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Abstract. The article is devoted to the mathematical modeling of the nonlinear stress-strain state of
the concrete core in the concrete-filled steel tube structures. The paper uses a nonlinear diagram of
concrete deformation under compression, which consists of two straight sections. In addition, the increase
in the Poisson's ratio with increasing longitudinal deformations is taken into account. The article discusses
two types of concrete-filled steel tube structures: the traditional concrete-filled steel tube column and the
concrete column in steel tube cage. It is established that when the traditional concrete-filled steel tube
column is loaded, the steel tube break contact with concrete core. This is the latent defect in such
structures. The concrete column in steel tube cage does not have this defect. Concrete is acted to the
three-dimensional compression here. It is concluded that taking into account the nonlinear behavior of
concrete leads to the increasing of the calculated load-bearing capacity of the concrete column in the steel
tube cage. In addition, change in the Poisson’s ratio of concrete leads to the increasing of the load-bearing
capacity too.

AHHoTauuma. CtaTbs NocesiLeHa MaTeMaTUYECKOMY MOLENMPOBAHNIO HENTMHEWHOIO HanpshKeHHO-
4eopMNpoBaHHOro COCTOSAHUA BGeTOHHOro siapa Tpyb6o6eTOHHbIX KOHCTPYKLUMIA. B paboTe ncnonb3yetcs
HenuHerHaa Auarpamma gecdopMuMpoBaHWss GeToHa npu  CXaTuu, KOTopasi COCTOUT U3  OBYX
NPSAMONIMHENHbIX Y4acTKOB. Kpome Toro, yuntbiBaeTcsa apdekT BO3pacTaHns BENUYMHbI koadduumneHTa
[MyaccoHa npu pocTe NpoaornbHbIX Aedopmauni. B ctatbe paccmaTpuBaloTCs ABa TvMNa KOHCTPYKLMM
TPyOOBETOHHBIX CTOEK: TPagMunoHHasa TpybobeToHHas cTovika U 6EeTOHHas CTovka B cTanibHOW obonme.
YCTaHOBMEHO, YTO MPU 3arpyKeHnn TpaguLMOHHOW CTOMKW MPOMCXOOUT OTPbIB CTanbHOW TpyObl OT
GETOHHOro sapa, YTO ABMNAETCHA CKPbITbIM Ae(PEKTOM TaKMX KOHCTPYKUWUA. BeTOHHas cTonka B CTanbHOM
obonme nuweHa 3Toro HegoctaTka, OETOH B COCTaBe TaKMX KOHCTPYKLUWUA HaxO4WUTCA B COCTOSIHWUM
TpexocHoro cxatus. CaenaH BbiBOA, YTO y4eT HeNMHEMHoOro noBedeHuss 6eToHa npuBOAUT K
CYLLECTBEHHOMY YBEJTMYEHUIO PacYETHOM HecyLlen cnocobHOCTM OETOHHON CTOMKM B CTanbHoWM oborme.
Kpome TOro, y4et acpcpekta nameHeHms koadpuumneHTa NyaccoHa Takke NpuBOAUT K AONONHUTENTbHOMY
YBENMYEHUIO HECYLLIEN CMOCOBHOCTU CTONKN.

1. Introduction

The concrete-filled steel tube structures are composite structures, consisting of tube (often steel)
and concrete filling, they are widely used as piles, columns or elements of trusses [1]. The stress-strain
state of concrete-filled steel tube structures is complicated, since concrete and tube interact with each other
in all directions. One of the variants of the cross section of concrete-filled steel tube structures is rectangular
section [2], but the most rational form of the cross-section of such structures is the circle [3]. The object of
our research is the stress-strain state of the concrete-filled steel tube column with circular cross-section.

According to many authors, the main advantage of concrete-filled steel tube structures is an increase
of the load-bearing capacity of concrete. This fact is due to the reactive lateral pressure from the concrete
to the tube side [4, 5]. The active use of concrete-filled steel tube structures is restricted due to the lack of
a universal methodology for their calculation. Analytical calculation of such structures in accordance with
the existing European standard EN1994-1-1 is based on empirical determination of the coefficients, these
recommendations and formulas have a limited scope and can not be taken into account for the whole
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variety of building materials and structures [6]. The problem of calculating concrete-filled steel tube
structures with a metal tube has been widely discussed since the first half of the 20th century. There are
another point of view concerning the stress-strain state of concrete-filled steel tube columns under load
presented by N. Skvortsov in 1953 [7]. In this work N. Skvortsov questions the availability of concrete
compression by the steel tube. His argument is that the Poisson's ratio of concrete can never be greater
than the Poisson's ratio of steel, and therefore the transverse deformation of concrete is always smaller
than the transverse deformations of the steel tube, so concrete does not get compression by the steel tube.
N. Skvortsov explains that the carrying capacity of compressible element, as observed from experiments,
is increased due to the influence of frictional forces arising over the contact surface of the support plates
of testing machines and the ends of the test specimens. Indeed, according to experimental studies of long
samples, the steel tube is separated from the concrete core. The same effect was observed with the
exploitation of the concrete-filled steel tube bridge across the Iset river [8]. The arguments advanced by
N. Skvortsov were not supported by the majority of authors and in 1991, the book of L. Storozhenko
“Calculation of concrete-filled steel tube structures” was published. The book describes an attempt to
consider the problem of compression of a concrete-filled steel tube column as a spatial problem in the
theory of elasticity [9]. However, in our opinion, the author did not take into account the fact that the normal
longitudinal stresses in the concrete-filled steel tube element are negative (on page 49). As a result of that
he made an incorrect conclusion that the difference in the Poisson's coefficients of concrete and steel
“irrespective of the sign increases the rigidity of the composite bar brings the concrete core closer to the
conditions of all-round compression”. Many of the leading researchers refer to the works of L. Storozhenko
[8, 10], but due to the presence of the error this work does not help clarify the question of the spatial work
of the concrete-filled steel tube structures.

Thus, the topic of our research is actual, since the existing methods do not take into account the
thickness of the tube wall and the forces of interaction between concrete and steel.

In connection with relevance of the above-described problem, the purpose of our research is to
create the calculating method for the spatial stress-strain state of concrete-filled steel tube structures. To
achieve the research purpose, it is necessary to fulfill the objectives: to derive formulas for simulating the
spatial stress-strain state of concrete, taking into account the nonlinearity of the deformation; to analyze
the interaction of concrete and steel tube in the structure; to suggest an improvement in concrete-filled
steel tube structures; to derive formulas for the simulating the spatial stress-strain state of the proposed
structure and analyze it.

Our research motivation is the desire to contribute to the effective application of the hidden
advantages of concrete-filled steel tube structures, especially as they are widely used in construction.

2. Methods
2.1. Modelling of the stress-strain state of concrete in the nonlinear case

Modelling of the stress-strain state of concrete in the general case is a complex and unsolved
problem because concrete has non-linearity of deformation [11]. In addition, the complex spatial stress-
strain state is characteristic for concrete, which is part of concrete-filled steel tube structures due to
interaction with the steel tube. We suppose that the concrete-filled steel tube column is under the action of
the axial compressive force P. It is assumed that the stress-strain state of the structure has axial symmetry
and the longitudinal displacements W depend only on the coordinate z, and the radial displacements U -
on r, where “z, 6, r" is the cylindrical coordinate system (Figure 1). In this case, normal stresses

O, 04,0 ,,arise, and tangential stresses do not arise.

r? 7z

Nz

Concrete

Figure 1. The design model; A) a concrete-filled steel tube column; B) the concrete core cross
section of the column; C) the steel tube cross section of the column
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To take into account the non-linearity of concrete deformation as state diagram determining the
relationship between stresses and deformations, we use the three-line diagram (Figure 2) describing the
uniaxial stress-strain state, according to the Russian Construction Norms and Regulations 63.13330.2012
“Concrete and reinforced concrete structures”. There are no recommendations for taking into account the
spatial stress-strain state of concrete in the Construction Norms and Regulations. We consider the
proposed three-line diagram of uniaxial compression of concrete (Figure 2): when

c<o = 0.6R, : 0 = E¢ (section 0-1); when 0.6R, <o <R, :0 = o +Ac (section 1-2), Ao—
stress difference, R, — design resistance of concrete under uniaxial compression. Many authors suggest a

design model that takes into account the non-linearity of concrete deformation but the methods vary,
because they are based on empirical dependencies [12].
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Figure 2. Three-line diagram of concrete deformation in uniaxial compression
(Stresses and deformations are used without taking into account the sign)

Let us make natural assumption that the stresses in the radial and tangential directions of the
concrete core of the concrete-filled steel tube column are much less than the axial stresses. Therefore,
uniaxial stress-strain states, when radial and tangential stresses act separately, always correspond to

section 0-1 of the diagram (o < 0.6Rb) (Figure2). But in the direction of the z-axis, two cases of the
uniaxial stress-strain state are possible. Case 1: o,, <0.6R, (section 0-1); or case 2: 0.6R, <o,, <R,

(section 1-2). At the initial stage (case 1), all components of the stress tensor g,.., ggg 0,, linearly depend
on deformations, i.e. Hooke's law is valid (Figure 2):

E

o = m((l— V) & +VE, +VEy, );
E

On " m((l_ V) &y TVEL T VE gy )’ (1)
E

o0 = m((l_ V) "Egp TVEL TVE, )’

where E,v — the Young's modulus and the Poisson's ratio of concrete.

Let us consider case 2. In this state, the stresses and deformations in concrete are determined by
the dependences:

* * *
O, =0, +AO'"; Opp = Oy +AO—H€; 0, =04 +AO—ZZ

@)
Ep =& + Agrr; €o0 = Egp T Ag@ﬁ; En =€y, +Agzz ,
where J:r,aze,a;,g:r,g;g,g; — values of stresses and deformations, when o, =0.6R, ;
Ao, Ao, Ao, ,Ag, ,Ag,,, As,, — increments of stresses and deformations respectively.

We set that the deformation increments caused by the simultaneous action of radial, tangential and
axial stress increments are the sum of the deformation increments caused by the action of these stress
increments separately. Thus the generalized relations of the deformation increments have the form:
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where E,v and E1,11 — the Young's modulus and the Poisson's ratio of concrete, when the stress values
correspond to sections 0-1 or 0-2 of the diagram, respectively.

Relations (3) are analogous to the Hooke's law for an orthotropic elastic body, the symmetry of the
matrices of elastic constants implies the fulfillment of the relation :

Vi_V,
_—= = 4

Express the stress increments through the deformation increments from formulas (3), (4). Then
equalities (2) and (5) are the spatial law of the stress-strain state of the concrete core of the concrete-filled

steel tube column when &,, > 0.6R, (case 2).

. —
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2.2. The traditional concrete-filled steel tube structures

We represent the solution of the problem of compressing the traditional concrete-filled steel tube
structures.

Because of the axisymmetry of the problem, one of the equilibrium equations holds identically, while
the remaining two simplify and have the form:
00, O, —0gy _o, oo, o ©)
or r oz

In the future to indicate the physical characteristics related to the steel tube, we will use the
superscript "S", to the concrete - the superscript "C".

114 r

The load P is acting on the entire cross-section, but the nature of load distribution on the steel shell
the concrete core is not known. There are no longitudinal displacements of the points on the lower end of
the column, this is due to an anchorage of the end (Figure 1), so the boundary conditions at the ends of
the column have the form:

W =0 (when z=0); IJZZdF = —P (when z=h). @)
F
We assume that there is no lateral pressure on the outer cylindrical surface of the steel tube. Then
the boundary condition on the lateral surface is valid (Figure 1):
o> =0 (when r=Rex) 8

To ensure the joint operation of the steel tube-shell and the concrete cylinder, it is necessary to fulfill
the conditions of layer interfacing (Figurel):

aﬁ = O'Er (when r=Ri) (Figure1), U =U°* W =W ?®. 9)
We introduce the following notation:
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p, — radial pressure at the contact of the layers, then arcr :Jfr =-p, (when r=Rin), p©, ps -
longitudinal (along the z-axis) compressive pressures to the concrete core and steel tube, respectively.

The stress-strain state of the tube material corresponds to the generalized the Hooke's law (1).

Let us consider the operation of the structure when the stress-strain state of concrete corresponds
to case 1. The problem (1), (6) — (9) is the problem of the spatial theory of elasticity in the formulation of
Saint-Venant, the solution of problems of this type is considered in the paper [12]. The solutions of the
problems (1), (6) — (8) for the steel tube and the concrete core, separately taking into account the first
equation for the stresses (9) and without taking into account the second and the third equalities has the
form:

s Roi - (r* = ext

" (Rm RZ)-r* ' [0 =P

Z=—p' on=-p%; (10)
s _ .m (r? +Rext Gge =—Po-

“= (Rext im)'r

Taking into account the second and the third equalities of the conditions of layer interfacing (9) and
the equalities (7), we obtain the solution of problem (1), (6) — (9):

e (L-2v°)+v°) E RZ (1-2v°)-(1+v® )+ R2 [1+v*)
=P [ (VC _VS) s E® (VC ) (Rezxt _Rmt) '
. ES (1-2v%)-1+v°®) RZ{L-v®)+R%[Q+v®)-2R%15C
g “’°‘[E—° <vc—vs> N G A P -

P. ( —Vv XRext Ri )

a=mRLEC(ES(L-vC —2vCv )R

int

+7(RZ, - R2JES(E* (- 2v° Ja+vC (RZ, —R2 )+ ES(R2 (1—v® —2v5vC )+ R2 [L+1° )))

ext

Po

: _Rlnt)+E (1+V XRmt(l—ZV )+ R‘*ZXt))

ext

where
Let us analyze the obtained dependences and draw the main conclusions:

According to formula (11), the compression pressure sign p, is completely determined by the
difference in Poisson's coefficients of concrete and steel (VC —VS) .

The Poisson's ratio of concrete is V¢ = 0.2, the Poisson's ratio of steel is v° =0.3 (according to
the Construction Norms and Regulations 63.13330.2012 “Concrete and reinforced concrete structures”
and Construction Norms and Regulations 16.13330.2011 "Steel Structures"), therefore, the compression
pressure p,,<0 and the radial stresses in the concrete core are tensile (10), which leads to break of contact
between the concrete core and the steel tube, and therefore, the joint work of concrete and steel is not
realized. This is the latent defect of traditional the concrete-filled steel tube structures. This fact is also
confirmed when calculating the traditional structures taking into account the nonlinear deformation of
concrete.

2.3. The concrete column in steel tube cage

Since the traditional concrete-filled steel tube structures have the latent defect, as mentioned above,
in [13] the authors proposed different concrete-filled steel tube structure - the concrete column in steel tube
cage. When using this structure, the external load is applied only to the concrete core, and the tube is used
as a cage, while the joint work of the concrete core and the steel tube in the longitudinal direction is
excluded.

Let us consider the operation of the structure when the stressed state of concrete corresponds to
case 1. The equations of equilibrium (6) and the Hooke's law (1) for concrete and steel and the boundary
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condition on the lateral surface (8) remain in effect in the formulation of this problem, but the boundary
conditions at the ends of (7) vary and have the form:

W =0 (when z=0); IGZZdF = —P (when z=h). (12)

FC

In this design, there is no joint work of the concrete core and the steel tube in the longitudinal
direction, and the interaction in the transverse direction is performed according to the following conditions
of layer interfacing:

ob =0y, U°=U°% (when r=Rin) (13)

The boundary problem (1), (6), (8), (12), (13) is the problem of the spatial theory of elasticity in the
formulation of Saint-Venant. We obtain the solution of problems (1), (6), (8), (12) for a steel tube and a
concrete core separately, taking into account the fact that the longitudinal pressure acts only on concrete,
and there is no joint work of the layers (13):

S _ Po-Rine - (r* —Req) c _
! (R, —R2)-r? " |9n =~ Po;
P
oy, =—p° =0, GZCZZ—DCZ—F—C- (14)
s _ pO'Riit'(rZ"'R:_xt O'gcg =—Po
00 =
(Rée —Rin) 1

The equations (14) are obtained only with the use of equilibrium equations and do not depend on
the linearity or nonlinearity of the concrete deformation law. The magnitude of the interaction pressure of
the layers p,depends on the nature of the material deformation.

Taking into account the conditions of layer interfacing (13) and the equalities (12), we obtain the
solution of the problem (1), (6), (8), (12), (13), in which the stress-strain state of concrete corresponds to
the law (1) (case 1):

_ P ESVC(Rezxt_Ri%]t)
7R B (Rie(1-v®)+ R (1+9°))+ ES (Re — R )(2-v°)

Po (15)

It follows from formula (15) that the compression pressure p,is always a positive value, hence the
radial stresses in the concrete core are compressive, the concrete is in a state of triaxial compression
(according to formula (14)). This fact has a positive effect on increasing the strength of the concrete core,
as shown by the experiments of the researchers [15, 16].

We consider the operation of the structure when the stress state of concrete corresponds to case 2,
that is, taking into account the nonlinearity of the concrete deformation diagram.

In the future, to denote the values related to the solution of the problem, taking into account the
nonlinearity of the concrete deformation diagram, we will use the superscript "n", and when considering the
deformation of concrete according to Hooke's linear law, the superscript "I".

Taking into account the conditions of layer interfacing (13) and the solutions obtained for the
independently operating steel tube cage and the concrete cylinder (14), we obtain the solution of the non-
linear problem (1), (2), (5), (6), (8), (12), (13), in which the stress-strain state of concrete obeys the law (2),
(5) (case 2):

; P v ECvE —ESvE
Po= 2 pc T c c
Ry ELES(1-2vC)(1+v9)

C.* , . C.* c\.*
( E TV 896+(1—V )gzz) :

(16)
E°E® (R3, —Riu)

ES (1-v® ) (R = Ri)+E ((1-v° ) RARA +(1+v°)R2, )
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3. Results and Discussion

3.1. The increasing the load-bearing capacity of concrete under comprehensive
compression

Let us analyze the increase in the load-bearing capacity of the concrete column in steel tube cage
due to strengthening of the concrete core. The most common form of presenting the strength of concrete
under a three-axis contraction is the formula proposed by F. Richard, A. Brown and A. Brandraeg [15]:

Roa =Ry + K-y,
where Rp3 — the design resistance of concrete under three-axial compression, K — the concrete
strengthening coefficient K = 4.
Thus the formula for determining the strength of concrete under triaxial compression has the form:
Ros =Ry +4- 1

In order to further increase the load-carrying capacity of concrete-filled steel tube structures, in cases
where vibration is impossible it is more preferable to apply self-compacting concrete mixtures [17].
3.2. An example

Let us consider an example of calculation of the concrete-filled steel tube column. We compare two
different approaches: the nonlinear model of the concrete deformation diagram (case 2) and the linear

model (case 1). We take different thickness of the tube wall and Rint=0.210 m. We assume the
deformation-strength characteristics of materials: E€=30000 MPa, E;®=8571.4 MPa, ¢ =0.2,

Vlc =0.2, Rp=14.5 MPa (concrete B 25) and Es= 206000 MPa, ° = 0.3. The results are presented in
Table 1, where A is the increment of pressure. For example, when the wall thickness is 4 mm, we have the

maximum value P3n =2.56 MN, Pl=22 MN, and the values of the design resistance of concrete under

three-axial Ry 5 = 18.56 MPa, Rt'),3 = 15.95 MPa(Figure 3).

Table 1. Results of calculations when v<=0.2, Vlcz 0.2

thiIliJr?ees\;v,arlrllm Apé Apg max p(:)] Rl;,s Rt?,3 Rk;],3
Ap® | Ap® | maxp, | R, | R, | Rl
4 0.02 0.08 2.69 1.10 1.28 1.16
4.5 0.03 0.09 2.81 1.12 1.33 1.19
5 0.03 0.10 2.96 1.13 1.38 1.22
10 0.05 0.18 541 1.25 2.36 1.89
A Po-MPa
mnxpg———————————————————————————————T-:_.—q"'...
1 Pp MPa 1
e \
nmxl’lll [P ey —wms S i [ ""g'i:__ :_;:,:-—-1--—""'"—:——-
POMPE | it | i
I 15,95 718‘56 s
0 2 4 6 8 10 12 14 R?L.sm 18 RE_; 20

Figure 3. Dependence of the radial compression pressure on the axial compressive pressure on
concrete when vC = 0.2, V1C= 0.2, and the wall thickness of the pipe is 4 mm.
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According to the results (Table 2) and the presented graph (Figure 3), the calculated compression
pressure of concrete is underestimated. Thus the design load-bearing capacity of the structure is also
underestimated as the result of calculation by the linear model.

It is known that the Poisson's ratio of concrete is the variable that increases with increasing of load
on concrete [18]. We perform calculations with the initial data presented above but the Poisson's ratio of

concrete is different Vlcz 0.25. The results are presented in Table 2.

Table 2. Results of calculations when v¢=0.2, V1C: 0.25

thi-(lz-lgr?ees\;v,arlrl]m Apé Apg max p(:)] Rll),s Rt?,s Rt;],3
Ap® | Ap® | maxp, | R, | R, | Rl

4 0.02 0.10 3.60 1.10 1.37 1.24

4.5 0.03 0.11 3.86 1.12 1.45 1.30

5 0.03 0.12 4.15 1.13 1.53 1.36

10 0.05 0.22 15.67 1.25 4.95 3.95

Comparison of the results presented in Tables 1 and 2 shows that in the case when we taking into
account the increase in the Poisson's ratio of concrete, the value of the calculated bearing capacity of the
concrete core is higher than this value when the calculation is made with an unchanged coefficient.

3.3. Discussion

According to the calculation of the formulas obtained by us (10-11), when loading traditional
concrete-filled steel tube structures, contact between the concrete core and the steel tube breaks, these
results confirm the position of N. Skvortsov [7].However, a universal calculation model for concrete-filled
steel tube structures was not developed by him.

Different approaches to calculate concrete-filled steel tube structures are mainly based on the
calculation of the uniaxial stress-strain state. In this case the load-bearing capacity of the centrally
compressed concrete-filled steel tube element is determined by the formula [3, 6, 19]:

N=(c-R,+d)-F,+a-F R, 17)

where Rp and Rs — the design resistances to the axial compression of concrete and steel respectavly; Fp

and Fs - the cross-sectional area of the concrete core and the steel tube; C, d, a — the constant coefficients
determined experimentally.

The limits of the coefficients ¢, d and a for various geometric and mechanical characteristics of steel
and concrete have been determined as a result of numerous experiments and thus it possible to formulate
practical recommendations on their calculation. However, since this calculation method (17) is based on
empirical determination of the coefficients, these recommendations and formulas have limited scope and
can not be taken into account for the whole variety of building materials and structures [19-21]. The
refinement of the empirical coefficients requires new extensive and time-consuming experiments. This is
due to the fact that the empirical dependence (17) does not take into account the spatial work of the
concrete-filled steel tube structures. In this article, we presented formulas for three-dimensional calculating
the concrete-filled steel tube structures taking into account the non-linearity of spatial deformation of
concrete, the interaction of steel tube and concrete, the characteristics of materials, and the structure
dimensions.

4. Conclusions

1. The model for three-dimensional the stress-strain state of concrete taking into account the non-
linear concrete behavior (2)-(3) are presented.

2. We present the derivation of analytical solution for the three-dimensional model of the concrete
column in steel tube cage taking into account the non-linear model.

3. Taking into account the nonlinear behavior of concrete leads to the increasing of the calculated
load-bearing capacity of the concrete column in the steel tube cage by 16—-89 %, depending on the tube
wall thickness.

Snigireva, V.A., Gorynin, G.L. The nonlinear stress-strain state of the concrete-filled steel tube structures. Magazine
of Civil Engineering. 2018. 83(7). Pp. 73-82. doi: 10.18720/MCE.83.7.
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4. Change in the Poisson’s ratio of concrete leads to the increasing of the load-bearing capacity of

the concrete column in the steel tube cage by 7-109 % too, depending on the tube wall thickness.

10.

11.

12.

13.

14.

15.

16.
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