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1. Introduction

This User Manual is intended for those who use the software named Calculation of
load capacity of closed steel supports for galleries made from TH29, TH34 and K24
profiles — VUOOV. TH29 and TH34 are made from 31Mn4 or 31Mn4+QT. K24 is made
from H60U. In this section, corrosion is likely to reduce equally the cross-section by 10%,
20% and 30%.

The software calculates the load capacity of yielding and non-yielding steel supports
made from the specified sections. It uses the 1% order theory and is based on assumption
that the support is loaded with an active continuous load applied from top and sides on
the mining or underground work.

The load capacity of the support is designed pursuant to CSN EN 1993-1-1
(Eurocode 3: Design of steel structures). An alternative design uses rather high ultimate
moments corresponding to the specified steel section and steel grade. It is possible to
change the side/vertical loads. The support may consist of 3 up to 15 segments with
different lengths and different radii of curvature. The slippage resistance of the connected
segments ranges from 100 to 350 kN, the step being 50 kN. The software allows to
calculate the load capacity of the symmetrically loaded symmetric supports (according to
the vertical axis) as a function which depends on the side/vertical load ratio ranging from
0 to 2 with the step from 0.1 to 1.

In addition, it is possible (in order to simulate the load caused by the suspension
groove) to load the support with a single force F applied in the specified place in the
support level and an active continuous load applied from top and sides of the mining or
underground work. In case of combined loads, the load capacity is always determined
only for the specified side/vertical load ratio.

The User Manual is divided into two parts. The first part provides theoretical analyses
which were the basis for development of the software application. Considering the user
comfort, much attention was paid to the geometrical analysis of the closed steel supports.
The purpose was to find a very simple way for entering the various shapes of the
supports which differed, in fact, in the number, length and radius of curvature of individual
elements. The static solution is based on a standard force method where each necessary
integration is solved numerically. Components of the resultant line of the internal forces
for the specified load determine places which limit the load capacity of the supports once
the normal forces and plastic bending moments reach their ultimate values which were
determined for the TH29 / TH34 / K24 sections made from the specified steel grades.
The basis was the cross-section of the steel sections as well as knowledge of mechanical
properties of the steel, available knowledge of bending tests, and, last but not least, the
knowledge in bending test results. The sections were classified as the 1% class sections.
This means, the load capacity can be calculated if plastic properties of the steel are
assumed. Properties of the corroded support made from K24 were deduced theoretically,
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without validation. The properties are an educated guess only, unless experiments are
carried out.

The load capacity of the steel arch support was calculated in line with the standard
applicable to the design of steel structures in civil engineering. The load capacity was
calculated for the other ultimate bending moments that those resulting from the standard.
The reason is that years of experience have taught us a lesson: if the standards are
complied with rigorously, the design is not economical, this being particularly the case of
mines. That is why the software application can use any of the both methods. The steel
sections were classified as the 1% class sections. They were not, however, classified
pursuant to calculations used in the standards because those procedures do not
correspond exactly to such complex sections. Classification is based on bending tests [8]
and model calculations [7]. Information from bending tests of March 2016 [10] was used
too.

A closed steel support behaves as a yielding or non-yielding material. Such
behaviour is, among others, depends on the geometry, weight degree (the section), steel
grade, quality, workmanship and tightening of fasteners as well as by the way how the
support is loaded. In this approach it is assumed that the sliding resistance, this means
the resistance against slippage, of the connected support segments is known. The values
of resistance should be obtained in slippage tests performed in straight or bent rods.

The loading depends on the driving and supporting technologies and mainly on
conditions where the mining work is located. The calculation took also into account the
interaction between the closed steel supported and neighbouring rock. A Winkler's model
was used.

The second part of the Operation Manual provides operation instructions with respect
of the software which was developed using Visual Basic in Microsoft Excel. Attention is
paid to the entry of input data, retrieval and use of results and examples of some
solutions. The end of the second part explains the use of the archived input data.

2. The static solution of a closed steel support usirthe 1™ order theory

A closed steel support is made from various weight sections. Typically, the support
consists of at least three circular or straight segments that are connected with each other
with screw bolt joints or U-bolt joints. Structures of the steel arch supports which are
regularly supplied are described in data sheets provided by the manufactures. It is,
however, often necessary to use untypical structures in certain situations. In most cases
it is necessary to determine the load capacity — this needs to be made often flexibly for
various loads. The same applies to the closed supports.

Each segment of a closed support is defined by its length, radius of curvature and
cross-section which is typically the same for all arch supports. Sometimes, there are two
radii of curvature in the support segment. A part of the support segment might be
sometimes even straight. A straight segment is defined by its length and the radius of
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curvature is theoretically infinite. In practice, the radius of curvature is, however, so big so
that an error resulting from curvature might be absolutely negligible in the calculation.

For purposes of calculation, following assumptions are made in this chapter: the
closed steel support is continuously loaded with the vertical and horizontal loads. The
horizontal-to-vertical load ratio, €, may vary considerably and differs on conditions. It can
be selected as a parameter ranging from € = 0 to € = =, where € = 0 means that the
support is loaded with the continuous vertical load only, while € = « means that the
support is loaded on both sides with the continuous horizontal load.

The calculation makes it also possible to select a vertical force which is applied onto
the closed steel support in a specific place in the level of a curve which is identified by
the vertical axis of the closed support.

In addition to the active load, the closed support is also loaded with passive forces.
They result from interaction between the support and neighbouring rock mass and fill
rock which is located between the solid rock and support. Passive forces result typically
from compression of the mining support into base support and may appear along the
support perimeter. These are compression forces only.

The calculation consists of three parts:

* Processing of geometry of a closed steel support

* Numerical solution to a static indeterminate structure by a force method for the
specified load

» Calculation of internal force components, load capacity and strain components

2.1 Geometric analysis of the structure

A good geometric analysis is the basis for the entire solution and is essential for user
comfort. Let a circular segment j have the length |; and radius r;. Let us assume that the
circular segment is covered with the next segment, j+1, along the d; length. In order to
describe geometry of the arch structure it is necessary to choose a suitable system of
coordinates.

First, a closed steel support needs to be modified in order to describe clearly its
geometry. The segment(s) that is/are located next to the vertical axis of the closed
support in the bottom surface is reduced virtually by a certain length (ca. 200 mm). See
Figure 1. This results in a virtually open support that is limited by A on the left side and
by B on the right side. Let us assume that the both points are located in the same height.
Then, it is advisable to choose the beginning of the Cartesian system of coordinates in A
so that the x-axis could pass through B and so that the y-axis could be vertical (see Fig.
3). If the structure is defined by a number of circular segments, length and radius of
curvature of each segment and by the overlap of the neighboring segments, then the line
that connects A and B is not defined directly. It can be, however, clearly defined from the
specified values.
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A B

Fig. 1. Virtual open support.

If we choose, for instance, the system of X", y° coordinates, the beginning of the
system will be in A. This means in the left holding point of the support and if the direction
of the x” axis will be parallel to the axis of the first curve, X~ (see Fig. 2), the centre S; of
the circle of the 1% circular segment has the following coordinates:

X = mos¢% =r, [CosP, 2.1)

y, =r, Bin¢% =r, $in®,

_ |
where P = % and @, = ¢%

The coordinates of S, which is the centre of the 2" segment (see Fig. 2) in the
system of X', y" coordinates are:

(2.2)

X, = X, +(r, —r,) [CosP,, (2.3)
Y, = Yy —(r, = 1) I$in®,, (2.4)
- _d
where ®,=®,-9, and 9, = /(2* )
1
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Fig. 2. The coordinates of the 1% and 2™ segments of the arch in the system of x’, y’
coordinates.

In general, the following equations apply to the centre of the circle of the | segment
(for j> 2) in the system of X", y" coordinates:

X, "= X4 (1), — 1) [OS®, (2.5)
Y, =Y =, 1) Bind, (2.6)
where Q=@ +¢;,~ (054 04j4)

_d'—z _dj _l'_l
5]__21__1 — 1/2* rj_l) 5]—LJ—1 = J/(Z* rj_l) ¢j—1 = rj_l

The coordinates xg” ayg” for B, i.e. the second hinged holders of the support (Fig. 3)

are: X, =X _-r [sina’, (2.7)

y,B: y,m_rm [COEa'B (2.8)
where a’'y;=® +¢, -9, +% and m is the total number of circular segments of the

support (in Fig 3 m =5).
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The systems of x*, y” and x, y are slewed towards each other by «), that angle can be
calculated as follows:

w= arctg& (2.9)
Xg
I,
1, d;
1,
r3
d, r, r
4
" CI4
y y' S) H
1 [y e X" g8 R
0 S r, I,
r, (oN
xl
A X @
a B

Fig. 3. The geometrical scheme of the system of circular arcs.

The coordinates of the centers of the circles S; for each circular segment of the virtual
arch support can be transformed in the system of x, y coordinates using the known
equations

X =X [cosa+y [sina (2.10)

y =Yy [cosa—X [sina (2.11)

If the coordinates of the circle centres are known for each segment of the virtual arch
support, it is possible to describe accurately the geometry of the structure which is
essential for the static solution.

The input values for the geometry of an arch which consists of several circular
segments are, as mentioned above, the number of segments m and, for each j segment,
the length |; of such segment, the radius of curvature r; and the length of overlap of the
neighbouring segments d;. Because the points A and B are located in the same height,
geometry of the virtual arch is clearly defined.
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Once the coordinates of A and B in the virtual arch are known, it is possible to
complete description of geometry of the closed support. A part of the closed circular
support that is taken between A and B has the specified radius of curvature and the
specified length. The vertical axis of the closed support crosses the arch between A and
B in D (see Fig. 4). The coordinates of D are as follows:

X, =al2 y, =Ry [cosa,, -1 (2.12)
— - Xp
where a ,p =arcsin—-

AB
The coordinates of 0 and N result from 2.13:

Xy = Xp - Rug gin 220

Yo =Yp t R E(l—cosa%)
(2.13)

. a a
Xy = Xp + Ry [8IN 3‘3 Yy = VYo + R E{l—cos%)

Fig. 4. Closing of the virtually open support.

2.2 Static solution to a closed steel support

Several approaches to the static solutions exist now for the closed steel supports. In
this case, a standard force method was chosen. And a user does not need to purchase
an expensive software. It is enough to have Excel which is installed now in every PC.

The closed support is three times internally statically indeterminate and n times
externally statically indeterminate. The internal static indeterminacy results from internal
forces as well as from passive forces that are induced by the support that deforms if
subject to active loads.
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A two-joint virtual arch with supports in 0 and N was chosen as a basic static
determinate system for a force method that deals with the statically indeterminate forces.
The arch is interrupted in D. X, X-, and X.3 are the internal statically indeterminate
forces in that point. The external statically indeterminate forces X; for i=1, 2, ...., i,..., n
are applied vertically to the centreline of the arch. See Fig. 5.

q
e b i P i e b i i i i ivllll]
%L % F X
v/ W =ae N Y GV X B
A / =
= VO .
E%‘/ \A‘OE
> pelte 7]
) ol o [
e Pt ]

Fig. 5. The basic statically determinate system of a closed support with active and
passive loads.

When calculating the statically indeterminate values, it is recommended to calculate
the strain by numerical integration after each circular segment, incl. the overlapping
elements, is divided into sufficiently small segments. Each such segment is defined by its
length. Its statistic and physical parameters can be different. Its geometric position is
defined in each segment by the coordinates of the centre, x;, yi, and the tangent of the
tangle line towards the central line a.

The coordinates of the centre can be calculated for each segment i in the system of
X, y coordinates after division of each arch As; for the specified number of segments, if
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one knows the coordinates of each circular segment in the arch and the segment length
As;. The same applies to the central line’s tangent in that point.

The statically indeterminate forces can be derived from deformation conditions.
These conditions are specified for D (three conditions) and for all centers of n segments.
This means, there are n+3 deformation conditions (2.14) where the statically
indeterminate forces X3, X.2, X1, X1,...,Xj,..., X, OCCUL.

033 X3+ 032X+ 030 X1+ 031 X1+ 0322 Xo+ ... +03i° X +...+ AznXn+ G3o =0

023 X3+ 822X+ 020 X1+ 020 X1+ 022 Xo+ ... +02i° X+t QonXn+ G20 =0

013 X3+ 012X+ 814 X1+ 010X+ 012X+ .. +01i X+t Qi Xn+ G =0

O3X3 +02X2 +Oa X1 +a1 X+ A2Xo +..40i X +..+OnXn + I =d;
B3X3 +HoXo + R Xy +R1 X+ R2Xo+ . +%i X+t Gn Xy +0zp  =dz (2.14)
&B3Xs +RB2Xy +RaXe +R1 X+ B2 Xt . ¥R Xi .+ B Xy + 030 =ds

g3 Xz + 92Xz +93 X1 +91: X1 +32 X +...+9i' X +...+gnXn+ o =d;
OhiaXi +hoXo a1 Xs +hi X+ On2Xot ... +0i- X+ ...4 Onn-Xnt Ono =dj

The equations (2.14) can be also described as a matrix:

36X [ +[8,| = d| a0

|0] is a square matrix where the elements can be derived using the Maxwell-Mohr
method.

If influence of normal forces and shifting force on strain are not taken into account,
then

] 'j MM g

=l —— [ QX

ji (2.16)
. ED

M; and M; are the moments in i()<1,..,i,...,n > that result from the unit forces X;=1 applied

in jO0<1,..,1,...,n> and X3=1, X,=1 a X;=1in D. E is the modulus of elasticity of steel and

J is the moment of inertia.
Once the arch is divided into a sufficient number of segments, n, integration (2.16)
can be replaced by summing (2.17):

n M. [M .
5'i =N _1P P Ag
J ;L E D]j J (2.17)
|d] can be calculated as follows:
T
5 =[B" (M| (2.18)

11/46



The rectangular matrix M| has n+3 rows and n columns. In the j™ row of the matrix
the vector is as follows.

‘Mj‘:‘M—&JM-Z,J'M—J,J'Ml,jMZ,j""M" ----- M, (2.19)

Ny
In case of the vector (2.19), such indices i a j are chosen for the moment M; where i
is the place when the unit force is applied and j is the place where the unit force becomes
apparent.
The rectangular matrix [B| has also n+3 rows and n columns. In the i™ row of the
matrix the vector is as follows.

B|=B4B,;B,;B,B,;....B,....B,, (2.20)

=0 [AS.
(2.22)
ED,

J

|0] is a square matrix with n+3 rows and colums. It corresponds to the degree of static
indeterminacy and to the number of unknown static variables that are described in (2.15)

by means of the column matrix |X]|.

In (2.15) there is also the column matrix |&g| that describes the shift of centres of all
segments in the basic static determinate system.

This shift 50,,' in j is generally given by the shift d)l,j that results from the loading of

the basic statically determinate systems and by the shift d)z,j that results from the shift
of supports in 0 and N in the basic static determine system. One obtains:

‘60‘ = ‘601‘ + ‘602‘ + ‘503‘ (2.22)
The equation for the column matrix |Og1| is as follows:

‘601‘ = ‘B‘T [LM 0‘ (2.23)

where [B|" results from the equation above and |[M¢| is the column matrix. It is caused by
the active continuous load. Such load can be the continuous unit load q;=1 or the
continuous horizontal load q;r=1 or the load cause by the axial force F, see Fig. 5.

The shift that is described by the column matrix |dg,| is the consequence of a drop of
supports in the direction of the axis y in the basic statically determinate system. And the

shift that is described by the column matrix |Oos| results from shift of the support 0 in the
direction of the axis x.
The unit forces X;=1 induce in 0 in ZS the vertical reaction Rp; and the horizontal
reaction Hop;. In N they induce the vertical reaction Ry; and the horizontal reaction Hy ;=0.
The force X.;=1 and moment X 3=1 induce zero reactions. In line with the principle of
virtual work, the strain of centres of each beam segment can be described as follows:
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Onzj = —(Ro; g + Ry Dy ) (2.24)
503,] =—H,; [, (2.24a)

The resulting reaction Hy in the direction of the axis x is zero in the point 0. The same
is true for the shift ug in this point, if the closed support is loaded symmetrically. It is non-
zero, when the load is not symmetrical. Its value results from the condition of the zero
resulting horizontal reaction Hp. Calculation of the displacement uy is performed
iteratively.

The shifts wo and wy are the result of the loading of the statically indeterminate
system. These are vertical shifts in 0 and N. Then:

R, = -k, [w, and Ry = —k [w, (2.25)

It is assumed that the positive direction of shift and the reaction correspond to the
direction of the y-axis. Direction of the reactions in 0, N and, in general, the direction of
passive forces X in | is opposite to that of the shift. That is why a negative sign is in (25).
The shift of supports can be derived from (2.25):

w, = ——2 w, = ——%
0 ko N kN (2.26)

Ro and Ry are total reactions in 0 and N in the static indeterminate structure. Magnitude
of the reactions is defined as follows:

Ro = Rt Ry IXL, + Ry X + Ry, X, + + Ry IX ++ Ry X
2.27
Ry = Rya TRy X R, X + Ry, X, ++ Ry BX ++ R EX &2

In (2.27) Ro; and Ry; are the reactions induced by the unit force X; applied in i. After
substitution into (2.24):

iy =Ry B+ Ry T RO’EéRoﬁZR)EXj téRm )] 29

The shift &, can be divided as follows:

* %

502,] = J(;le +Ag, (2.29)

In (2.29) the following holds for ko=k:

. [ + R, [R
a-021 - ROJ [(Rm) NJ [(Rm) RO] ROl K N = (2.30)
N 0

It is obvious that |502E| is a column matrix. The same holds for |A02E|- In the | row it is
calculated pursuant to (2.31).
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S = SR ) SR X))

ko i=—3 N i=-3
The matrix |A02E1 is a product of a square matrix |602D:| and a column matrix of static
unknown variables [X|. In the | row in the matrix |82 "] there are the following elements:

o = (Ro,j [Ro,—s + RN,j [RN,—3) (Ro,j [RO,i + RN,j [RN,i) (Ro,j [RO,n + RN,j [RN,n)
o k0 k0 ko

(2.32)

It is assumed that ko=Kky.
The column matrix [Ag-Jcan be calculated using (2.33):

X (2.33)

* % * *
A02 - 602

1502 ]is a (n+3)-(n+3) square matrix.

The yielding of the ko, ky and k; segments is general given by the following product

ki =C, [blAs, (2.34)

]

In (2.34) C; is the yielding coefficient — specified typically in [KN/m3], b is the width of
contact between the steel support and solid rock/fill rock cushion and As; is the length of
the ™ segment of the support.

|d| from equation (2.15) is a column matrix that describes the shift in all centres of the
segments. This can be described using (2.35)

d =D, 1X (2.35)

If the Winkler's model is used, |Dq| is a square matrix with non-zero members on the
main diagonal only. In the 1% row on the diagonal, there are reverse values of k;, this
means 1/K;. k; in the j row is specified in (2.34). This does not hold for the first three rows
where even the diagonal elements in the |Dy4| matrix are zero.

The following holds for the shift w;

w, = -—L (2.36)

After substitution, (2.15) can be modified as follows:

S| X | +[Fgy| +[Fpo| +|0a| =1

O| (X | + 04| + |05, + 1804,

+|0) =[D,] 0] .

O|LIX | +[8ys] +| 0| *[Bos| +|35a || X| = | Dy OX|
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The static indeterminate quantities are calculated using the following system of linear
equations:
“5‘ + ‘562 -|Dy H (X[ = {00, = ‘502

HEER SR i SEAEEAREN)

The statically indeterminate quantities cannot be calculated explicitly and
unambiguously from the system of linear equations (2.37). The forces X, Xa,..., X;, ...,
Xn-1 and X, are only compression forces. This means, they are positive. Tensile forces
may appear in the solution too. They are however non-realistic.

Tensile forces cannot exist at the contact between the solid rock and support. In that
case, the calculation needs to be repeated with another values for k;. k; cannot be zero.

- ‘503‘

(2.38)

There would be indeterminate terms in |Dgl. In places where tensile forces appear, K;
should be sufficiently low, for instance kj = 0.0000001. The corresponding force is then
the tensile force, i.e. X; < 0. Its value is, however, negligible in that case. It is also
possible to test if a positive force occurs during the repeated calculations. Then, it would
be possible to reach a more precise value for k;.

When calculating the passive forces in the Winkler's model’s model, it is necessary to
calculate k; using (2.33). It is advisable to make formal changes in the equation in order
to simplify the entry of input data for numerical calculations (2.39):

kj :Cj [b[ASJ = Dc,j [AS] where Dc,j :Cj (b (2.39)

In order to determine k;, one should know the yielding coefficient C;, the length of the
support segment 4s; and the width of contact between the steel support b and solid rock /
fill rock cushion. The length 4s; can be easily calculated. It is however more difficult to
determine b and, particularly, C;. The best solution would be to measure k; directly on site
or to determine it indirectly using the strain and force parameters in the mining working.
Such measurements are not, however, available. So, another approach needs to be used
in order to determine C; and b.

Using the Galerkin’s approach [11], the yield coefficient C is as follows:

E

C=—
RA+ 1) (2.40)

where E is the modulus of elasticity of the rock or material at the contact between the
support and solid rock, R is an idealised radius of curvature of the support between the
support and solid rock and w is the coefficient of transverse deformation. The yield
coefficient that is determined using the approach above might be rather inaccurate. For
instance, the modulus of elasticity E will not, definitely, include rock ruptures that always
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occur behind the under-workings and mining workings and driven by means of the
heading machines. (2.40) does not include imperfections and irregularities of the contact
between the solid rock and support. b depends on the section. The width of flanges at
the contact between the support and neighbouring environment depends on the section.
The table below lists C and D for different b. This corresponds to the width of the section
flanges K24 (b=0,0367 m) TH29 (b=0,034 m) and TH34 (b=0,0425 m). The sections can
be, however, placed on plates that almost do not deform. Then D. will be considerably
higher. Table 1 lists the values calculated for b=0.1 m and b=0.15 m.

The idealized radius of curvature R is the radius of curvature of the segments in the
mining support placed in the bottom for the supports MP4 (R=2600 mm), MP1 (R=3880
mm) and RP4 (R=7500 mm). The values in the table are approximate only. Extensive
experiments would be needed in order to reach precise values.

C [kNm”] D. [kNm™] pro b=0,0367 m
Hornina E [MPa] U R=2,6 m |R=3,88m| R=7,5m R=2,6 m R=3,88 m R=7,5m
Krovnina E,F,G,H,| |Hanging wal 140 0,35 39886 26728 13827 1464 981 507
Krovnina A,B,C,D |Hanging wal 430 0,2 137821 92354 47778 5058 3389 1753
Premog (0-0,5) Coal 480 0,25 147692 98969 51200 5420 3632 1879
Premog (0,5-1) Coal 480 0,3 142012 95163 49231 5212 3492 1807
Jal.premog Il Coal mixed with clay 375 0,35 106838 | 71592 37037 3921 2627 1359
Talnina | Footwal 2917 0,3 863018 | 578311 | 299179 31673 21224 10980
D. [kNm-2] pro b=0,034 m D. [kNm-2] pro b=0,0425m
Hornina E [MPa] u R=2,6 m |R=3,88m [R=7,5m |R=2,6m R=3,88 m |R=7,5m
Krovnina E,F,G,H,I [Hanging wal 140 0,35 1356 909 470 1695 1136 588
Krovnina A,B,C,D |Hanging wal 430 0,2 4686 3140 1624 5857 3925 2031
Premog (0-0,5) Coal 480 0,25 5022 3365 1741 6277 4206 2176
Premog (0,5-1) Coal 480 0,3 4828 3236 1674 6036 4044 2092
Jal.premog Il Coal mixed with clay 375 0,35 3632 2434 1259 4541 3043 1574
Talninal Footwal 2917 0,3 29343 19663 10172 36678 24578 12715
D [kNm-2] pro b=0,1m D. [kNm-2] pro b=0,15m

Hornina E [MPa] vl R=2,6 m |R=3,88m| R=7,5m |R=2,6 m R=3,88m |R=7,5m
Krovnina E,F,G,H,| [Hanging wal 140 0,35 3989 2673 1383 5983 4009 2074
Krovnina A,B,C,D |Hanging wal 430 0,2 13782 9235 4778 20673 13853 7167
Premog (0-0,5) Coal 480 0,25 14769 9897 5120 22154 14845 7680
Premog (0,5-1) Coal 480 0,3 14201 9516 4923 21302 14274 7385
Jal.premog Il Coal mixed with clay 375 0,35 10684 7159 3704 16026 10739 5556
Talninal Footwal 2917 0,3 86302 57831 29918 129453 86747 44877

Table 1

2.3 Calculation of the components for the internal force components, capacity and

strain

The components of the internal force and strain caused by a specific load are
calculated for the centre of each segment. Standard static methods should be used for
numerical calculation of components of the internal forces in i (My;, N1j, V1;) caused only
by the vertical load g; = 1, only by the horizontal load gn; = 1 (M2, Nai, V2) or only by F
(Mg, Ngi, VE) in a statically indeterminate closed support. For & the components of the
vertical forces are obtained by superposition:
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My =Mg +x M, +£IM, ) =M, +x M,
Ng =Ng + &N, +£0N, )= Ng +« [N,
Vy =V + KV, +E IV, )=V +4 1Y,

(2.41)

In (2.41), K corresponds to the load capacity of the support. See below.
This solution is based on basic assumptions applicable to an elasticity approach, i.e.

» Geometric linearity — only the designed linearity of the structure is considered. It is
assumed with respect to the strain that the strain is so little that it does not influence
the size of internal forces and moments in a closed support.

» Physical linearity — linear dependence is assumed between the stress and strain.

A standard elastic approach can be used for calculation of the load capacity of the
support. In that case, the following condition needs to be fulfilled for each point in the
steel support:

‘Nci‘D/MO +‘Mci‘D/MO Sl
AR, WIR

(2.42)

where

Nei is the normal force in the cross section i that is caused in the vertical
direction by the force F and by the continuous load g = . g1 and in the
horizontal direction by the continuos load g, = €. q = &€ k. qy,

Mi is the bending moment in the cross-section i that is caused in the vertical
direction by the force F and by by the continuous load q = . q; and in the
horizontal direction by the continuous load g, = &£. 9 = € k. Q1

£=0n/q, Iisthe horizontal/vertical load ratio

K is the vertical load coefficient — it is based on the load capacity g and the
specified load q; = 1, this means: q =k -Q:

A is the cross-section area

Wy is the cross-section modulus

Re is the yield limit of steel

W0 is the partial coefficient of load capacity for the cross section of any grade,

this means, ywo =1 pursuant to Article 1 in CSN EN 1993-1-1.

With that approach, the load capacity of the support would be too low and the
designed support would not be economical. That is why the designing process is based
on years of experience and expertise.

The equation (2.42) is, however, used for assessment of the load caused by F in
cases when the support is subject to active zero loads. The assumption is that the
support should resist the force even if it were not actively loaded otherwise. Such
situation may occur if the solid rock does not load the support. As the same time F should
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not cause permanent deformation in the support. If the condition (2.42) with F for the zero
continuous load g and gy, is not fulfilled, it is necessary to consider a decrease in F. It is
also possible to decrease the size, to change the loading point xg, to use another support
or to create conditions for stable operation of the support. This approach, however,
requires individual assessment and validation of the conditions.

The assessment of load capacity of steel arch supports used in underground
workings and mines is generally based on CSN EN 1993-1-1, Eurocode 3: Design of
Steel Structures - Part 1-1. General Rules and Rules for Structural Engineering.

When evaluating the load capacity of the supports pursuant to the standard,
classification is important for the steel sections TH29, TH34 and K24. According to the
results of experiments and evaluation of bending tests in March 2016, the sections can
be classified as the class 1 material because plastic hinges can be created there and
rotation capacity corresponds to the required plasticity, without reducing the load
capacity.

The required reliability for the cross sections loaded with moments, shifting forces or
tension/compression can be described pursuant to CSN EN 1993-1-1 as follows:

2

N M
Ed + N,Rd

<1
N pl,Rd M pl,Rd (2.43)
where
Npi,rd is the designed plastic capacity of non-reduced cross section in tension
Mpi,rd is the designed load capacity in bend with respect to any main axis of the
Cross section
NEgg is the design axial force, where Ngg =Nic,
Mn.Rd is the reduced designed load capacity in bend caused by the axial forces

where Myrg =Mic.

The designed shear force Vgq pursuant to Article 6.2.10 in the aforementioned
standard were below 50% of the design plastic shear capacity Vprq. This condition is
almost always fulfilled, evidence being the parametric calculations. (2.43) can be
substituted as follows:

W, [
Mo R :pl—Re:Wm (R,
Vmo
A (2.44)
Ny r :ﬂ:A[Re
Vmo

In addition, equations (2.44) uses the following parameter Wy - the plastic modulus of
the cross section.
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The equation (2.43) can be modified as follows:

[Ki ENi+NFij2+Ki[Mi+MFi <1 (2.45)
N Mol o
and
a k2 +h [k +¢ <0 (2.46)
where
a =N*M ol Rd

b =2IN, [N, M o rd OFM, DNsI,Rd
G = ngi M ra * N[ZJI,RdI (M i~ M pI,RdI)

K;, can be obtained explicitly and directly from (2.44). This describes the load capacity of
the support for transfer of hot compression in the place of support.

The limit state is evaluated in terms of the load capacity for each cross section i of
the steel arch. Kis the minimum value from the set of all & in the cross sections of the

steel arch.
Then, the load capacity of the support is:

g=«lg =«
This load capacity q holds for non-yielding steel supports loaded pursuant to Fig. 5

with the specified &
Below are components of internal forces in i in the steel arch for the q:

M, :K[qui +‘9EM2i)
N, :KEqui +£EN2i)
\Y :K[Q\/ﬂ +5W2i)

Equation (2.47) describes the total internal forces. The strain in the steel arch support
can be determined using the principle of virtual work (the unit force method): a unit force
is applied step by step in each point in the support - in i. The unit force is applied in the
specified direction which depends on shifting. Or a unit moment is applied there if
angular shifting should be specified. The support is loaded as a statically determinate
load where reactions correspond to the specified load capacity of the support.

(2.47)
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Shifting uk in k with respect to the x- axis is obtained as follows:

n M [M, [As
u =
“ ; E0,

(2.48)

where My is the bending moment in i caused by the unit virtual force Fx = 1 applied in
the x-axis towards k.

Pursuant to (2.48) and (2.49) the influence of the normal force on the shift is
neglected in the calculation.

Shifting v in k towards the y-axis can be calculated by analogy:

" M [M, [A
W:; Eﬁ :

(2.49)

where:

My is the bending moment in i caused by the unit virtual force Fy = 1 applied in the
y - axis towards k

Nk  is the normal force induced in i caused by the unit virtual force Fy = 1 applied in
the y -axis towards k

The shifts calculated pursuant to (2.46) and (2.47) result from internal forces in a
closed static indeterminate support. They do not include shifts caused by subsidence of
supports 0 and N pursuant (2.26). The total shift in the direction of x and y axes are as

follows:
U = U tU, and Vi =V TV, (2.50)

In (2.50), uxp and vy, are the shifts of k caused by drop of supports in 0 and N. If the
closed steel support is subject to a symmetric load, then

Uk = O and Vk = WO = WN (251)

If the load is not symmetric, the drop of supports in 0 and N is different, this means
Wo # Wn , Wk = Ug and the shifts uy, and vy are calculated by methods used in structural
stress engineering.

The total shift o in k is:

5, =(U° +V}) (2.52)

The shifts calculated by the software are derived for the load capacity of the non-
yielding support. If the real load of the support is lower than the load capacity, the real
shift will be lower than the calculated one.
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2.4 Static parameters of TH29, TH34 a K24 sections, ultimate moments and normal
forces

The table 2 lists the basic mechanical properties of the steel, 31Mn4, 31Mn4+Qt and
H60U (DV-60). Table 3 gives static parameters of TH29, TH34 and K24 sections. The
values are taken from manufacturer’'s data sheets. The plastic cross-section modulus,
Wi, for TH was obtained by calculation.

Steel grade Re [MPa] Rm [MPa] As

31Mn4 min. 350 min.550 18
31Mn4+QT min. 520 min. 650 18
H60U(DV60)| min. 510 min.690 15

Table 2 (Re = yield point, Ry, = ultimate tensile strength, As = ductility)

Marking | A[cm ?] [ G [kg/m] | Wy[em®] | Wy[em?] | Ikem?] | Llem®] | Wyplcm?]

K-24 30,15 23,67 69,19 65,47 372,37 | 404,49 97,07

TH- 29 37,00 29,00 94,00 103,00 | 616,00 | 775,00 132,38

TH - 34 43,10 33,80 128,00 | 141,00 | 892,00 | 1205,00 177,83

Table 3

The compressive cross-section load capacity and the plastic moment of cross-
section capacity which are needed for calculation pursuant to (2.43) are obtained from
(2.44).

A W [R,
N 5 ra :£ =AR, M, =0 = =W, R, (2.53)

yMo Mo

Next table 4 summarizes the values for the specified sections and steel grades:

Section R. [MPa] Alcm? Wi [cm®] | Npira [KN] | Mpigg [KNM]
K24/H60U(DV60) 510 30,15 97,07 1537,7 49,51
TH29/31Mn4 350 37,00 132,38 1295,0 46,33
TH29/(31Mn4+QT) 520 37,00 132,38 1924,0 68,84
TH34/31Mn4 350 43,10 177,83 1508,5 62,24
TH34/(31Mn4+QT) 520 43,10 177,83 2241,2 92,47
Table 4

The values are considerably lower than those used in calculations pursuant to [2]
where another method was used to calculate the bending moments M. The values were
generally based on the standard CSN 44 4410-1 Testing of Mining Steel Supports - Part
1: Testing of Forming Rods. The standard specifies the minimum loading force for the
forming rods K21, K24 a P28 which are made from the 11500 steel grade for bending
tests of straight rods. The holding points are located in the distance of 1 m. The load is
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applied in the middle of the span in both the inside and outside of the cross-section root.
The values taken from the standard for the K21, K24 and P28 sections had to be
warranted by the manufacturer and were the basis for the ultimate moments. The
compressive strength was obtained from the warranted yield point of steel and cross-
section area of the steel section using the equation Ny = A-Re. This approach has been
used for many years in the Ostrava — Karvina Colliery and it has generally proved itself.
This approach considers the fact that the capacity of open sections used as supports in
long mining workings is different and depends on direction of load which is not generally
considered in standards.

Regarding the TH steel section made from 31Mn4 and 31Mn4+QT, no information is
available for the minimum loading force. The values were derived theoretically from the
cross-section characteristics of the steel sections, bending tests and properties of the
steel grade, from which the TH sections have been manufactured. The same applies to
the K24 section made from H60U.

Pursuant to [9] CSN EN 1993-1-1, Eurocode 3: Design of steel structures — Part 1-1:
General Rules and Rules for Structural Engineering, the value of My rq for the designed
bending load capacity towards the main axis of the cross-section is identical in the both
loading directions (see Table 4).

It follows from the bending tests and CSN 44 4410-1 Testing of Mining Steel
Supports that the loading capacity of the open K/TH section is the difference for the
inside-the-section load and for the section-root load. The reason is, in particular, various
stability of a loaded section.

Section Mpiz [KNm] Mpi2 [kKNm] Npi [kN]
K24/H60U 49,51 -62,70 1537,7
TH29/31Mn4 50,85 -64,73 1295,0
TH29/(31Mn4+QT) 75,72 -96,37 1924,0
TH34/31Mn4 68,47 -87,13 1508,5
TH34/(31Mn4+QT) 95,18 -112,45 2241,2
Table 5

The table 5 gives the ultimate plastic moments, My; and Mp,, for the sections and
steel. They are derived from the models and bending tests which were performed in past
and in March 2016. The values and the compressive load capacity Ny are taken from
table 4.

The client required that a particular attention should be paid to the static parameters
of K24 (made from H60U) after 10%, 20% and 30% corrosion.

The assumption was that the corrosion would appear evenly along the cross-section and
will reach generally the specified percentage of the weight and surface in the cross-
section.

The table 5 lists the static parameters of K24 with the specified corrosion for that
assumption.
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Marking Thickness A G Jx Wy Wil

of corrosion | [ecm?] | [kg/m] [cm?| [cm? [cm 3]
[mm]

K24-10% 0,581 27,17 21,30 339,74 63,60 88,43

corrosion

K24-20% 1,165 24,15 18,94 307,43 57,95 79,78

corrosion

K24-30% 1,754 21,13 16,57 275,66 52,30 71,16

corrosion

Table 6

The table 7 lists the ultimate moments of the corroded section K 24 for the specified

static parameters.

Section Mpira [KNM] Mpiz [KNm] Mpi2 [KNm] Npi [KN]
K24/H60U-10% 45,10 45,10 -57,12 1385,7
corrosion
K24/H60U-20% 40,69 40,69 -51,53 1231,6
corrosion
K24/H60U-30% 36,29 36,29 -45,96 1077,4
corrosion
Table 7

2.5 Load capacity of a yielding support

In case of a yielding steel support the load capacity is achieved if the slippage
resistance in places where the segments overlap is lower than the normal force which is
caused there by an external load. In this case, the load capacity of a steel arch support is
limited, not only by the ultimate state but also by the slippage resistance.

Theoretical calculation of slippage resistance is not only difficult, but also inaccurate.
It depends on several factors which are very difficult to model, or even to determine. The
slippage resistance depends, in particular, on:

1)
2)
3)
4)
5)
6)
7
8)

the structural design of the fasteners

the number of the fasteners

the tightening of U-bolts/screws in the fasteners

the quality of steel of the fasteners

the structural design of the connected section rods

quality of steel of the connected section rods

inaccuracy of the connected section rods

contact between the connected section rods and joints with braces, inclined props
and/or rock
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Therefore, it is advisable to use an experimental approach. In the text below the load
capacity of the yielding support is based on the specific slippage resistance from 100 kN
to 350 kN, the step being 50 kN.

3. The software for calculation of the load capacity bclosed steel supports

The theoretical background above was used as a basis for development of a
software application in Microsoft Excel. The application was developed in Visual Basic.
Fig. 6 shows the title page of the software application.

Calculating the load capacity of closed steel supports in galleries
(VUOUV TH29(TH34)/31Mn4(31Mn4+QT) and K24/H60U

prepared for the Premegovnik Mine (Velenje) in Slovenia

Software developed by:
Doc. Ing. Petr Janas,CSc, Ing. Karel Janas

Department of Structural Mechanics, VSB-TU Ostrava
Ludvika Pode&té 1875, 708 33 Ostrava-Poruba

The software calculates the load capacity of the yielding and non-yielding closed steel supports made from TH29 and TH34 (steel 31Mn4 and
31Mn4+QT) and K24 (steel H60U). In addition, K24 might corrode and the cross-section might reduce evenly by 10%, 20% or 30%. The calculated uses
the 1st order theory. It is based on assumption that the support is loaded with an active continuous load applied from top and sides on the mining or
underground work and with an axial force applied in the specified point. It is possible to change the sidefivertical loads. The supporl is also subject to
passive forces induced mainly in base surface (and in other points along the perimeter) where the reason for such forces is interaction between the
suppaort and the neighbouring rock environment or fill rock. The Winkler's model was used tao solve the interaction. The load capacity is designed pursuant
to CSN EN 1993-1-1 (Furocade 3: Design of steel structures). An alfernative design uses rather high ultimate moments coerresponding fo the specified
steel section and steel grade. The support may consist of 3 up to 15 circular segments. Each segment is defined by its length and radius of curvature. For
each segment, it is possible to define the coefficient of yield of the solid rock or fill rock. The load capacity of the yielding closed steel support is limited by
the slippage resistance that ranges between 100 kN and 350 kN with the 50 kN step Using the seftware, it Is possible to calculate flexibly the load
capacity of the closed steel support with the sidefvertical load ratio ranging from 0 to 2 and the step between 0.1 and 1.

Start |

Fig. 6 Title page with description of the software application

The software calculates the load capacity of the non-yielding and vyielding closed
supports made from steel sections: TH29, TH34 (31Mn4 and 31Mn4+QT) and K24
(H60U). It uses the 1% order theory and is based on assumption that the support is
placed in two joints and loaded with an active continuous load applied from top and sides
on the mining or underground work and one axial force applied from top in the plane of
the support. The side/vertical load ration can be freely modified.

The support may consist of 3 up to 15 circular segments with different lengths and arch
radius. If a sufficiently high radius of curvature is chosen, it is also possible to simulate
straight segments of the support.

3.1 Entry of input data

Once you click on Start in the home screen of the software, the input form will
appear. See Fig. 7. Before you start entering the input data, click Next run (this button
will change later into Run). Then click Last entry . The screen shows the input data for
the Last entry . These data can be, obviously, changed.
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Before the input data are entered for the closed support, it is necessary to create a
virtual arch support pursuant to Fig. 1. It is recommended to specify in advance in which
direction the segments of the closed support will be numbered. It is recommended to use
the clockwise direction where the first segment will start in the lowest point of the closed
support. The virtual arch support is created as follows: The arch that is located in the
lowest part of the closed support is divided into two separate segments. Each segment
will be shortened by ca. 100 mm. The length of each virtual segment will be a half of the
original length minus ca. 100 mm. Each virtual segment after division is regarded as a
separate segment. If the arches are connected in the lowest closed support, formation of
the virtual open support requires to shorten the length of the original and last segments
by a half of the overlapping length of the first and last segments and each other segment
should be made shorter by another ca. 100 mm.

If the geometry of the virtual arch support is entered incorrectly, there will be no gap
between 0 and N. The distance between xy and Xo is negative and more precise data are
needed. See Fig. 8.

Following input data are entered in the calculation (See Fig. 7):

 The number of circular arches that form the closed steel support. It is possible to
specify 3 up to 15 circular segments.

* The section of each segment. Following sections are available: TH29, TH34 and
K24.

» Steel grade. TH29 and TH34 are made from 31Mn4 or 31Mn4+QT. K24 is made
from H60U. For this steel grade, it is possible to specify the corrosion, 10%, 20% or
30%, that reduces that cross-section.

* The horizontal-to-vertical load ratio, &

*  The value to be specified is generally from 0.0 without any upper limit.

« The length L; of each circular segment. If the length of the segment(s) and/or other
data are specified incorrectly, the distance between 0 and N in the x-axis direction is
negative (Xn-X0<0). In that case, an error entry message will display. See Fig. 8.

* Radius of curvature R; for each segment.

VUOLY, TH29(34)/31Mn4(31Mn4+0T), K24/H60U X
Calc. No: |MP1-K24/HBDU  Mumber of arches: | 8 ~| Section: | K24  ~| Steel grade: | HBOU MK ——

Arch length [mm] Radius [mm] Overlapping [mm] Index Dci [kamz]

800

mal

iz} 3880 Q&1 480 Dca: 3000

I EuroCode 3

L | soo S 012 0 Del: | 3000 ehela estop |
L[ 1570 Rz | 1500 023 | @0 Dez | 3000 _
3 | 280 R3 | 2125 034 [ 480 De3: [ ooooooor emt T 0 @
L | 280 Re: | 2125 oas | 480 Ded: | ooooor M 0
s | 2ee0 Re [ 2128 os6 [ 480 Des: | 00000001 il
5 | 2650 Re: [ 2125 067 [ 480 De6: | 0.0000001 Flo Ik M
7 | 1570 R7: | 1500 078 o DeT: 3000 XFID— - archives

| | B

Date:

Mate: |

Fig. 7. The entry form sheet for calculation of load capacity of a support.
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The length of overlapping for the neighbouring segments. Each segment which has
two radii of curvature needs to be entered as two arches (two segments). Each
segment has its own length and radius of curvature. The overlapping length for such
two segments is zero. If there is an only one segment in the lowest point and that
segment is virtually divided in two, the overlapping between the first and last
segments is zero. If two segments (the first and last segments) are connected in the
lowest point, the overlapping length is not zero (see Fig 7: O 8-1 480 mm).

For each segment, D is specified from (2.39). Except for the first and last
segments (including the virtual ones) D¢ might be zero. Typically, D should be
different from zero at least for the segments that are placed on the bottom (see Fig.
7: De1= Deo= De7= Deg= 3000 KNmM™. Dgz= Des= Des= Deg=0)

The load capacity for TH29 and TH 34 is calculated using the ultimate values from
Table 4. If the EuroCode3 checkbox is checked, the load capacity is calculated
using the ultimate moments and normal forces from Table 3. The values for K24 are
listed in Table 6.

F [kN] applied in the plane of the support and the xg distance [m] (this is the
horizontal distance from the axis of the working — see Fig. 5).

Hinges can be specified in two points of the closed arch support. If O is entered,
there are no hinges in the support. Numbers of checkboxes where hinges should be
placed are not, in general, known upon entering of the input data. This means, at
the beginning the calculation is performed without any hinges and the numbers of
hinges are specified only after the first calculation when one obtains information
about general geometry of the closed steel support and information about centres
and coordinates of the segments.

At the same time, it is possible to calculate the load capacity of the closed support

for & ranging between 0.0 and 2.00 where the step can be specified between 0.1
and 1.

This calculation is performed if you check the checkboxes Graph &£/q and & step
step in the right pane of the form sheet.

This calculation is performed with F = 0.

For archiving, the calculation # and note can be entered. The date of calculation is
generated automatically.

If you click Save entry, the entered data and the note text, if any, will be saved in
the archives.

The input data can be downloaded from the Archives , if they were saved there. To
do this, click the Archives . Before the data are downloaded from the archives, you
must click Next run. Then, data from the archives can be specified in detail.
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Microsoft Excel

L] "_-. Diskance xM-x0 < 0, modify please the geometry data.
L

Fig. 8 Information about faulty entry.

3.2 Calculation results

Once the calculation is completed, the results are displayed in the form sheet. Fig. 9
shows calculation of the load capacity of the closed steel support MP1 made from the
K24 section and H60U steel. The overlapping between the first and eight segments is not
zero. This means that the segments located at the lowest level were made shorter
virtually. For that calculation, =1 was specified (it describes the vertical load related to
the horizontal load).

If compared with the input form, the output form includes more information, namely:

e The height H is the difference H = Ymnax = Ymin, this means the distance between the
highest and lowest points in the centre line of the closed support.

» The width a which is the difference a = Xmax - Xmin, this means the highest horizontal
distance of the centre line of the closed support.

* The table with the load capacities q for the support in the vertical direction. This

corresponds to the total active vertical load Q and the horizontal load g, for £= 1 as
well as the total active horizontal load Qy,.

* Tmin IS the minimum slippage resistance in the place where the support segments
overlap and where the steel support behaves as a non-yielding component. q, qn, Q
and Qp are specified in Tnin column for the non-yielding support. If the slippage
resistance is lower than the specified value, the load capacity of the support is limited
by the slippage resistance. If the slippage resistance exceeds Tmin, the support does
not yield and its load capacity is limiting for the ultimate state pursuant to (2.43) or
(2.46). For the slippage resistance being T = 100 kN, 150 kN, 200 kN, 250 kN, 300 kN
and 350 kN, each column provides, in addition to the slippage resistance, the load
capacity and reaction of the support.

The values in the table with the results are valid always for the support, the geometry
and section of which are specified in the form sheet (in this case, K24 made from H60U)

and for the specified horizontal/vertical load ratio £ (¢ = 1.0 in this case) and F=0. See
Fig. 7.

The form sheet informs about the end of calculation and time of calculation Process:
“End of calculation [23 sec.].

If you click and confirm Save entry (see Fig. 10), the input data incl. the calculation
date and notes are saved into Archives . To open the Archives click Archives.
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To start new calculation click Next run . Before new or edited entries are made, click
Last entry . If the entries are specified before you click Next run and Last entry, the
original entries will be used when you click Next run. To print the form sheet with the
results click Print results .

If F exceeds the ultimate value for the support, the output form sheet shows
information displayed in Fig. 10. In that case the calculation is stopped and the load
capacity cannot be determined for the continuous load applied from top and sides of the
working. In that case click OK to edit the entries. It is possible to change F or xg where F
is applied or the geometry of the support . Or another weight level of the profile can be
entered.

If the permitted distance xF is exceeded, the warning will appear. See Fig. 12. In this
case click OK and change the data.

VUOUY TH29(34)/31Mn4(31Mn4 +QT), K24/H60U

Calc. No: ,WMHBDU Murmber of arches: m Section: m Steel grade: | He0OL! j £ | 1 Mestrn
Arch length [mm] Radius [fmm] Cwvetlapping [rmm] Index Dci [kamz]
I EuroCode 3
g 500 Rii[ 30 gz o pet [ 3000 Faneie | | =8
[ iso Rz [ s oz | 40 De2 [ 3000 :
3 [ 250  Ra: | 2128 o34 | a0 De3 | ooooooor emth 0 M
w [ 20 me [ 2128 o045 [ a0 pea: [ oooooonr oM< 0
s [ 20 me | 2128 o056 | 40 Des: | 0.0000001 Sl Ferce :
[ 20 0 re [ 2123 oB7 | 400 Dc6: | 00000001 Flo kN m
7 [ s Reo [ 1s00 ore [ D Der: [ 3000 x[o  {mml rihives
L8 500 Re: [ 30 os1 [ 40 Deg: [ 3000 =
Diate: ,7
Mate:
Frocess; = End of calculation ** [ 23 sec.|
Results
a ’W‘ [m] H: ,W‘ [m]
Tmin= 39314 kN T=100kN T=150kN T=200kN T=250kM  T=300KkN T=350kN
glkMim] | 101785 | 25882 | 38828 [ 51784 | ea7os | 77e47 | 90588
ghikW] | 101755 | 25882 | 38828 | 51784 [ B470s | 7747 | 9088
Q| 43243 | 109993 | 18499 | 219986 | 4983 | 39979 | 3sag7e
Gh | 403192 | 102885 | 153832 | 2081 | 26357 | 307ees | 3mBIM2
Explanation: T ... Sliding resistance e
Trnin ... Minimurm load capacity of unyielding joint

Start . Final data resutt . Graph-shape . Graph NCi . Graph ArchNci . Graph MCi
Graph ArchMi " Graph VCi " Graph ArchVd " Graph ui .~ Graph Arch_ui " Graph vi
Graph Arch_vi . Graph gp,i .~ Graph Arch_gp,i . Graph eps-q . eps-q ~ Graph eps-Epsqg

Fig. 9. The output form sheet for calculation of the load capacity of MP1 made from
K24/H60U. The results and tabs in the bar.
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Microsoft Excel

\:!() Zalc. Mo, ¢ write in archives,

Fig. 10 Confirmation that the calculation was saved in archives.

Microsoft Excel

1 ‘E Exceeded F Force, Cannok continue, Change the entry please,
L4

Fig. 11 Information that F was exceeded.

Microsoft Excel

1 'j Exceeded =[rm] to F force, Cannot continue, Change the entry please.
L

Fig. 12 Information that X was exceeded.

If you click Result details , following options are available depending on the tabs in
the bar under the output form sheet (see Fig. 9):

Start The home view with description of the software and Start button which, once
clicked, returns the display to the entry form sheet with the last entries (Fig. 7).

Final data result  The table with partial results of calculation. If you click the tab in
the bar, the results (except for the support shape) are valid for the specified section,
load capacity and horizontal/vertical load ratio «.

The headings of the column (Fig. 13) provide the following values:

i
ds;
li

Al

Xi, Yi
El;
Ki,
|\/lci

.. the serial number of the segment,
.. the length of i [mm],
.. the summary length of all i segments, it is needed for development of the

central line of the closed support into a line. It is calculated from the point D.

| =3 ds +ds /2
i=1

.. the tangent of i,

.. the coordinates of the centre of i [mm],

... the bending rigidity of the support in i [kNm?]

.. the yielding coefficient of i, it results from (2.34) or (2.39) [kKNm™],

.. the total bending moment in the i™ segment once the load capacity of a

non-yielding support is achieved [KNm],
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i ds;[mm] I;[mm] Ai xi(mm] | yi[mm] El kNm? K kNm? Mg (kNm™] Ve kN]  Ne kN M kNm™) Ve N] N kNI qpukNm™]  vifmm] ui[mm]
D 0,00 0,00 0,0205 79,45 -0,81 2871,79 0,00 0,00 0,00 0,00 -11,99 0,00 -295,36 129,88 -35,10 0,00

0 79,45 39,73 0,0102 39,72 -0,61 2871,79 293,98 0,00 0,00 0,00 -11,93 -7,30 -295,41 129,88 -35,10 0,00

1 200,00 179,45 0,0322 -99,98 1,93 2871,79 740,00 0,00 0,00 0,00 -12,62 -13,80 -295,04 129,65 -35,06 0,00

2 200,00 379,45 0,0837 -299,62 13,51 1293,60 740,00 0,00 0,00 0,00 -16,45 -24,54 -293,90 128,37 -34,82 0,01

3 200,00 579,45 0,1353 -498,40 35,36 1293,60 740,00 0,00 0,00 0,00 -22,32 -35,22 -291,45 124,96 -34,07 0,10

4 200,00 779,45 0,1868 -695,79 67,42 1293,60 740,00 0,00 0,00 0,00 -30,04 -45,63 -287,72 118,92 -32,65 0,33

5 181,67 970,29 0,2731 -881,96 109,09 1293,60 672,17 0,00 0,00 0,00 -38,44 -44,50 -284,21 109,28 -30,44 0,82

6 181,67 1151,95 0,3942 -1053,50 168,56 1293,60 672,17 0,00 0,00 0,00 -43,59 -32,66 -278,59 96,52 -27,49 1,85

7 181,67 1333,62 0,5154 -1216,60 248,31 1293,60 672,17 0,00 0,00 0,00 -44,97 -22,25 -268,78 82,98 -23,67 3,71

8 181,67 1515,29 0,6365 -1368,87 347,19 1293,60 672,17 0,00 0,00 0,00 -42,33 -14,42 -255,76 71,61 -19,15 6,65

9 181,67 1696,95 0,7576 -1508,08 463,73 1293,60 672,17 0,00 0,00 0,00 -35,70 -10,58 -240,82 65,61 -14,20 10,80
10 181,67 1878,62 0,8787 -1632,19 596,24 1293,60 672,17 0,00 0,00 0,00 -25,42 -12,27 -225,48 67,71 -9,15 16,18
11 120,00 2029,45 0,9792 -1722,45 717,01 2871,79 444,00 0,00 0,00 0,00 -14,38 -18,76 -213,79 76,75 -5,16 21,52
12 120,00 2149,45 1,0592 -1785,31 819,19 2871,79 444,00 0,00 0,00 0,00 -4,17 -27,92 -205,76 88,45 -2,34 26,10
13 120,00 2269,45 1,1275 -1840,13 925,91 2871,79 0,00 0,00 0,00 0,00 7,20 -36,87 -199,11 0,00 0,12 30,90
14 120,00 2389,45 1,1839 -1888,52 1035,71 2871,79 0,00 0,00 0,00 0,00 18,28 -44,31 -193,25 0,00 2,28 35,81
15 211,25 2555,08 1,2619 -1944,96 1191,37 1293,60 0,00 0,00 0,00 0,00 32,56 -56,44 -187,39 0,00 4,76 42,64
16 211,25 2766,33 1,3613 -1999,09 1395,48 1293,60 0,00 0,00 0,00 0,00 48,41 74,33 -184,25 0,00 6,85 50,52
17 211,25 2977,58 1,4607 -2032,69 1603,95 1293,60 0,00 0,00 0,00 0,00 60,93 -93,84 -186,50 0,00 7,88 56,92
18 211,25 3188,83 1,5601 -2045,43 1814,73 1293,60 0,00 0,00 0,00 0,00 69,60 -113,69 -194,48 0,00 8,15 61,29
19 211,25 3400,08 1,6595 -2037,19 2025,73 1293,60 0,00 0,00 0,00 0,00 74,19 -132,60 -207,49 0,00 8,07 63,27
21 211,25 3822,58 1,8584 -1958,29 2440,09 1293,60 0,00 0,00 0,00 0,00 71,27 -164,25 -244,27 0,00 8,89 59,64
22 211,25 4033,83 1,9578 -1888,42 2639,36 1293,60 0,00 0,00 0,00 0,00 64,24 -175,61 -267,26 0,00 10,75 54,34
23 120,00 4199,45 2,0357 -1820,00 2790,15 2871,79 0,00 0,00 0,00 0,00 56,48 -181,92 -286,94 0,00 13,29 48,75
24 120,00 4319,45 2,0922 -1763,20 2895,84 2871,79 0,00 0,00 0,00 0,00 49,80 -184,92 -301,91 0,00 15,52 44,59
25 120,00 4439,45 2,1487 -1700,53 2998,15 2871,79 0,00 0,00 0,00 0,00 42,35 -186,52 -317,32 0,00 18,13 40,34
26 120,00 4559,45 2,2051 -1632,18 3096,76 2871,79 0,00 0,00 0,00 0,00 34,26 -186,67 -333,04 0,00 21,08 36,07
27 211,25 4725,08 2,2831 -1528,92 3226,21 1293,60 0,00 0,00 0,00 0,00 22,28 -184,44 -354,95 0,00 25,70 30,29
28 211,25 4936,33 2,3825 -1383,15 3378,98 1293,60 0,00 0,00 0,00 0,00 6,15 -177,40 -382,67 0,00 32,75 22,90
29 211,25 5147,58 2,4819 -1222,93 3516,53 1293,60 0,00 0,00 0,00 0,00 -10,21 -165,73 -409,37 0,00 40,65 16,11
30 211,25 5358,83 2,5813 -1049,85 3637,50 1293,60 0,00 0,00 0,00 0,00 -26,03 -149,63 -434,20 0,00 48,90 10,35
31 211,25 5570,08 2,6807 -865,62 3740,69 1293,60 0,00 0,00 0,00 0,00 -40,60 -129,44 -456,38 0,00 56,91 5,86
32 211,25 5781,33 2,7801 -672,06 3825,09 1293,60 0,00 0,00 0,00 0,00 -53,24 -105,68 -475,21 0,00 64,03 2,76
33 211,25 5992,58 2,8795 -471,07 3889,86 1293,60 0,00 0,00 0,00 0,00 -63,39 78,96 -490,08 0,00 69,68 0,94
34 211,25 6203,83 2,9789 -264,65 3934,37 1293,60 0,00 0,00 0,00 0,00 -70,58 -50,02 -500,51 0,00 73,34 0,15
35 120,00 6369,45 3,0569 -100,33 3954,79 2871,79 0,00 0,00 0,00 0,00 -73,95 -26,29 -505,35 0,00 74,36 0,02
36 120,00 6489,45 3,1134 19,46 3961,57 2871,79 0,00 0,00 0,00 0,00 -75,07 -8,79 -506,97 0,00 74,74 0,00

37 120,00 6609,45 3,1698 139,44 3961,57 2871,79 0,00 0,00 0,00 0,00 -75,07 8,79 -506,97 0,00 74,74 0,00

38 120,00 6729,45 3,2263 259,23 3954,79 2871,79 0,00 0,00 0,00 0,00 -73,95 26,29 -505,35 0,00 74,36 -0,02
39 211,25 6895,08 3,3042 423,55 3934,37 1293,60 0,00 0,00 0,00 0,00 -70,58 50,02 -500,51 0,00 73,34 -0,15
40 211,25 7106,33 3,4037 629,97 3889,86 1293,60 0,00 0,00 0,00 0,00 -63,39 78,96 -490,08 0,00 69,68 -0,94
41 211,25 7317,58 3,5031 830,96 3825,09 1293,60 0,00 0,00 0,00 0,00 -53,24 105,68 -475,21 0,00 64,03 -2,76
42 211,25 7528,83 3,6025 1024,52 3740,69 1293,60 0,00 0,00 0,00 0,00 -40,60 129,44 -456,38 0,00 56,91 -5,86
43 211,25 7740,08 3,7019 1208,75 3637,50 1293,60 0,00 0,00 0,00 0,00 -26,03 149,63 -434,20 0,00 48,90 -10,35
44 211,25 7951,33 3,8013 1381,83 3516,53 1293,60 0,00 0,00 0,00 0,00 -10,21 165,73 -409,37 0,00 40,65 -16,11
45 211,25 8162,58 3,9007 1542,05 3378,98 1293,60 0,00 0,00 0,00 0,00 6,15 177,40 -382,67 0,00 32,75 -22,90
46 211,25 8373,83 4,0001 1687,82 3226,21 1293,60 0,00 0,00 0,00 0,00 22,28 184,44 -354,95 0,00 25,70 -30,29
47 120,00 8539,45 4,0781 1791,08 3096,76 2871,79 0,00 0,00 0,00 0,00 34,26 186,67 -333,04 0,00 21,08 -36,07
48 120,00 8659,45 4,1345 1859,43 2998,15 2871,79 0,00 0,00 0,00 0,00 42,35 186,52 -317,32 0,00 18,13 -40,34
49 120,00 8779,45 4,1910 1922,10 2895,84 2871,79 0,00 0,00 0,00 0,00 49,80 184,92 -301,91 0,00 15,52 -44,59
50 120,00 8899,45 4,2475 1978,90 2790,15 2871,79 0,00 0,00 0,00 0,00 56,48 181,92 -286,94 0,00 13,29 -48,75
51 211,25 9065,08 4,3254 2047,32 2639,36 1293,60 0,00 0,00 0,00 0,00 64,24 175,61 -267,26 0,00 10,75 -54,34
52 211,25 9276,33 4,4248 2117,19 2440,09 1293,60 0,00 0,00 0,00 0,00 71,27 164,25 -244,27 0,00 8,89 -59,64
53 211,25 9487,58 4,5242 2166,95 2234,87 1293,60 0,00 0,00 0,00 0,00 74,69 149,70 -224,19 0,00 8,15 -62,70
54 211,25 9698,83 4,6237 2196,09 2025,73 1293,60 0,00 0,00 0,00 0,00 74,19 132,60 -207,49 0,00 8,07 -63,27
55 211,25 9910,08 4,7231 2204,33 1814,73 1293,60 0,00 0,00 0,00 0,00 69,60 113,69 -194,48 0,00 8,15 -61,29
56 211,25 10121,33 4,8225 2191,59 1603,95 1293,60 0,00 0,00 0,00 0,00 60,93 93,84 -186,50 0,00 7,88 -56,92
57 211,25 10332,58 4,9219 2157,99 1395,48 1293,60 0,00 0,00 0,00 0,00 48,41 74,33 -184,25 0,00 6,85 -50,52
58 211,25 10543,83 5,0213 2103,86 1191,37 1293,60 0,00 0,00 0,00 0,00 32,56 56,44 -187,39 0,00 4,76 -42,64
59 120,00 10709,45 5,0992 2047,42 1035,71 2871,79 0,00 0,00 0,00 0,00 18,28 44,31 -193,25 0,00 2,28 -35,81
60 120,00 10829,45 5,1557 1999,03 925,91 2871,79 0,00 0,00 0,00 0,00 7,20 36,87 -199,11 0,00 0,12 -30,90
61 120,00 10949,45 5,2239 1944,21 819,19 2871,79 444,00 0,00 0,00 0,00 -4,17 27,92 -205,76 88,45 -2,34 -26,10
62 120,00 11069,45 5,3039 1881,35 717,01 2871,79 444,00 0,00 0,00 0,00 -14,38 18,76 -213,79 76,75 -5,16 -21,52
63 181,67 11220,29 5,4045 1791,09 596,24 1293,60 672,17 0,00 0,00 0,00 -25,42 12,27 -225,48 67,71 -9,15 -16,18
64 181,67 11401,95 5,5256 1666,98 463,73 1293,60 672,17 0,00 0,00 0,00 -35,70 10,58 -240,82 65,61 -14,20 -10,80
65 181,67 11583,62 5,6467 1527,77 347,19 1293,60 672,17 0,00 0,00 0,00 -42,33 14,42 -255,76 71,61 -19,15 -6,65
66 181,67 11765,29 5,7678 1375,50 248,31 1293,60 672,17 0,00 0,00 0,00 -44,97 22,25 -268,78 82,98 -23,67 -3,71
67 181,67 11946,95 5,8889 1212,40 168,56 1293,60 672,17 0,00 0,00 0,00 -43,59 32,66 -278,59 96,52 -27,49 -1,85
68 181,67 12128,62 6,0101 1040,86 109,09 1293,60 672,17 0,00 0,00 0,00 -38,44 44,50 -284,21 109,28 -30,44 -0,82
69 200,00 12319,45 6,0964 854,69 67,42 1293,60 740,00 0,00 0,00 0,00 -30,04 45,63 -287,72 118,92 -32,65 -0,33
70 200,00 12519,45 6,1479 657,30 35,36 1293,60 740,00 0,00 0,00 0,00 -22,32 35,22 -291,45 124,96 -34,07 -0,10
71 200,00 12719,45 6,1995 458,52 13,51 1293,60 740,00 0,00 0,00 0,00 -16,45 24,54 -293,90 128,37 -34,82 -0,01
72 200,00 12919,45 6,2510 258,88 1,93 2871,79 740,00 0,00 0,00 0,00 -12,62 13,80 -295,04 129,65 -35,06 0,00

N 79,45 13059,18 6,2729 119,18 -0,61 2871,79 293,98 0,00 0,00 0,00 -11,93 7,30 -295,41 129,88 -35,10 0,00

D 0,00 13098,91 6,2627 79,45 -0,81 2871,79 0,00 0,00 0,00 0,00 -11,99 0,00 -295,36 129,88 -35,10 0,00

Fig. 13 Final data result.

yielding support is achieved [KN],
... the total normal force in the i segment once the load capacity of a non-
yielding support is achieved [kN],

. the passive load of the i" segment in the support [kNm™]

. the shifting against the y axis in the i segment once the load capacity of a
non-yielding support is achieved [mm],

. the shifting against the x axis in the i" segment once the load capacity of a
non-yielding support is achieved [mm],

. the bending moment in the i"™ segment caused by F only [kN],

. the total shifting force in the i segment once the load capacity of a non-
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- Ng ... the normal force in the i" segment caused by F only [kN],
- Vg ... the shifting force in the i caused by F only [kN].

Each row in the column gives the results for the i row. Yellow rows are the rows
where the segments overlap in joints. Colourless rows are the rows with simple sections.
The red row is the row where the ultimate state of support is reached.

*  Graph shape The support’s shape and the point where F is applied (if specified).
See Fig. 14. If any point on the arch’s central line is clicked, the system displays x
and y coordinates of that point in mm. The shape is important for validation of
correctness of parameters specified in the support geometry.

e Graph Ng; The normal force along the line of the developed central line for the
closed support that starts in D. The distance of the central line L; is calculated
clockwise from D. See Fig. 15. For each i, the distance L; is calculated in Final data
result (see the bar in Fig. 9). If the sign is plus, the normal force is tensile one. If the
sign is minus, the normal force is compressive.

 Graph Arch N ; The normal force along the central line of the closed support. See
Fig. 16.

« Graph Mg The bending moment along central line of the closed support that is
developed into a line. See Fig. 17. The positive bending moment results in tension in
inner fibres and compression in outer fibres of the closed steel support.

 Graph Arch M ¢ The bending moment along the central line of the closed support.
See Fig. 18.

Structure scheme (shape)
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e ———
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—— = gt

00 -2000 -1500 -1000  -50O0 500 1000 1500 2000 25

s
=

Fig. 14 The support’s shape and the point where F is applied.
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Development of normal force N; = f(L))

Ng; [kN]
0,0000
0, ,0000

-50,0000
~100,0000
~150,0000
-200,0000
-250,0000
-300,0000
~350,0000
~400,0000

-450,0000

Fig. 15 Normal force N [KN] along the central line of the closed support that is
developed into a line.

00

Development of rTeraI forceN,

Yy
T T T i & + T T T T
-2500 -2000 -1500 -1000 -500 (.Jr‘w 500 1000 1500 2000 2500

Fig. 16. The normal force N along the central line of the closed support.

Development of moment M,; =f{(L;) [kNm]

Fig. 17 The bending moment M [KNm] along the central line of the closed support that
is developed into a line.
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Development of bending moment - M, [kNm]

y [mm]

- o

A N

“*"t_. . r,o/”f

i | e x[mm]

-3q00 -2000 -1000 1000 2000 3000

Fig. 18. The bending moment M; [KNm] along the central line of the arch.

Vi [kN] Development of shifting force V,; = f(L;)
200

150 /. \
100 / \\
50 / \\\
0
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RN /
SN S

S

-200

Fig. 19 The shifting force V. [kN] along the central line of the closed support that is
developed into a line.

Graph Vg The shifting force along the central line of the closed support that is
developed into a line. See Fig. 19.

Graph ArchV ¢ The shifting force along the central line of the arch.

Graph uThe horizontal shift u; along the central line of the closed support. See Fig.
20. The sign plus for u; means the positive direction of the x axis. u; and v; are
calculated for the load that corresponds to the specified load capacity of the support.
Graph Arch u ; The vertical shift u; along the central line of the closed support. See
Fig. 21. The central line of the closed support is highlighted in blue. If the orange
connection line of points is out of the contour, it diverges. If it is inside the contour, it
converges.

Graph v The vertical shift v; along the central line of the closed support. See
Fig. 22. The sign plus for v; corresponds to the positive direction of the y axis.

Graph Arch v ; The vertical shift v; along the central line of the closed support. See
Fig. 23. The shift of the orange connection line against the blue line shows
movement of the closed support against the direction of the y axis.
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Graph u;

u [mm]

uuuuu

Fig. 20. Shift u; [mm] along the central line of the closed support that is
developed into a line.

Graph Arch u;

x [mm]

e

-2000 -1500 -1000 -500 500 1000 1500 2000

Fig. 21. The horizontal shift u; along the central line of the closed support.

Graph v,

2000 4000 6000 8000 10000 12000 14000

£, fmm]

100,0

v;[mm]

120,0

Fig. 22. Shift vi [mm] along the central line of the closed support that is

developed into a line.
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-2000 -1500

Fig. 23. The vertical shift v; along the central line of the closed support.

Graph q p,i The passive forces ¢, along the central line of the closed support.
See Fig. 24. These are compressive forces and are normal to the central line.

Graph Arch q ,; The passive load qp; in the closed support. See Fig. 25.

Graph g,

4, [kN/m]

(e \

|/ \ s

L,{mm]

2000 4000 6000 8000 10000 12000

o
—
—.—

14000

Fig. 24. The passive load gy, [kNm™] along the central line of the closed support that is
developed into a line.
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Graph eps-q
The graph is displayed if marked in the bar. The load capacity is displayed for €
changing from 0 to 2 with the 0.2 step for F=0. For calculation, check the checkbox at
Graph &€ /q in the right pane of the input form and specify the step. A warming

message (shown in Fig. 27) appears when enter values D are not symmetrical, and
the values D are modified automatically. The calculation is performed when the user

Graphﬂ

rch g,

2009, |

3500

1000

y [mm]

»
" g
P
L
-

_a—% [

-x [mm]

250

-1000 -500
i ——i=

Jone-

500

—
1000 Lsda

2000

Fig. 25. The passive load qp,i in the closed support.

The loading capacity of the support that depends on & see Fig 26.

clicks OK.
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¢/qratio for F=0 T
— 180 |
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Fig. 26 The load capacity of the support q = (&) (the MP 1/K24/H60U section) for the

specification in Fig. 7.



Microsoft Excel

b

Calc graph Epsfq - change input values:
Farce F=0

Eps=10

Dci walue ko symmetrical input

Fig. 27. Notice of the change of the values of the Dy;.

* Eps-q The table with the values of loading capacity q for variol & For

calculation, check the checkbox at Graph &/q in the right pane of the input form and
specify the step.
» Graph eps-qn The loading capacity, g, of the support that depends on & see Fig

28. The graph is displayed if marked in the bar. The load capacity is displayed for &
changing from 0 to 2 with the 0.2 step for F=0. For calculation, check the checkbox at

Graph &/q in the right pane of the input form and specify the step.

300

——K-24
el 9n ratio = £.q for F=0 ——T =100 kN

—&—T =150 kN

—T =200 kN
——T =250 kN
—e—T =300 kN
/ \ T=350kN
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]
o
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£.¢ [kN/m]

n
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50

—

000 010 020 030 040 050 060 070 O80 080 100 110 120 130 140 150 160 170 180 190 200

Fig. 28 The load capacity of the support g, = (&) (the MP 1/K24/H60U section) for the
specification in Fig. 7.

Fig. 26 and 28 indicate clearly that the load capacity of the support, g and qp,
changes in a really wide interval. It depends, in addition to the support shape and weight
level (and steel grade), considerably on the load which is characterised by & and on the
slippage resistance. It also depends on yield of the neighbouring environment. The yield
values in the figure correspond to the specification in Fig. 7, the only change being that &
ranges from O to 2 and the step is 0.2. In Fig. 29 there are the values calculated for

different &. The difference against Fig. 7 is that D= 3000 kNm™ is considered for the
entire perimeter of the support. See the specification in 30.
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—K-24 €/ q ratio for F=0
=T = 100 kN

—m—T =150 kN f—\
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Fig. 29 The load capacity of the support q = f(&) (the MP 1/K24/H60U section) for the
specification in Fig. 30.

VUOUY TH29(34)/31Mn4(31Mn4+0T), K24/H60U g

Calc. No: "\}PHQMHEUU Mumber of arches: | 8 ~+|  Section: K24 ~| Steel grade: | HE0U | & 2 Next run
2.
Arch length [mm Radius [mm Owerlapping [mm Index Dci [kMN/m
gth [mm] [mm] pping [mm] [ Vo cocedes
L[ smo Ri: | 3880 otz [ o Det: | 3000 W asmhela  csten [ 02
2 1570 R2: 1500 023 480 De2: 3000
| | | | s | ]
i 2850 R3: 2126 034 480 De3: 3000
L 2850 Re: [ 21w 045 [ 4 Ded: | 3000 doimz [0
s 2550 RS: 2125 056 480 Dies: 3000 todal Force covm
ertry
5 | 260 RE: | 2125 067 | 480 Dok | 3000 Flo oy
7 1570 7 1500 07 [ ltzd 000
| | | | T i e
s [ 8w Re: | 3880 o8t [ 4s0 Deg: | 3000

Fig. 30. Specification for calculation of the load capacity of a support pursuant to Fig. 29

3.3 Using the software for calculation of the suppo rt’'s load capacity — some
examples

The closed support MP1 consisted of curved segments only that had one or two radii
of curvature. In some cases, the segments in the support may have a straight section.
For instance, see the support RP4 in Fig. 31. This is, in fact, an open arch support with
an anti-vault. The anti-vault consists of three parts, while the arch support consists of five
parts. The anti-vault is modelled using 4 segments that are defined by the lengths Li, L,
Li4 and L;s, the radii of curvature and the overlapping with the neighbouring segments.
The lowest segment was divided into two parts. This means, the overlapping between the
1% and 15" segment is zero. The arch support is characterised by the segments, the
lengths of which are Lg, Ls, Ls, L7, Lg, Lo, L1o, L11 @and L;2. The segments L4 and Ls were
created by division of the only one segment with two different radii of curvature where the
large value R4 (R12) simulates the straight portion of the segment. The overlapping for the
segments 4 and 5 is zero. The same situation exists for the segments 11 and 12. The
segments with the lengths Lg and L7, and those with the lengths Lg and Lo, were created
by dividing one segment into two segments. The reason was a different radius of
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curvature. The anti-vault is connected with the arch support through the segments 3 and
13. Their length is short and their radius of curvature is small. They also simulate a hinge
joint. The first calculation without the hinges identifies the position of the segments 3 and
13 where the hinges will be placed (see Final data ). The hinges are situated in points 17
and 84. Calculation results are shown in Fig. 31.

VUOUV TH29(34)/31Mn4(31Mn4+QT), K24/H60U

Calc. No: ‘ RP4 Mumber of arches: | 15 »| Section: ‘ TH29 = Steel grade; | 31 Mnd+QT ~| & | 1 Nesxt run
- o 5
Arch length [mm Radius [mm Qverlapping [mm Index Doi [kM/m
gth [mm] [mm] pping [mm] | I s
(K TG = T T orz [ 8 bet: | 5000 Eidah o I
Lz | 0 Rz [ 7E00 g2z | 40 bez: | 5000
Jaint 1 ‘ 17 Resits details
13| 4m0 R3: [ 350 034 | 40 De3: [ som
| ne Ra: [ 250000 045 [ o0 oot [Opooopor omz [ s
15 | 13 Re [ 2011 o5& | B0 Des: | 0000000 Bl Force
Sawe entry
W& | 1380 RE [ 2011 o7 [ @ D | 00000001 Flo iy 4
17| 1z R7 [ aron o7& | B0 be7: | oonnann XF’—D [feir] e
1B [ 2880 Re: [ 4700 089 [ B0 Deg: | 0.0000001
o [ 1290 Ro: [ 4700 og10: [ 0 Deg: | 0.0000001 Date: |
uo: | 130 RiD: | 2011 o1 | Bm Det0 | 0.0000001 fiota:
e | 1EE0 RiT- [ 2011 oz [ @ Det | 00000001
(&8 ETEN RiZ | 250000 o121z |40 D12 | 0000001
U3 | 480 RiZ | =0 R RS BT Det3 | 5000
L4 [ 2880 Ri4: [ 7500 01415 [ 800 Detd | 5000
Ls: [ 110 Ris: | 7500 ots1: [ 0 Dets | 5000 Process: [ = End of calcalation = [ 63 oec
Results
a | Bd8ags0  [m) | 4158921 [m]
Tmin= 35455 kN T=100kN T=150kN T=200kN T=250kN  T=300kN T=350kN
g [khim] | 59027 16,648 24072 33207 41621 49045 56,269
ah [ki] [ 83 027 16,648 24072 33207 41621 49045 56,269
o | 381609 107.691 161,446 215 261 269077 322892 376 707
ah | 245217 69,162 103,743 138,324 172505 07486 | 242067
Explanation: T .. Sliding resistance B reslle
Tmin .. Minimum load capacity of unyielding joint

Fig. 31. The specification and calculation of the load capacity for the RP4 support.

The difference between Fig. 33 and Fig. 31 is that D.; in points where it is not zero is
10 times lower. This is evident for the load capacity that is lower in Fig. 33 than in Fig. 31,
the evidence being the progress of internal forces, the shift and passive forces. Compare
please Fig. 32 and Fig. 34. If the base is more yielding, then the support segments are
pressed into the base soil along a bigger length, reducing thus the load capacity of the
segments and, in turn, of the entire support.

Graph Archg,;
4500
- =
_m
- 35
Ir |
| 3000
J n
[-,’ 2500 1
[ ‘
1 1500 j
[ ] [
g »
n
/ 7\
500
i i) - x[mm]
=S-SR == £
-3000 -2000 -1000 1000 2000 3000 40

Fig. 32. Passive forces in the calculation pursuant to Fig. 30
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VUOUY TH29(34)/31Mn4(31Mn4+QT), K24/H60U.

Cale. No: | RP4 Number of arches: [ 15 =] Section: [ TH29 | Steslgrade: [ 31 MnavaT =] & [1 Nestrn
2.
Arch length [mm] Radius [mm] Overlapping [rmm] Index Dei [kM/m'] ey
L[ 1o Ri: [ 7500 ot [ B0 pel: | a0 B et I
12 [ =80 rR2 [ 700 023 [ 40 pez | am
13 [ 4m ra [ 0 o3 [ 4 oex | &m0 daint 1= [ 7
L[ 1s0 R4 [ 250000 os5 [ o De4 | oot ot [
s [ 1z Re. [ 2om 056 | B0 Des: | 0.0000001 sl Force
5 | 1360 re: [ 201 067 | 0 Dek: | 0.0000001 Flo  pay
7 [ 1200 R7. [ 470 078 | &m0 De7: | 0.0000001 [0 Imm
18 [ 2850 Re. [ 4700 089 | B Deg: | 0.0000001 =
15| 120 Re: | 7m0 og10:| © Deg: | 0.0000001 Date: |
uo: | 1380 RiD: [ 2011 01011 | BO0 De10 | 0.0000001 e
L[ 1330 Ri- [ o0m1 omiz| o Del1 | 00000001
uz | 1s0 R12: | 250000 01243 [ 40 De12 | 00000001
13 [ 80 Ri3: [ 350 01314 [ 40 Deld | 5o
Lid: | 2680 Ri4 [ 7500 01415 [ Bo0 Deld | 500
L5 | 1100 Ris | 7500 o151 | o Dets | &0 Process: [ = End of caloulation = [ 59 soc
Results
a [ BAB4%E0 [m) W[ 4w m
Tmin= 16750 kN T=100KkN T=150kN T=200kN T=250kN  T=300kN T=350 kN
gleim] | 30006 [ 19014 | 28671 EXERENEE ET 30,106
oh kN [ 30106 19,114 28671 30,105 30,105 30,105 0,106
Q| 194532 123.572 185,358 194 532 194 532 194 532 184 532
an [ 12507 79.407 118,11 12507 12507 12507 12507
Explanation: T .. Sliding resistance Print resuls
Tmin ... Minimum load capacity of unyielding joint

Fig. 33. The specification and calculation of the load capacity for the RP4 support.
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Fig. 34. Passive forces in the calculation pursuant to Fig. 32

Fig. 35 specifies the calculation of the load capacity for the MP4 support. This
support consists of 7 segments, each of them being 2,650 mm long. Two segments have
two different radii of curvature. Consequently, they were modelled as two separate
segments with zero overlap (the segments 2 and 3 and the segments 8 and 9). For
purposes of calculation, the lowest segment will be divided into two pieces (the segments
1 and 10). This means that the support was modelled as a 10 segment support. It was

loaded by the continuous load from above and from the sides where £= 1. The yield of
the surrounding environment was modelled for the entire perimeter using D.=10000 kNm"
2. Passive forces (see Fig. 36) developed in arches on the base soil, though they were
specified for the entire perimeter of the support. Most passive forces between the rock
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and support were strength forces - this situation cannot occur. As mentioned above, such
forces are excluded from the calculation.

The specification for Fig. 37 is same as for Fig. 35. The difference is only in D, that is
D.=1000 kNm only on the right side. The exception is the last arch (10) where the
original value was kept. This change in the specification will reduce the load capacity of
the support which is clear from the comparison of Fig. 35 and Fig. 37. Distribution of
passive forces will change: they will be the highest in locations where the solid rock or
rock fill is most yielding. Regarding the shift of the support, the situation is different (see
Fig. 39).

The passive forces and shift in the support load depend very much on the yield of the
surrounding rock. In particular, they depend on the asymmetric specification for the
arches that are placed at the lowest level. If the shift is more than 10 % of the maximum
width of the work a, the warning will appear. See Fig. 40.

VUOUV TH29(34)/31Mn4({31Mn4+QT), K24/H60U

Calc. No: | MP4 TH20/31t  Mumber of arches: | 10 »| Section: | TH29  ~|  Steel grade: | 31 Mnd+aT ~| & [ 1 e
Arch length [mm] Radius [mm] Owerlapping [mm] Index Dci [kamZ] i
I EuroCode 3
K] 1150 Rl 2600 012 500 Det: | 10000 e i B
12 1630 R2 2600 023 0 Dez: | 10000
[ o r [ 7m0 034 [ 43 oz [ 1aom Joint 1 I St
L4 2650 R4 2450 045 450 Ded 10000 L
L5 2650 RS 2450 066 460 Des: | 10000 AsialForce
Save entry
L 2650 RE 2450 067 450 DeB: | 10000 Flao
L7 2650 R7 2450 078 450 De7: | 10000 “[o imml Arthves
L& 1020 R 1700 089 0 D 10000 L
L 1630 R 2600 0910 500 Des: | 10000 Date 11
L0 1150 R10 2600 0101 0 DelD | 10000 Note
Pracess *** End of calculation = [ 82 sec.]
Results
a | 4899950 [m] H | 4E40361 [m]
Trin= 95916 kN T=100kN T=150kN T=200kN T=260kN  T=300KN T=350kN
glkiim) | 155321 | 16193 | 2429 EE | 4083 | 4353 | 677
ghikh] | 155321 | 16.193 | 2429 | 32387 | 40483 | 458 | 56677
oo | reaa | 1921 | 1sepe4 | 1meaee | zmam | 2inis
Gh | 720746 | FE043 | 112714 | 1e0206 | werpsr | 22428 | 2@
Explanation: T... Sliding resistance ik o
Trnin ... Minimum load capacity of unyielding joint
Fig. 35. The specification and calculation of the load capacity for the MP4 support.
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Fig. 36. The passive load gy, in the closed support MP4 with the
specification in Fig. 34.
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VUOUV TH29(34)/31Mn4(31Mn4+QT), K24/H60U

Calc.No: | MP4 THZS/A1  Number of arches: [ 10 »| Section: | TH20 | Stesl grade: | 31 mndeaT =] & [ 1 Noreris

Arch length [mm] Radius [mm] Overlapping [mm] Indes Disi [khiér]

™ EuroCode 3
L1 1150 R1: 2600 012 500 Det: 10000 I ety e ,_ {cielig
[ e Ro [ zeon 053 E pez [ o000
= 0 r3 [ 700 o34 [ 4 pex | o000 At o M
[ = Re [ 240 o4s [ 0 ped; | 10000 IS d
L5 2850 RS 2850 055 450 pes: | 10000 T
LB 2650 RE 2450 067 450 Dch: 1000 F IAD—. [kM] ﬂ]
7 [ zee0 7 [ zam0 ora | 40 e [ 1om «J5 [ ‘ et

L8: 1020 RE: 1700 082 0 DcB: 1000
izl 1630 RI: 2600 0910 s00 DcS: 1000 Dater | 11.10.2016
L0 1150 R10D 2600 0101 1) [Blali) 10000 Mote

Process: [ == Eng of caloulation ™ [ 213 sec.|

Results
N b [ 4Bt [m
Tmin= 7246KN T=100kN T=150kN T=200kN T=260KkN T=300kN T=350kN
o [kNim] | 63,973 18,736 28,179 37572 45 956 56,359 55,752
ah ki) [ 69973 18706 26,179 a2 46 9656 56 50 65752
o [azmr | 92082 138073 wa0s | 230130 76157 | 322,184
ah | 3247 7175 130 762 1743 2795 | w1Em | ez

Explanation: T ... Sliding resistance Prirk results
Trnin ... Minimurn load capacity of unyielding joint

Fig. 37. The specification and calculation of the load capacity for the MP4 support for
different Dg;.
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Fig. 38. The passive load qp,; in the closed support MP4
with the specification in Fig. 36.
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Graph Aﬁrch v;

Fig. 39. The vertical shift v; in the closed support MP4
with the specification in Fig. 37.

Microsoft Excel

.
\J1 ) Displacement exceeds 10% of the range 'a'. We recommend that you specify the input data,

Fig. 40. The warning message for a too high shift.

When you press Print results , the data and calculation results are displayed for the
specified data. See Fig. 41.

A uthors: Petr Janas, Karsl Janas Department of Structursl Mechanics, VEBTU Ostraa

Calculating the load capacity of closed steel supports in galleries
(VUOUV TH29(TH34)/31Mn4(31Mn4+QT) and K24/H60U
prepared for the Premegovnik Mine (Velenje) in Slovenia

Calculation No.. MP4 TH29/31Mn4+QT Date: 11.10. 2016

Entries:

Mumber of arches 10 Sedion: TH-29  Steel grade: 31 Mnd+QT  Eps: 1 EuroCode 3 Mo
L1180 L2 1630 L3 1020 L4:2650 L5 2650 LG 2650

L7: 26580 L& 1020 L9 1630 L1O: 1150

R1: 2600 R2:2600 R3I 1700 R4 2450 RS5: 2450 RE 2450

RV 2450 RE: 1700 R 2600 R10: 2600

01500 D20 D3:450 D4:450 D5:450 D6 450

O7. 450 D&0 D9500 D10D10

Dct: 10000 Dc2: 10000 DcZ 10000 Dcd4: 10000 DcB 10000 DB 1000
Dc7: 1000 Dc8 1000 DcS 1000 Dc10: 10000

Joint1=0 Joint2= 0 Axialforce: F= 40[kN] X = 0[mm]

Results:
Values for Tmin = 37246 kN

g=69,973 [kKN/m] gh=69,973[[N] Q=342 867 [kM] Qh=3247 [kN]
Walues for T = 100 [kN]

q=18,786 [kN/m] gh=18.786 [kN] Q=92.052 [kN] Qh=87.175 [kN]
WValues for T = 150 [kN]

g=28,179 [kKN/m] gh=28179[lN] Q=138,079 [kN] Qh=130,762 [Id]
Walues for T = 200 [kN]

0=37,572 [kNim] gh=37 572 [KM] Q=134,105 [kN] Qh=174,35 [kN]
WValues for T = 250 [kN]

g=46,966 [kKN/m] gh=46 966 [[] Q=230,131[kN] Qh=217 937 [Id]
Walues for T = 300 [kN]

0=56,359 [kN/m] gh=56,359 [KN] Q=276,157 [kN] Qh=261,525[I]
WValues for T = 350 [kN]

g=65,752 [KN/m] gh=65,752 [[N] Q=322 184 [kN] Qth=305,112 [I]

Fig. 41 Print results.
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3.4 Using the archived data

Calculation of the load capacity of steel supports is rather fast and it does not seem
to be necessary to archive extensive files of calculations and results. It is more
reasonable to save the input data which provide same results, unless unauthorised
changes are introduced into the software application. It is easy to archive the input data.
The archiving process is described above. To load the stored data, press the Archives
button in the input and output form sheets.

To repeat the calculation with the saved input data, click the Last entry button first.
To load the saved input data, click Archives. The necessary values can be obtained
using, for instance,

» the section No.

» the section

» the number of curves (segments)

» date of performance from — to.
after you click Search. The list from which the data are selected is thus reduced

considerably. Click the entry which should be calculated again. After you click OK, the
values will be loaded for the re-calculation. Then continue as usually. This means, click
Run.

Archives E|
Filter
Calc, nous | Section:l j Mumber of arches, w | Date from: | ko | Search
RP4 TH2931MA+0T TH-29 15 18.10.2016 Dil-3=Dcl3-15=5000 e=1
RP4 TH29I31Mn4+0T TH-29 15 18.10.2016 Dil-3=Dcl3-15=500 e=1
P4 k24/He0U k-24 10 18.10.2016 Di1-10=10000 e=1,0
P4 k24/He0U k-24 10 18.10.2016 Diel-10=1000e=1,0
MP4 k24/He0L k-24 10 18.10,2016 De1-10=1000 q=Fe)
MP4 k24 fHe0L k-24 10 18.10,2016 Dc1-5=0cl0=10000 Dc6-9=1000 e=1,5
MP4 TH34/31Mn4-+QT TH-34 10 15.10.2016 Dcl-5=Dci0=10000 DeE-9=1000 e=1,5
MP4 TH29/31Mn4 TH-29 10 15.10.2016 [cl1-10=10000 e=1,5 F=70
MP4 K24HE0-30% k-24 10 15.10.2018 [cl1-10=10000 e=1,5 F=70
[MP4 K24H60-30%: k-24 10 15.10.2016 Dcl1-10=10000 e=0F=70
MP1-TH22/31 M4 TH-29 g 15.10.2016 Dcl-5=500 e=1 F=30 xF=-1400
MP1-TH29/31 M4 TH-29 g 15.10,2016 [c1-5=5000 e=1
MP1-THZ9/31 Mn4 TH-29 g 18.10.2016 Dc1-4=0c8=5000 Dc5-7=500 q=F{e)

oK Delete in archives

Fig. 42 Searching the input data in the archives

After you click Cancel, the input form sheet or the form sheet with final results will be
displayed. The highlighted data in the archives will be deleted once you click Delete on
archives .
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4. Conclusion

The software Calculation of load capacity of closed steel supports — VUOUV
TH29(TH34)/31Mn4(31Mn4+QT) and K24/H60U can be used for various tasks which
need to be addressed during development, design, and assessment of the closed steel
supports in long mining works and underground workings with the specified supports
installed in different conditions. It is possible to include into the calculation the vertical
axial force which is applied in the specified point. The vertical axial force influences the
load capacity of the support which is defined by the permitted continuous load applied
onto the support from top or, from sides of the mining work/underground working. The
support is also subject to passive forces induced mainly in base surface (and in other
points along the perimeter) where the reason for such forces is interaction between the
support and the neighbouring rock environment or fill rock. The Winkler's model was
used to solve the interaction. It Is recommended to carry out experiments and to validate
the yielding coefficient of rock environment (including the fill rock) that is considered in
the Winkler's model.

In case of non-yielding supports, the limiting factor for reaching the ultimate state in
any point of the support is the plastic moments and the limit normal force. Those values
are obtained from known properties of the steel, cross-section characteristics of the
sections and results of the bending tests in straight rods resulting mostly from the project
TA CR: TA01010838: research and development of controlled rolling production of steel
mine supports and bending tests performed in March 2016 [10].

Each support which has been designed as a yielding support where the segment are
connected by U-bolts or screwed joints can behave as a yielding or non-yielding support.
There are several reasons to this and most of them have been mentioned above. One of
the reasons is, clearly, the resistance against slippage of the connected segments. It is
assumed in the calculation that the slippage resistance is known. That value should be
determined and validated experimentally for each section made from the specified
material and for each fastener and U-bolt/screwed joint. It is hot recommended and not
advisable to use a slippage resistance if it has not been confirmed by experiments.

The software Calculation of load capacity of closed steel supports—VUOUV
TH29(TH34)/31Mn4(31Mn4+QT) and K24/H6 must not be manipulated unless consent is
provided by the software developers. If anything is not clear in the software use or if
problems are faced, contact please the software developers who will be also grateful for
any experience, suggestions or knowledge obtained during the use of the software.
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