. 13 3, 4) and the support work
in hardening stage (Fig. 13 2), the reduction of
the system dynamic response by 6.4 times was
observed (Fig. 13).

Conducting the analysis of yielding supports
work (Fig. 13 2-4) with totally elastic support
(Fig. 13 1), a significant reduction in the system
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Figure 11. The general strain pattern of the support working in elasto-plastic stage
(the length of the support 1600 mm).

L —a

Figure 12. The general strain pattern of the support working in elasto-plastic stage
(the length of the support 120 mm).
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Figure 13. Diagram of changing in the dynamic response of the supports depending on their
rigidity; totally elastic support (1), yielding support, working in elasto-plastic with hardening stage
(2),; the moment of transition of yielding support into the hardening stage (A), yielding supports
working in elasto-plastic stage (3, 4).

dynamic response was revealed, thus, for
instance for the elasto-plastic support (Fig. 13
4), compared to the totally elastic support (Fig.
13 1) the reduction was 23.4 times, and for the
elasto-plastic with hardening support it was 6.62
times. Along with that, one should note that the
increase in the time of dynamic response for
yielding supports compared to the totally elastic
ones should be specified (Fig. 13). The time of
straining for totally elastic supports was 0.0005

Volume 13, Issue 4, 2017

sec, while for the supports working in the
hardening stage it was 0.009, and for elasto-
plastic it was 0.012, which is 18 and 24 times
more than for the elastic supports accordingly.

5. CONCLUSION

Within the conducted research, the results of
numerical and experimental studies of
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deformation of yielding supports in the shape of
inserted elements of annular cross-section under
static loading were compared. Results
demonstrate high qualitative and quantitative
coincidence of the used methods. Therefore it
testifies on possibility of FEM application for
solution of objectives with significant physical,
geometrical and contact (structural)
nonlinearities, being simultaneously present in
one objective. Along with that, it should be
noted that FEM application in research of
nonlinear structural behavior under dynamic
impact is an effective tool compared to the field
tests. Field tests are generally hard or even
impossible to implement while the obtained data
is fragmentary and to a large extend limited by
the measuring facilities.

Numerical simulation results found in the
present paper also demonstrate high efficiency
of yielding supports subjected to short-term
dynamic loading as compared to traditional
elastic supports. The required effect is reached
due to the peculiarities of plastic straining of the
annular section and increase in the time of
dynamic straining. Therefore, the obtained
results enable to judge on the possibility of
yielding supports application aimed at the
increase in the dynamic strength of RC beams.
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