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Abstract. The problem of contact interaction of structures taking into account the deformation and
strength properties of the contact seam material is considered. To discretize the contact layer, frame-rod
contact finite elements (CFE) are used, by means of which the physical properties of the seam material
(initial strength, line and nonlinear deformability) are modelled. By means of CFE are also modelled various
contact conditions — separation, clutch, friction-sliding, etc. On the base of the proposed discrete contact
model and the method of step-by-step analysis, a numerical algorithm for solving the contact problem has
been developed taking into account the deformation and strength properties of the seam material. This
approach allows in one step-by-step cycle to perform simultaneous account of the initial strength of the
contact seam, as well as the conditions of unilateral deformable constraints and friction-sliding of its
surfaces in areas where the strength of the contact seam is broken. The use of frame-rod contact elements
allows the physical nonlinearity of the contact layer to reduce to the internal nonlinearity of only the system
of contact elements, while the nonlinear properties of the seam are set by means of the nonlinear
characteristics of the individual rods of contact elements. Iterative refinement of the nonlinear solution for
the current level of loading is performed by the method of compensating loads. With the help of the
proposed approach, the numerical solution of the problem of contact of the structure with the base under
different conditions of the contact seam has been obtained and analyzed.

AHHOTauuA. PaccmaTpuBaeTcsl 3ajaya KOHTAKTHOrO B3aMMOAEWCTBUS KOHCTPYKUUW C y4eToM
aedopmaTmBHbIX U MPOYHOCTHBbIX CBOWCTBA MaTepuana KOHTaKTHOro wea. [Ons auckpeTtusauuu
KOHTaKTHOrO CINOsl UCMOMb3YOTCA PaMHO-CTEPXKHEBBLIE KOHTAKTHblE KOHEeYHble anemMeHTbl (KKD3),
nocpeacTBOM KOTOPLIX MOAENUPYTCA usnyeckue CBOMCTBa Matepuana wBa (HavanbHas NpoYHOCTb,
NUHeHasa u HenuHenHasa nogatnueocTb). C nomolbtlo KK3 Takke MoOenupyloTcs pasnuyHble YCrnoBus
KOHTaKTa — OTpblBa, CLENMEHUs, TPEHNA-CKONbXEHUa 1 T.N. Ha ocHoBe NpeanoXeHHOW ANCKPETHON
MOAENM KOHTaKTa WM MeToda MOoLIaroBOoro aHanusa paspaboTaH YMCMEHHbLIN anropuTM pelleHust
KOHTaKTHOM 3aauu ¢ yyeToM AedopMaTmBHbIX M MPOYHOCTHLIX CBOMCTB MaTepuana wwea. [JaHHbI noaxon
Nno3BonisieT B OOHOM MOLIAroBOM UUKIE BbIMOMHUTbL OOHOBPEMEHHbIN Y4YeT HadanbHOW MNPOYHOCTU
KOHTaKTHOrO LWBa, a TakkKe YCMNOBUS OLHOCTOPOHHWUX MOAATNMBbLIX CBS3EN U TPEHUS-CKONBXEHUS €ro
MOBEPXHOCTEN Ha y4vacTKax, rae MPOYHOCTb KOHTAKTHOrO LBa HapylweHa. Mcnonb3oBaHWe pamHo-
CTEPXXHEBbBIX KOHTAKTHbLIX 3JIEMEHTOB MO3BOSISAET (PUINYECKYHD HENMMHENHOCTb KOHTAKTHOrO CINOSA CBECTU K
BHYTPEHHEN HENMNHENHOCTU TONBbKO CUCTEMbI KOHTAKTHbIX 3f1EMEHTOB, NPU 3TOM HENWHEWHbIE CBONCTBA
WBa 3agalTca yepe3 HeNMUHEWHble XapaKTepUCTUKM OTOEMbHbIX CTEPXHEW KOHTaKTHbIX 3feMEeHTOB.
UTepaunoHHOE YTOYHEHWE HENUWHEMHOro peLleHWs ANs TeKyllero YpOBHSA HarpyXeHusi BbINONHAETCS
nocpeacTsom cnocoba KoMneHcupyrLmx Harpy3ok. C NOMOLLbIO NpeanoXeHHOro noaxoaa nonyyeHo u
NpoaHanM3nMpoBaHO YNCIIEHHOE pPeLUeHNs 3aadn KOHTaKTa COOPYXEHUS C OCHOBAHMEM MpU pasnuyHbIX
ycrnoBusix paboTbl KOHTAKTHOrO LUBA.
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1. Introduction

The problems of contact interaction of structures and their parts have a wide range of applications
in construction and other fields of engineering. For example, deformation and technological seams can be
opened and closed, both with slippage, and with clutch of contacting surfaces, at various combinations of
external loadings. The same can happen at interaction of the cracks coasts, on contact of a sole of the
construction with the basis or on the supports allowing a separation or slippage of the construction leaning
on them. Herewith, it is often the state of the contact zone can be determining when assessing the stress-
strain state, strength and reliability of structures and construction [1-8]. In turn, the state of contact is also
influenced by the deformation and strength properties of the material of the contact seam, the accounting
of which approximates the design scheme to the real working conditions of construction.

The deformation of the contact seam can be conditioned by the presence of the locally deformable
layer between the contact surfaces, the roughness of the boundary surfaces of interacting bodies and other
reasons. Similar calculation schemes can be used for structures where an opening and closing of seams,
friction and sliding of surfaces, formation of cracks, etc. The corresponding problems (taking into account
the deformation of the contact layer, both in normal and tangential directions) were considered in the works
[2, 9-15]. They used numerically-analytical or iterative methods for solving the contact problem,
particularly, the method of iterations over the gaps [9, 12], the method of iterations on limit friction forces
[2, 13-15].

In some cases it is necessary to consider nonlinear properties of the contact seam. Using the finite
element method allows to take into account this kind of physical nonlinearity, reducing it to the internal
nonlinearity of the system of contact elements discretizing the intermediate layer. The solution of such
problems leads to the solution of a nonlinear system of equations at each step of loading or iterative
approximation. Various iterative schemes of accounting of nonlinear effects on the contact were considered
in the works [16—-21]. The nonlinear relationship between the deformation of the contact layer and the
contact stresses is given here by means of the corresponding nonlinear dependencies or diagrams.

The contact seam may have some initial strength as well, both in the normal and tangential direction.
It should be emphasized that issues related directly to destruction of construction are not considered here.
The strength of the seam is described by simple dependencies, which, however, may be useful in solving
some practical problems. Account of the strength of unilateral constraints was discussed in several papers
[22—-25], where the rather complex algorithms of successive approximations were proposed. For example,
in [23] a combined algorithm consisting of four nested iterative cycles is presented, for practical
implementation of which it is recommended to apply a preliminary lowering of the order of discretization of
the problem.

The numerical solution of contact problems is usually realized on the basis of different schemes of
the finite element method (FEM). In this case, the continuum problems of contact of elastic bodies are
reduced to finite-dimensional problems with discrete unilateral constraints [10-14, 17-26]. In this paper,
for the modeling of the contact seam contact finite elements (CFE) of the frame-rod type have been used,
that allows to calculate the forces and displacements in the contact zone with the sufficiently high accuracy.
By means of the FEM both physical properties of the seam material (initial strength, line and nonlinear
deformability), and a variety of contact state (separation, clutch, friction-sliding) are modeled.

The purpose of this work is to develop an algorithm for the numerical realization of the proposed
finite element model, which allows simultaneous accounting of the strength and nonlinear deformability of
the contact seam, as well as the conditions of unilateral constraints and friction--sliding in the contact areas.
To achieve this purpose, numerical studies, as well as a comparison of the results with the solutions having
been obtained by alternative methods, have been carried out.

2. Methods
Let us consider the case of contact between the boundary surfaces Sg and Sg of the elastic bodies

V* and V™. Itis believed that the surface data are connected by contact seam having thickness CO,
possessing deformability p,, and p, (in the normal and tangent direction respectively) and the initial tensile
strength (break) R, >0 and shift R, >0 (ag = R, /R, ). Under the assumption that the destruction of

the material of the contact seam occurs according to the fragile scenario, we use the strength criterion of
the Coulomb-Mohr:
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The property of the contact problem with seams having an initial strength is that the process of
breaking bonds is an irreversible phenomenon. The solution of such problems depends on the sequence
of application of external loads, and the form of boundary conditions having been implemented for contact
surfaces at the moment depends on whether the destruction of the initial clutch of constraints from the
beginning of loading happened or not. If there was no destruction, then the surfaces at this point remain of
clutched, and if there was, then the usual conditions for unilateral constraints with friction (without taking
into account their strength) are fulfilled.

The contact finite elements proposed by the author — in the form of a flat or spatial frame are used
to model the contact interaction in the seam zone. The CFE data interacts with the usual finite elements of
a discrete calculation scheme and thus providing a connection between the mesh nodes located on the
boundary surfaces of the contacting bodies (Figure 1).

a) b)
: separation zone
K—-"'?\ Ve grid nodes S=paration zone
contact zone \\ ” AN S,

Ckﬂ L

Figure 1. Modeling of contact by means of frame-rod CFE:
a— CFE in the contact zone; b — displacement and forces in the CFE

When using the contact elements data, there is no need to match the coordinates of the nodes of
the contacting surfaces, i.e. inconsistent grids can be used. Various properties of the contact seam, such
as deformability, initial strength, physical nonlinearity, etc., can be taken into account with the help of CFE.
Modeling of various contract conditions is carried out by changing the physical properties of the contact
layer, which, in turn, are expressed through the stiffness and strength characteristics of individual rods of
frame CFE [26, 27].

Considering the k contact element as the k discrete unilateral deformable constraint (in normal and
tangential directions) between interacting bodies, we express the conditions (1) through contact forces in

kCFE (keSy, Sg =S4 USy)
1 .
Nk+a |Tk|SNRk’ |Tk|STRk_OLR Nk' (2)
R

Let us write down the conditions on the contact in terms of forces and displacements for the k contact
element:

Ty Ty
Unk +Unk <0; Ny + uﬁ Nrk; (Ung +Ugy) (N + u —Ngy)=0; 3)
aRr aRr
| Tkl <Trk —otr Nii Ty (Upg +U5) 20; (T —Try +og Ny ) (Ugy +Usy) =0; 4
Unk = N /Cris Uz =Ty /Coy - (5)

Here Uk, U,k is the mutual displacement of the opposite nodes at Sg and Sé in the normal and

tangential direction; uﬁk, ufk is the longitudinal and transverse deformation in k CFE; N, T, is the
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forces in the support rod of k CFE; Ty, =—f N} is the ultimate «Coulomb» friction force; f, >0 is the

coefficient of friction in k contact; Ng = R, @y, Trx = R, @y are the ultimate tensile and shear contact

forces for k discrete unilateral constraint (i.e. CFE). An additional group of conditions Eq. (5) characterize
the deformability of the contact seam: C,,c, C,i is the normal and tangential stiffness; ), is the contact

area related to k CFE. At linear deformability of the seam material C,, = @y / pri. Cox = [ Pk -

The conditions in the form (3) — (4) are valid only until the initial strength of unilateral constraints on
the k contact is reached, and after the destruction the conditions (6) — (7), describing unilateral constraints
with additional deformability without taking into account the strength, are valid [27]:

Up +USE <0; N <0; (Up +Us )N, =0; (6)

Tl < | Tuk]s T Qe +U%) 205 (| Ty =Tuie) (Ui +US) =0, -

Thus, in one step cycle simultaneous account of the strength of the seam, as well as the disclosure
or friction of its surfaces in areas where the strength of the seam is broken are provided.

Modeling of physical and strength properties, as well as contact states, is carried out by assigning
of the corresponding stiffness characteristics of frame-rod CFE. The stiffness of the contact seam in the
normal and tangential directions to the boundary surfaces is expressed by the longitudinal and bending
stiffness of the support rod CFE. In the state of contact with the clutching, the stiffness values of this rod in
k CFE must correspond to the corresponding stiffness of the contact layer:

EAc = Cokll =GR/ pni El =Cr (C0)°/3 =0 (C2)°/ 3p,. (8)

With the disengagement of the contact surfaces or slippage, respectively assigned a «zero»
hardness.

The computational implementation of the conditions (3) — (5) is performed using a step-by-step
analysis of changes in the state of the contact in the process of sequential application of a given load. In
this case, the friction conditions can be satisfied to the best extent, since the solution of the friction problem
depends on the history of loading of the structure. The moment of transition from one state to another is,
respectively, the event of destruction of unilateral constraints, separation or contact, slippage or clutching.
The method of step-by-step analysis is the most effective for the considered class of contact problems,
besides, it is possible to monitor the current state of the contact seam in the process of loading the structure.

The algorithms of step-by-step analysis, including the sequence of actions at each step, both under
static and dynamic loading, are described in sufficient detail in [27—-31]. In the foundation of these algorithms
is the representation of constructively nonlinear contact problem in the form of a sequence of finite number
of linear problems with a sequential change of the working schemes of the structure. The analysis of the
working scheme behavior determines the time of the next event on the contact. As a result of the next step,
the working scheme is changed and the new state of the contact is set, while the method of compensating
loads is used to fulfill the contact friction-slip conditions [27, 29].

Below are some expressions of the step-by-step algorithm determining, in particular, the moments
of the occurrence of the closest event on the contact (change in the state of contact), taking into account
the deformability and strength of the contact seam.

The moment of destruction for the bond (in the direction of normal and tangential respectively), which
has been earlier in the state of initial strength
o

Tre = T — ag N

= S+1
AT,

Nrk — Ng — |T,°
AN s+1
k

A}\,Sk+l — AK s+1

y keSlg. (9)

A)\,Sk+1 — AX s+1
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The slippage torque for connection in the state of the clutching
S S
TUk - Tk

r S+1 r S+1

AN = ANSH . keSy. (10)

The separation torque for constraint, which has been earlier in the contact

~ —NS
s+l S+1 k
A?\,k =AA AN 1 |’ k S 8291 S3g . (11)
k

The moment of contact for constraint, which has been earlier in of the separation
- (Aunk +Aurﬁk)s

(A, +ATS )

A = AR . keSyy. (12)

Xs+1

Here the sign "tilda" denotes the values corresponding to the trial step of loading A , the force

values TUSk , TkS and NkS correspond to the s level of loading. ke Slg are the connections in the state
of initial strength of the contact seam; ke SZg are the constraints in the state of pre-ultimate friction

(clutching); k € Sgg —in conditions of ultimate friction (sliding); ke S4g —in the state of separation.

The estimated loading step corresponds to the minimum of the obtained values, i.e., the one at which
the nearest event occurs on the contact:

Aksggl =min (AR, keSyy, Sag, Sag. Sag. (13)

In other respects, the computational algorithm for solving the contact problem, including the
implementation of limiting friction conditions by means of compensating loads, corresponds to the
algorithms used in [26—29].

Under the nonlinear law of deformation of the contact layer of stiffness in the direction of the normal
and tangential there will be functions from the values respectively compression and shear of the contact

seam: C,=C,(uS); C,=C,(us). Using a frame-rod CFE allows the physical nonlinearity of the

contact layer to reduce the internal nonlinearity of the system, only the contact elements, herewith the
nonlinear properties of the weld are determined through the nonlinear characteristics of the single members
of the CFE.

When the step-by-step solution of the contact problem (based on the discrete model of FEM) for
each (s+1) level of loading, the following matrix equilibrium equation is valid:
lKIin + Kpel (lJS+1)JAUs+1 = Pt lKIin + Khpel (US+1)JUS- (14)

Here us*! and P**™ are respectively the vectors of nodal displacements and external loads at the

S+1

end of step (s+1); Au”"~ is the increment of displacement at step (s+1); K, Kpg (us+1) are linear and

non-linear components of the stiffness matrix of the system of finite elements.

By moving the nonlinear component of the equation Ko (") Au®* to the right side, it is

possible to write the following recurrent equation to determine the increments of displacements Au S+t
step (s+1):

Kiin AuT™ = PR — P (uS, (15)
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where AUSJrl are the values of increments of displacements on the current iteration i;

P,Siﬁlz (PS+1— Kiin us) is the constant (linear) part of the vector of right parts;
(quLll = Kpel (uSJrl (u + Aus+1) is the changeable part of the vector of right parts.

Let us present a nonlinear matrix, K. (u)corresponding to a discrete layer, as the sum of the
nonlinear components of the CFE stiffness matrices

k c k c
Kot (U) = Zl Kr(m)el (up) + Kr(n)el (u7) J (16)
k
In turn, the nonlinear component of the stiffness matrix of k CFE, for example, Kr(1kn)el (uﬁ) , can be
written as follows:
K () -1
K el (un) =C (un) 11 a7)

Here, the contribution of the separate CFE to the changeable (nonlinear) part of the right-hand side

vector Ko (USH) (u + Ausfll) will be as follows:
NE Un)*+ (AUDTE _ o ey [ (U) = (Auf)PE
C”(“”){— H(un) +(Aun)?_+%}_c”(“”){ (uf)* + (At | =

where (uf)®, (u;)® are moving opposite points to S+, Sg at the end of the step s;

(Au;f),sjll (u S+1 (u )® are respectively the increments of displacements of opposite points in (i~1)
approximation for step (s+1); (un) is the layer compression between boundary surfaces for s loading
level; (Aun) s+l (un) st _ (ur)® is the increment of layer compression in (i-1) approximation for step
(s+1).

Taking into account the nonlinear deformation of the contact layer, both in the normal and tangential
direction, according to (16), the iterative expression (15) takes the following form:

s+1
+ +
K A s+1 PS+1 Fnk _|_ F‘L’k
lin AU lin — Z _ z _ (19)
KeSog S5 (k) kesyy (Fek) )

Here FnT(, Fok F;&, F, are the forces applied on the iteration i (in the process of iterative

refinement of the value AuS*! for step (s+1) of loading) to the opposite nodes of contact surfaces and,
respectively, normal and tangential.

The left part of equations (19) for the given working scheme of contact here is not changed that

s+1

makes it able to hold the factorization of the stiffness matrix once, and then adjusting the value Au;" ™ until

the difference between two subsequent iterations does not satisfy the given accuracy of calculation. The

values of the correcting forces F JL, Fog: FTK, F. are calculated based on the results of the previous

n
iteration (i—1):

Fn_t T ){ (us)® - (Aug S”} FTE _c.wd) {—(uf)s—(AUfzi_}l} (20)

Fok U)® + (AuS)H - (US)® + (AuS)H
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Thus, the corresponding expressions to clarify the moment of occurrence of the next event on the
contact (switching off, switching of constraint, slipping or clutching) will now be put down in the form of
iterative formulas. So, expression (10), (11) will take respectively the following form:

Tok —Tic
(AN = (S, keS,,: (1)
< <o (AT = AT “
(A5 = (S, _oNe keS,y,S 22
k Ji = k Ji-1 (AN|§+1)'1 1 K &€92g,93¢g- (22)
|_

Here TS, N are the values of contact forces for the “s” level of loading; (ATS™), 4, (ANS™), 4

are the increment of forces on the iteration (i—1) to the step (s+1); (Akskﬂ)i is the iterative refinement of

the step value (s+1). In other respects step-by-step algorithm defining expressions also take the iterative
form. The end of the iterative refinement for the loading step is to achieve the specified accuracy of
calculations. In other respects, the sequence of computational solution of the contact problem with a
nonlinearly deformable layer corresponds to the algorithms described in [26—29].

In fact the nonlinear deformation law of the contact layer can be much more complicated than that
recorded in the form of Eq. (17). First of all, this applies to tangential forces, which should take into account
not only the shear deformation, but also the compression of the contact layer. In this case, using the method
of step-by-step analysis allows us to establish the dependence of the forces on the deformation at each
individual step of loading, then iterative refinement of the solution for the current level of loading.

3. Results and Discussion
Using the stated algorithm, numerical solutions for the model problem of the contact interaction of
the structure with the base are obtained. Conditions of Coulomb friction-sliding (friction coefficient f =0.2),

as well as separation of boundary surfaces from each other, are possible at the contact areas. The
representation by finite elements is shown in Figure 2a (to the right of the axis of symmetry). Contact seam
was simulated by nine frame-rod CFE. The aim of the calculations was to assess the various conditions of
contact interaction on the stress state of the soles of the structure.

The comparative analysis of the results of calculations obtained under the following conditions of the
contact seam was conducted:

1. with zero deformability of the contact seam (hard unilateral contact taking into account the
Coulomb friction);

2. with linear deformability of the contact seam in normal and tangential directions;

3. with nonlinear deformability of the contact seam in the direction of normal to the contact surfaces
(at constant deformability in the tangential direction);

4. simultaneously with deformability the initial tensile strength and shear strength of the contact
seam were taken into account.

The results of calculations - mutual displacements and stresses on the contact are shown in Figure
2b—d. The solid line corresponds to the calculation of the first option, dashed — on the second, dash-dotted
— on the third, dotted — on the fourth.

As it can be seen from the results of the calculation, the area of separation of contact surfaces has
the largest dimensions in the first variant — with the hard contact of the structure with the base. When taking

into deformability of the seam (thickness is CO =2 mm, deformability is py = 1.25-10-" m3*MN, modulus of

elasticity of material of structure is 3.06-10% MPa) the area of separation is slightly reduced. At the same
time, due to shear deformations of the intermediate layer, the mutual displacement of the contact surfaces
horizontally increases by 20%. The intensity of contact stresses here is slightly less than in the case of
hard contact. It should be noted that the calculation results for the first and second variants fully correspond
to the solutions of the problem under consideration, obtained in a number of works by iterative methods
[12-14, 23].
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Figure 2. The problem of the interaction of a structure (1) with a hard base (2):
a —design scheme; b — contact stresses; ¢ —displacement in the normal direction;
d — displacement in the tangential direction

The nonlinear law of deformation of the seam material in the direction of the normal to the boundary
surfaces was conditionally set by the following function [17]:

an(Uﬁk)=wk/[Po(1— 3 Uﬁk‘/fo ﬂ (21)

In the tangential direction the stiffness of the contact seam was taken constant C,, = wy / pg. The

comparison of the calculation results shows that taking into account the nonlinear deformation of the
contact seam leads to some redistribution of deformations when it is compressed. If the initial tensile
strength of the contact seam R, =10 kPa and shear strength R, =5 kPa are taken into account, the

opening of the seam surfaces is significantly reduced: the separation zone is reduced by 3 times, the
maximum separation value — by 20 times. Due to the redistribution of contact stresses their intensity also
decreases.

The given calculations confirm that taking into account the malleability and strength of the contact
seam (in particular, between the structure and the base) is important in assessing the stress-strain state
and, therefore, for the normal operation of the structure. Alongside this, the strength characteristics of the
contact layer are insufficiently defined factors, first of all, due to the irregularity of the properties of the
actual contact of the structure with the base. For its evaluation the integral criteria having been derived
from experiments are generally used, local strength criteria are not developed sufficiently. Under these
conditions, it is quite acceptable — as another approximation to the solution of this problem — to use the
model of the initial strength of the contact layer as described here.

4. Conclusion

1. Afinite element model of contact interaction of structures and facilities has been proposed, taking
into account the physical properties of the contact seam, including initial strength, linear and nonlinear
deformability of the seam material. For the modeling of unilateral constraints with the relevant physical
properties has been used to contact finite elements of the frame-rod type that allows to calculate the forces
and displacement in the contact zone with the same accuracy, apply an incoordinate finite element mesh,
to consider the various types and conditions of contact.

2. The numerical algorithms developed on the basis of the proposed discrete contact model and of
the stepping method provide the possibility of step-by-step analysis of the contact interaction and have

Lukashevich, A.A. Computational modelling of stiffness and strength properties of the contact seam. Magazine of
Civil Engineering. 2018. 81(5). Pp. 149-159. doi: 10.18720/MCE.81.15.
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advantages in cases where the solution of the problem depends on the loading history, in particular, taking

into account the initial strength and friction of the contact seam surfaces.

3. The proposed approach allows in one step-by-step cycle to perform simultaneous accounting of
the initial strength of the contact seam, as well as the conditions of unilateral deformable constraints and
friction-sliding of its surfaces in areas where the strength of the contact seam is broken. It should be noted
that the results of the model problem calculations performed using the constructed algorithms are in good

agreement with the numerical solutions having been obtained by alternative methods.

4. In the case of nonlinear deformability of the contact layer, the proposed numerical model allows
a physically nonlinear problem to reduce to the internal nonlinearity of only the system of frame-rod contact
elements, while the nonlinear properties of the seam material will be set through the nonlinear
characteristics of the individual rods of the contact elements. Iterative refinement of the nonlinear solution
at each step of loading for the system of contact elements is performed by means of the method of

compensating loads.

10.

11.

12.
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