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ABSTRACT

Metal plate connectors (MPC) are used for attaching together different parts of wooden structures, especially
truss joints. Plates have rectangular form, they usually are made out of steel and sometimes can be covered by
protection layer, for example, by zinc. Teeth of the plate can have different shape, length and mutual position. In
order to connect wooden bars, MPC are pressed symmetrically on both sides of the structure, that is why attached
elements should have the same cross-sectional width. For better adjustment of the elements, their ends are usually
polished. Compression is carried out with special equipment and can take place both at the plants and at the
construction site. The simplest algorithm of strain calculation of the joints with MPC can described, as follows: the
construction is computed by usual methods of structural mechanics (FEM, flexibility method, force method)
assuming all the nodes connected with plates are absolutely rigid. Then, using obtained internal forces and
reference data about loads, leading to destruction or pulling MPC out of wood (laboratory tests are made by the
manufacturer), appropriate plates are chosen. One of the program complexes using this pattern is APM Wood, the
part of computer-aided design software APM Civil Engineering. The disadvantage of this algorithm is that it does
not consider uneven distribution of forces on the various teeth of a plate and deformations appearing in the plates
themselves, which leads to considerable error in found internal forces and inaccurate selection of plates. The model
proposed by Foschi [1] is free of these disadvantages and can be used to estimate deformations and forces in
MPS’s teeth. The paper gives an analysis of algorithm of calculation the nodes attached with metal plate connector
and comparison to the program complex APM Wood. As an example, the problem of wooden bar fixed on both
sides by MPC and under the influence of a force applied along the longitudinal axis is solved. As a result, it is
concluded that consideration of plate and teeth flexibility in finite-element scheme is very essential for calculation
accuracy, uneven stress distribution between the dowels has big influence on strain computation of the whole
construction.
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1. Introduction

Metal plate connectors are widely used in modern construction. Their application is caused by relatively
simple arrangement of joints in wooden structures, reducing the cost and installation time. MPC has higher strength
properties than the compounds with nails and glue, and when used in trusses, allows constructing a roof of any
architectural complexity. MPC strain calculation methods were considered in many articles, for example, in [2-11],
including talking into account the deformability of connections. In [12] and [13] subgrade reactions for nodal
connections on MPC were obtained and experimentally determined. Also in [13] nonlinear analysis of contact
interaction of the tooth of the plate GNA 20 with wood. In [14] improvements of the Foschi’s model were proposed.
Load-to-failure bending test of wood elements connected by metal plate connectors was described in [15].
Experimental investigations of stress-strain state in the tooth-wood contact zone were made in [16]. When
calculating the nodal connections on MPC, anisotropy of wood is very important, that is the influence of the
inclination of fibers on the mechanical properties of wood, which were considered, for example in [17]. In paper [18]
connection of wooden elements using butt joint was described. Principles of manufacturing constructions on metal
plate connectors were considered in [19]. In [20] and [21] recommendations for designing of structures on MPC are
presented. Dependence of bearing capacity of the nodes with MPC on thickness and orientation of the plate was
considered in [22]. In [23-25] behavior of plates under the high temperatures was described. Program complex
APM Wood is the only one software system available on Russian market nowadays, that can design wooden
constructions with MPC, but its strain calculation lacks the consideration of deformations in dowels and plate.

2. Method of calculation

Let us assume that it is required to calculate some wooden construction with nodes on MPC.
This construction is presented by finite element model, and we will consider the following types of elements:
e Beam element — standard finite element, modelling wooden bar of the truss. It has simple local
stiffness matrix:
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o “Tooth” element — it models dowels of any plate, pressed into the wood. Each plate always has
at least two “teeth”. Nodes of this element are located in geometrical center of the group of dowels that
belong to one bar.
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Figure1. “Tooth” element
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Points p and r — nodes of the “tooth” element. Node p belongs to the plate, node r — to the wooden bar.
Displacement vector of this element is given by:

u=[U, v, a, U V, al 2)

As result of load’s influence on the construction the dowels deform. The projections of dowel’s deformation
can be presents as follows:

szqju
+ > Where: (3)
A, =q,u
a.=[1 0 ~-y) -1 0 -] (4)

g,=[0 1 (r,=x) 0 -1 —(x,—=x)

Absolute deformation of any dowel and shear force in it are connected as follows [1]:
—kyA
(70

p(A)=(p, +kA)1-e ™ ), ()

where: A - dowel deformation, p,,k,,k, - parametres, depending on stiffness of the dowel and angle

between fibres in bar and the main axis of the plate. This parametres can be estimated using following graph,
obtained on the basis of experiment:
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Figure2. Relation between dowel deformation and force

This curve varies depending on type of MCP, that is why in application tasks in order to obtain this diagram,
available plates should be shear-tested.

Using principle of virtual displacements, following formula of “tooth” element’s local stiffness matrix can be
obtained [1]:

A
K= JAI P%(qxqf +q,q,)dA, ©

where p - dowel's density distribution in plate’s area.

It's difficult to obtain the analytical solution of this integral, although we can use numerical methods, for
example Gauss-Legendre method [26, 27].

The main idea of this method is that the integrable region is divided into n intervals, that are not necessarily
equal to one another (n can be chosen arbitrarily). And the integral is taken to be equal to the sum of the integrand
function values at the nodes based on the weighting coefficients. The nodes (values of variables) are roots of n-
degree Legendre polynomial, and weighting coefficients are defined using values of nodes and first derivative of
the Legendre polynomial, that is:
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There tables of weighting coefficients and roots of the Legendre polynomial, so there is no need to calculate

it manually every time.
Relation between vector of nodal forces and nodal displacement vector is written in a standard way:

Ku=f 8)

where: ¢, = Pn - derivative of the Legendre polynomial.

o Element “plate” — it is meant to connect two “teeth” with each other. In modelling of the “plate” it
is assumed that two “teeth” are connected with each other by some small beams, we will call it elementary
beams, which have ordinary stiffness properties and stiffness matrix of ordinary beams. The width of the
cross section of the beam is equal to the plate’s thickness, usually 1-2 mm. Distance between teeth of the
plate can be taken for the beam’s length L, although plastic deformation should be considered for better
accuracy (then L is bigger than just distance between teeth)
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Figure3. “Plate” element
Vector of nodal forces and nodal displacement vector for each elementary beam are denoted as follows:

fi=[rR H, M, R, H, M, 9)

u, = [Ul Vi o U, 7, a, ]T (10)
Vector of nodal forces and nodal displacement vector for “plate” element, similarly:

f: [Rs Hs Ms Rt Ht Mt]T (11)

u= [Us Vs as Ut Vt at ]T (12)
Displacement vector of each beam expressed by displacement vector of “plate” element.
u;, = Pu , where:

! 0 y-y, O 0 0
0 1 Xp;— X, 0 0 0
0 0 1 0 0 0
P = (13)
0 0 0 1 0y,
0 0 0 0 1 Xy, — X,
0 0 0 0 0 .
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Vectors of nodal forces are related as follows:

f=XPFf (14)
i=1
and besides, for each beam it can be written:
Ji=Ku, (15)
Then stiffness matrix of the “plate” element is given by:
K=>P'KP, (16)

i=1
where:
K, - stiffness matrix of elementary beam.
And relation between vector of nodal forces and displacement vector is given by standard expression:
Ku=f (17)
Thereafter, global stiffness matrix is composed of local stiffness matrixes of separate elements, vector of
external nodal forces is written and FEM system of equations is solved.

3. Strain calculation and comparison of results with software system

This algorithm considers deformations of every node of the construction and therefore it provides more
accurate strain analysis. In order to demonstrate this, consider simple example: wooden bar fixed on both sides by
metal plate connectors and under the influence of a force applied along the longitudinal axis. This example was
selected to reduce to a minimum the use of calculations on a computer and to better demonstrate the advantages
of this calculation method.

1200 800

i -
Metal plate connector (76x159)
| —> N
100kN
Wooden girder 150x150 —
2000
[t -

Figure4. Wooden bar under the load

| ~N
1 23 56 7

4
100kN

FEM scheme:

Figure5. Finite-element scheme
1-2, 6-7 — “plate” elements, 2-3, 5-6 —“tooth” elements, 3-4, 4-5 — beams.
The plate considered in this task has thickness of 1mm, length of dowels — 8mm, size — 76x159 mm. Such
plates have designation GNA 20 and are manufactured, including in Russia, for example by company MiTek.
“Tooth” element:

A
K =f PP q.q7 +q,40)a4 (18)
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wel
Dowel’'s density distribution in plate’s area pis equal to 0,0146 ———, because the whole plate has total
mm

176 dowels and it’s area is equal to 12084 mm?*

Since the problem is one-dimensional, then g, and g, will consist of only two elements:

g.=[t -1 (19)
q,=[0 of (20)
Nodal displacement vector:
=[v, uJ (21)
Stiffness matrix is given by:
p) 1 -1
K, = — dA (22)
=1

Deformation of one dowel:
A:,/Azx—kAzy A, =qlu, A, =0 (23)

Then:

o G0y oy (UoT5)

” (o +h U =U) )= ™ 1 - (p0+/q\/(U “Up)l-e ® ){1 _1}4 o0
U, -Uyy -1 1 J©,-Uy 11

N
Where: p, =150N, k, =900k, =80——, these parameters were taken approximately equal to those
mm

which were obtained in [28]. In general case, they should be estimated from the experiment (fig. 2) [29, 30].
“Plate” element:
Siffness matrix of elementary beam:

| EstAeb _ EstAeb |
— L eb L eb
Ki B _ Est Aeb Est Aeb (25)
L Leb L eb |

Where: E - steel elastic modulus (200000 MPa), A, - cross-sectional area of the elementary beam, L, -
it's length, considered equal to the distance between the teeth (8 mm).
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Figure6. Plate dimentions

F = (26)

Then, in this case, the stiffness matrix of “plate” element is equal to the sum of the stiffness matrixes of
elementary beams:

K:iﬁkﬁziﬁ (27)
i=1 i=1

Formation of the global stiffness matrix and solving the system of equations of FEM Ku = f were performed
in program Maple:
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Figure7. Stiffness matrix formation using Maple

(> 5= fsolve(sys)
5= {u2=0.00002605593580, u3 = 0.001658824097, u4 = 0.001878851999, u5 = 0.001729240971, u6 = 0.00002657564315}

> w2 = 0.00002605593580

u2 :=0.00002605593580
> f1:=KIl-u?

J1:=49.50627802

> u6 = 0.00002657564315

u6 :=0.00002657564315

(> 2= K1-u6
f2:=50.49372198
> fl1+f2
100.0000000
>

Figure8. Solution of FEM system of equasion using Maple

Epure of the longitudinal force N was drawn using obtained data:
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Figure9. Epure “N”

Then, we can solve the same problem using program APM Wood. The design procedure in this software is
carried out the usual way like in other CAD programs. Scheme of the construction can be presented as follows:
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Figure10. Constuction scheme in APM Wood

The parametres of cross section and material:
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Figure11. Beam parametres in APM Wood
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The numbering of nodes and rods:

Hazeanue koHCTpykUMK: 1
Konwuuecteo cepm: 1

D wi [ J w2 Jﬁ e

Figure12. Element numeration

After calculating the program displays the following result:

Tabnuua: Harpyska Ha cTepxHu. 3arpyxenue: 3arpyxenue 0.

N Yanel Ocesble cunel, H
0 0-1 0

1 1-2 40000

2 2-3 -60000

3 3-4 0

Figure13. Results provided by APM Wood

Epure of the longitudinal force N was plotted using obtained data:

40

60

Figure14. Epure “N”
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4. Results and discussion

Obviously, epure N on fig.14 differs radically from the one that was obtained earlier (fig.9). From these values
of the longitudinal force, it can be concluded that the program APM Wood considers nodes on MPC as absolutely
rigid, as the epure on fig.14 coincides with the one that can be obtained by calculation bar with built-up ends using
ordinary methods of structural mechanics.

Described example shows how important to consider deformations of the nodal connection on MPC whilst
calculating rod systems.

Despite the fact that the type and size of metal plate connectors were given initially in this task, it is possible
to solve the problem of determination the area of MPC using ultimate tensile strength of steel of which MPC was
made, and what is more, this algorithm can be realized as a computer program. Some steps in this direction were
made in [12] where computer program algorithm for analysis of structures on MPC was suggested.

It is worth noting that discussed example of strain calculation lacks consideration of wood anisotropy.
Differences of mechanical properties of wood depending on the angle between fibers and imposed force were
included in model offered in [13].

The issue of taking into account MPC deformations is slightly covered in normative literature. SNiP [21]
dictates to take deformation of bars in node area equal to 1,5 mm and this is the only mention of MPC pliability in
the whole normative document.

The main problem of realization of described method in design practice is definition of the parametres
Dok, k, usedinformula (5). This parameters should be estimated experimentally for each model of MPC. Plotting
and analysis of load-deflection curves were described in [29].

Obtained results show that automatized Foschi’s algorithm can give more accurate solution of strain analysis
of wooden constructions with nodes on MPC than ordinary computation, and therefore can reduce cross-sectional
dimensions of structural elements saving some material costs.

5. Conclusions

1. It is necessary to consider the deformations of the nodal connection when calculating wooden
constructions with joints on MPC for more accurate determination of forces in its elements.

2. Uneven distribution of forces in different teeth can be very essential for plate selection, so it should
also be considered when performing stress analysis.

3. Foschi's method allows performing strain calculation of the construction on MPC with a higher
precision than program complex APM Wood.
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Pac4yeT coegMHeHMM Ha MeTanno-3yo4aTtbiX nrnacTuHax metonaom Foschi n
C ucnosnb3oBaHueMm nporpammHoro komnnekca APM Wood

C.C. UeaHoB'
Cankm-llemepbypeckull nonumexHudeckul yHusepcumem [lempa Benukoeo,195251, Poccusi, 2. CaHkm-

lMemepbype, NMonumexHudyeckas yn., 29

UHdbopmaums o ctaTbe Uctopus KniouyeBble cnoBa

YK 69.04 Mopana B pepakumto 20.04.2016 MeTanno-3ydyarble NnacTuHbl;
METO/ KOHEYHbIX 3NIEMEHTOB;
mopaenb Foschi;

APM Wood;
Maple;

AHHOTALINA

MeTtanno-3y6uyatble nnactuHel (M3[1) ncnonb3yoTcsa AnNs cOeAMHEHUs pasnUuHbIX YacTen AepeBAHHbIX
KOHCTPYKLMIA, B OCOBEHHOCTM ANs YCTPONCTBA CThIKOB hepM. [MNacTnHbl UMET NPSMOYronbHY0 hopmy, 0BbIYHO
N3roTaBfMBaTCA U3 CTanwu, MHor4a NOKPbIBAKTCS 3aLLMTHBIM CIIOEM, HanpumMep, 13 uuHka. 3ybbsa NnacTuHbI MOryT
UMeTb pasnuyHyto dopMmy, ONMHY M war. [ns coeanHeHust gepeBsHHbIX 6GpyckoB, M3I1 BnpeccoBbiBalOT
CYMMETPUYHO C OBYX CTOPOH KOHCTPYKLUMW, MOSTOMY NPUCOEAMHAEMbIE 3NIEMEHThbl JOSMKHbI MMETb OOUHAKOBYHO
LUMPUHY NONEPEYHOro cedeHuns. [ins nyyLiero ConpspbkeHNst aNeMeHTOB, MX TOpLbl 0ObIYHO WNMdYIOT. 3anpeccoBka
NMPOBOAMTCA C MOMOLLBIO CcheunanbHoro obopyooBaHUA M MOXET MPOMCXOAMTb Kak Ha 3aBofdax, Tak U Ha
cTpouTenbHon nnowanke. [pocTenwnin anroputMm pacyeTa coegmHeHun Ha M3l MOXHO onucaTb criegyowmm
06pa3oM: KOHCTPYKUUSA paccynTbiBaeTcs 06bIYHBIMU MEeTO4aMM CTPOUTENBHOM MEXaHUKW, B NPeArnonoXeHnn, 4to
BCE Y3Mbl, CKpennsemMmble nnacTuHamu, abCOMTHO >XecTKue, 3aTeM, U3 HaWAeHHbIX BHYTPEHHUX YCUNUA U
CMPaBOYHbIX [AaHHbIX O Harpysku, MpuMBOAdALLEN K paspyLUeHWU0 WUNM BbIAEPrUBAHUIO PasnUYHbIX MNNacTUH
(nabopaTtopHble UCMbITaHUA NPOBOAATCA KOMMaHUEN-Npon3BoanTenem), noaduparT HyXHble nnacTuHbl. OgHUM
13 NporpaMmHbIX KOMMIEKCOB, AENCTBYIOWNX NO TakoMmy nyTu, asnsietca nporpamma APM Wood, Bxogsuias B
COCTaB CUCTEMbl aBTOMaTM3MpoBaHHoro npoektupoBaHuss APM Civil Engineering. [aHHbIA anroputm He
YYNTbIBAET HEPABHOMEPHOCTb pacnpeneneHms YCUnmm no pasnuyHbiM 3yObsSM OJHOMO y3r0BOrO COEAMHEHMUS U
agedopmaunii, BO3HMKaWOWMX B CaMMX MeTanno-3ybyaTtbiXx nnacTMHax, 4TO MpuMBOAWUT K CYLUECTBEHHON
MOrPELLHOCTU B HAXOXOEHMN BHYTPEHHMX YCUNUIA U HETOYHOMY noabopy nnacTuH. Mogenb, KOTOPYH NPeanoXur
Foschi[1], nuweHa 3Tnx HegoOCTATKOB M MOXET ObITb MCNONb30BaHa, B TOM YnCne, Ans onpeaeneHus gecdopmaumi
n cunoebix ¢akTopoB B 3yobsax M3[1. B gaHHOWM cTaTbe pacCMOTPEH anropuMTM pacyeTa y3fnoB C MeTanso-
3ybuyaTbiMKM NNacTUHaMn U NPOBEAEHO CpaBHEHMe ¢ nporpaMmHbiM komnriekcom APM Wood. B kauecTtse npumepa
pelleHa 3ajaya O CTepXHe, NPUKpenneHHoOM K HeNoABMXHOMY OCHOBaHUIO ¢ 060uMX KOHLOB npu nomoLun M3 n
Haxogslemcs noa AelcTBMEM NPOAONbHOW Harpysku. B pesynbTate genaetcs BbiBO4 O HEODXOAMMOCTU yyeTa
noaaTnMBOCTM MNAcTuHbl N ee 3yObeB B KOHEYHO-IMIEMEHTHOW CXeMe, a Takke O BNUAHUM HepaBHOMEPHOro
pacnpegeneHnsa ycunum B 3ybbsx Ha pacyeT HanpsKeHHOro COCTOSHUS BCEN KOHCTPYKLIMM.

KoHmakmHbIl asmop:
1. +7(904)5567654, serzikserzik@gmail.com (MBaHoB Cepreit CepreeBudy, CTyAEHT)
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