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1 Introduction

The compressive strength of timber perpendicular to the grain is much lower than the
respective strength value parallel to the grain. The ratio of the characteristic compressive
strength perpendicular to the grain to the compressive strength parallel to the grain for
solid timber is about 1/8. Particularly beam supports should hence be detailed in order to
minimise compressive stresses perpendicular to the grain.

Increasing the load-carrying capacity of beam supports may be obtained by enlarging the
area loaded perpendicular to the grain or by reinforcing the beam support area. Self-
tapping screws with continuous threads represent a simple and economic reinforcement
method. The screws are placed at the beam support perpendicular to the grain direction. To
evenly apply the support load on the screws and on the timber, a steel plate is placed
between the beam surface and the support.

Fig. 1: Bottom view of a reinforced beam support

Comparing the test results, the load-carrying capacity of reinforced beam supports was at
maximum 300% higher than the load-carrying capacity of non-reinforced beam supports.



The maximum ratio between the stiffness perpendicular to the grain of reinforced beam
supports and the corresponding stiffness of non-reinforced beam supports was about 5.

To calculate the load-carrying capacity and to estimate the stiffness of reinforced beam
supports two calculation models were derived. In this paper both calculation models will
be presented.

2  Calculation model for the load-carrying capacity

2.1 Assumptions

The load-carrying capacity reinforced beam supports is calculated taking into account
three different failure modes. The governing failure mode depends primarily on the
geometry of the beam support and on the geometry of the reinforcing screws i.e. their
slenderness ratio. Further parameters influencing the load-carrying capacity are the number
and the yield strength of the screws and the strength class of the timber.

The first failure mode occurs in reinforced beam supports with a low number of short
screws. In this case, the load-carrying capacity of the reinforced beam support is
characterised by pushing the screws into the timber. Simultaneously, the compressive
strength perpendicular to the grain at the contact surface is reached. For screws the
pushing-in capacity is considered equal to the withdrawal capacity.

The second failure mode occurs in beam supports with slender screws. Here, the
reinforcing screws are prone to buckle. Simultaneously, as in the first failure mode, the
compressive strength perpendicular to the grain at the contact surface is reached. A typical
buckling shape of slender reinforcing screws is shown left in Fig. 2.

The third and last failure mode is observed in beam supports with multiple short screws.
Here, the load-carrying capacity of the reinforced beam support is characterised by
reaching the compressive strength of timber perpendicular to the grain in a plane formed
by the screw tips (right in Fig. 2).

Taking into account the three possible failure modes, the pushing-in capacity and the
buckling load of the reinforcing screws and the compressive strength perpendicular to the
grain at the contact surface as well as in a plane formed by the screw tips affect the load-
carrying capacity of reinforced beam supports. The compressive strength perpendicular to
the grain at the contact surface may be calculated according to [4] (see also in [1]). The
pushing-in capacity and the buckling load of the reinforcing screw as well as the
compressive strength perpendicular to the grain in a plane formed by the screw tips are
presented subsequently.

For the first two failure modes it is assumed, that the compressive strength perpendicular
to the grain at the contact surface of the beam and the load-carrying capacity of the axially
loaded screws are reached at the same time. For the compressive strength perpendicular to
the grain a linear-elastic - ideal-plastic and for the axially loaded screw a linear-elastic
load-displacement behaviour is adopted. In spite of different load-displacement behaviour,
numerical and analytical calculations confirm that the load-carrying capacity of the axially
loaded screws is reached when the compressive strength of the timber is already reached.
For this reason, both load-carrying capacities can be added to calculate the load-carrying
capacity of reinforced beam supports.
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Fig. 2: Buckling of the screws and timber failure in a plane formed by the screw tips

2.2 Pushing-in capacity of self-tapping screws

Preliminary tests have confirmed, that the pushing-in capacity of self-tapping screws is
equal to the withdrawal capacity Ra. To determine the pushing-in capacity, 413
withdrawal tests with self-tapping screws were performed. Here, the screw diameter d
between 6 and 12 mm and the penetration length of the screw s in the timber between
3,33-d and 16-d were varied. The angle between the screw axis and the grain direction was
90°. The best correlation between the test results and the calculated values can be
achieved, when the withdrawal capacity is calculated by the following equation.

R, =0,6-v/d - £,"*. p°* (1)

The best correlation between characteristic values and test results can be achieved by
replacing the factor 0,6 by 0,56 in eq. (1) (see Fig. 3).

In Fig. 3 the calculated characteristic withdrawal capacities in comparison to the test
results are displayed.
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Fig. 3: Calculated characteristic withdrawal capacities in comparison to the test results

2.3 Buckling load of self-tapping screws as reinforcements

The second failure mode is characterised by screw buckling. Here, the reinforcing screws
are axially loaded in compression. The ultimate load-carrying capacity for buckling of
screws with a circular cross section can be calculated taking into account amongst others
the buckling load. The buckling load for axially loaded screws, which are embedded in the
timber, was determined by a numerical model (Fig. 4).
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Fig. 4: Numerical model to determine the buckling load Ny;



The axially loaded screw with the elastic foundation ¢, and with the elastic support cy is
displayed left in Fig. 4. The elastic foundation c, was determined from tests to determine
the embedding strength of the timber loaded by screws (400 tests). The elastic support ¢,
was determined from tests to determine the withdrawal or pushing-in capacity of the
screws (300 tests).

The best correlation between the test results and the calculated values can be achieved,
when the elastic foundation c;, is calculated by the following equation.

(0,22+0,014-d)-p
~1.17-sin @ +cos? a

c, (2)
The angle o is the angle between the grain and the force direction. For a. = 90° the elastic
foundation is smaller than the representative value for an angle of 0°. Hence, reinforcing
screws bedded into the timber are prone to buckle perpendicular to the grain.

For the elastic support ¢, the best correlation between the test results and the calculated
values can be achieved, when the elastic support c, is calculated by the following equation.

¢, = 234-(”2& (3)

0,6

S
The distribution of the axial force (Fig. 4) depends on the ratio between the elastic support
¢, and the longitudinal stiffness of the screw. An approximately triangle-shaped
distribution of the normal force leads to buckling of the screw close to the screw head.

Taking into account the elastic foundation c, and the elastic support c,, the buckling loads
for screws as reinforcements were calculated by a finite element calculation. Thereby, a
clamped screw head support and a hinged screw head support were modelled.

A hinged screw head support must be assumed, when the surface of the screw heads is
flush with the beam surface. In this case, using a steel plate, loads from the beam support
can be transferred simultaneously into the timber and into the screws. A clamped screw
head support may only be assumed by clamping the screw heads i.e. in the steel plate. For
this, it is necessary to countersink the steel plate in the form of the screw heads in such a
way as the surface of the screw heads is flush with the lower steel plate surface.

The buckling loads were derived depending on the screw length and on the density of the
timber, for hinged and clamped screw head supports, with Es = 210000 N/mm? and with a
ratio between the core and the thread diameter of di/d = 0,7 (see Tab. 1 and 2).

Tab. 1: Characteristic buckling loads for hinged screw head supports

Pk = 310 kg/m® Py = 380 kg/m’ Pk = 410 kg/m® pi = 450 kg/m®
K Screw diameter [mm] Screw diameter [mm] Screw diameter [mm] Screw diameter [mm]
[ N] 4 6 8 10 | 12 4 6 8 10 | 12 4 6 8 10 | 12 4 6 8 10 | 12

Nki,G,k

20 | 3,99]1451[495]537]5,79]4,85]552]6,06]658]710]522]595[16,54(7,10]|7,66]5,70]6,53]7,18|7,79] 8,40

40 |1 750]125]1145({159(17,31838]149]176]195(21,118,73]|16,0]19,0]21,0f228])9,16]17,3]20,7]230]250

T 60 | 744116,4(242]283)31,2]830)18,4|28,7|343]|381]864]19,2]305(368]|41,0]9,08]20,2]32,7|40,1]448
] 80 |741]16,5]285]39,0]454]8,24]|185]32,2]|459]54,7]1858(19,2]|33,6]48,7]58,6]9,00{20,2]354]52,1]63,7
| 100 16,6129,0]43,9[56,9 18,6325 49,7] 66,7 19,3]134,0152,1{70,6 20,3]135,8]550] 754
g 120 29414491624 33,0]1506]711 34415291745 36,2]558] 78,8
& [ 140 29,71457[64,2 33,2151,4]1725 34,6]53,7]759 36,4]56,7] 80,2
= | 160 46,4] 65,4 52,11 73,9 5431773 57,21 81,6
2 [180 7.2 16,7 46,8 | 66,5 8,06 18,6 52,41 75,0 8,38 19,3 54,7178,4 8,80 20,3 57,6]82,7
< (200 29,8 67,4 33,3 75,8 34,7 79,2 36,5 83,5
220 47,1(68,1 52,7]176,4 55,0 79,7 57,81 84,0
>240 68,6 76,9 80,2 84,4

N, | 681]16,1]29,9] 486 72,6754 17,8|33,1|53,8] 80,4]7,83] 18,5] 34,3 55,9] 83,5] 8,20] 19,4 ] 36,0] 58,5] 87,5




Tab. 2: Characteristic buckling loads for clamped screw head supports

Nii e k px = 310 kg/m® i = 380 kg/m® pw = 410 kg/m® pr = 450 kg/m®
s Screw diameter [mm] Screw diameter [mm] Screw diameter [mm] Screw diameter [mm]
[kN] 4 6 8 | 10]12] 4 6 8 | 10f12] 4 6 8 | 1012 ] 4 6 8 | 10 | 12
20 1133[16,9]185]20,0]|21,6]14,5|20,7|226]246]265]150]224|244]265]286]157|24,6]268]29,1]313
40 | 16,2]124,5]136,1(39,1(422]119,1]|28,2]44,2]479(51,7]20,3]29,8]47,7]51,7[558]21,7|32,0]50,8]56,8]612
—| 60 |17,2|31,9[41,1|56,4]62,7]19,3]38,0]484|644[769]20,1]405]|515|678(829]21,2]43,7]556]723]91,0
E 80 |17,2(36,6]51,2]|61,7|765]19,1|141,2|61,4]733]89,1]19,8]|43,0|656]782|945]20,8]|453]71,2|84,8]| 102
[ 100 36,9160,7]739] 857 41,71695]88,9] 102 43,61728]952] 110 46,0] 77,0f 103 | 119
£ [ 120 62,1]86,8[99,8 70,5] 102 | 120 74,0] 108 | 129 78,4] 115 140
S | 140 63,7]92,2| 115 72,3] 105 | 137 75,7 111 | 146 80,0 117 | 157
= | 160 94,5] 126 108 | 145 114 | 153 121 | 163
S [ 180 156 36,1 97,2 130 173 40,0 111 | 149 179 41,6 116 | 157 188 43,7 123 | 167
< 1200 64,8 134 73,0 154 76,2 162 80,3 172
220 99,1 137 112 | 157 117 | 165 124 1 175
>240 140 159 167 177

[ N2 [136]321]597]972] 145 151(356]66,1] 108] 161 ]157[37,0]687] 112|167 [164]387]72,0] 117|175 ]

Useful for comparison, the buckling loads Nii” and Nii«® are displayed in the bottom line
in Tab. 1 and Tab. 2. Here, Nki,kl) =,/C, -Es -l corresponds to the buckling load for

elasticly bedded beams without supports (Zimmermann, 1905). The buckling load for
elasticly bedded beams on two supports can be calculated by Nki,kz) =2-,/C,-Eg -1l

(Engesser, 1884). For slender and long beams, Nii i and N2 is independent of the beam
length. Subject to these limitations, the buckling load for long screws can be easily

calculated using Niix” or N2, Es = 210000 N/mm? and I :é-(o,rd)“.

2.4  Load distribution in beam supports

The load-carrying capacity for the third failure mode is characterised by reaching the
compressive strength perpendicular to the grain in a plane formed by the screw tips. In this
case, the load-carrying capacity for this failure mode depends on the compressive strength
perpendicular to the grain and on the compressed area in a plane formed by the screw tips.
The load distribution and consequently the length of the plane formed by the screw tip
where compressive stresses occur were determined from a numerical calculation (see [2]).
Two different beam supports were studied: Directly loaded sleepers and indirectly loaded
beam supports.
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Fig. 5: Load distribution in directly loaded beam supports



Fig. 6: Load distribution in indirectly loaded beam supports

In directly loaded sleepers a linear load distribution may approximately be assumed (see in
Fig. 5). The length of the plane formed by the screw tips where compressive stresses occur
can be calculated taking into account the length of the screws and the length of the beam
support. In contrast, the load distribution in indirectly loaded beam supports is nonlinear
and the increase becomes less with increasing beam height (see in Fig. 6).

As a result of the nonlinear load distribution in indirectly loaded beam supports (see in Fig.
6), the length of the plane formed by the screw tips where compressive stresses occur can
be calculated as follows. For single-sided load distribution see eq. (4), for double-sided
load distribution see eq. (5).

0

0y, =0+0,25-05e " (4)

ls

0y, =0+0,58-0g-e " (5)

2.5 Design equations for the load-carrying capacity of reinforced beam
supports

Taking into account the three different failure modes, the load-carrying capacity Rgoq Of a
reinforced beam support may be calculated as follows:

. [N Ry Koo Lo B Fgog
R4 = ’ o
20 mm{ b'gef,Z ' fc,go,d (6)
where
Ry =min{R,, ; R4} (7
Rc,d =K. N pl.d (8)
K, =1 for A< 0,2
. _ ©)
K,=———== for 1>0,2
k+vk?-A°
with
k=0,5.[1+0,49-(1—o,2)+?} (10)



Z - I\lki,d (11)

and

Raxd Design value of the withdrawal capacity (see eq. (1)) calculated with Kpoqg
and s =1,3.

n Number of screws

b Width of the beam

let les = | + max {l ; 30 mm} for single-sided load distribution, see in [1]
les = 1 +2:max {l ; 30 mm} for double-sided load distribution, see in [1]

let 2 see in Fig. 5and 6

Kc.90 Coefficient koo € [1; 1,75] for the load distribution, see in [1]

fc.00.d Design value of the compressive strength perpendicular to the grain

Npl.d Design value of the plastic load-carrying capacity calculated with the cross
section of the core diameter of the screw.

Nk d Design value of the buckling load for a screw taking into account the elastic

foundation perpendicular to the screw axis, a triangular normal load
distribution along the screw axis as well as the support condition of the
screw head. For hinged head supports the design values of the buckling load
are summarised in Tab. 1. For clamped head supports see Tab. 2. The design
value is calculated from the characteristic value with kneg and y = 1,3.

3 Calculation model for the stiffness

The effective stiffness perpendicular to the grain in the range of the reinforced beam
support is derived using the Volkersen Theory (1953). The complete derivation for the
effective stiffness of a reinforced beam support is specified in [2]. The effective stiffness of
a reinforced beam support can be estimated by the following equation:

By fip N0 -(Vr:ﬂj-a;-sinh(a;-és)

Etot = (12)
¢—1//+n-(":+1j-cosh(a)-és)+0,7- fio-ls ¢ --sinh(w-L)
with the load distribution factor f.p for a linear load distribution
gs
fip =41+ L-7-tana (13)

and with the ratio between the extensional stiffness of the timber and the screw ¢ as well as
the coefficient yand w:

: .cosh(w- ¢
4= Eg - A W:n+¢ cosh (e S)'fLD . 1 .. <, (14)
E.-A cosh(w-(4)-1 E<-A. Ey-A

Further notation:




n Number of screws

Eoo'A extensional stiffness of the beam at the beam support perpendicular to the
grain direction

Es-As extensional stiffness of the reinforcing screw

Cy see eq. (3)

Is,|, =45 seeinFig.5
L L = 1 for single-sided, L = 2 for double-sided load distribution

It must be pointed out, that the effective stiffness estimated by eq. 12 to 14 is only valid for
reinforced beam supports using self-tapping screws. Furthemore, the equations only apply
for a linear load distribution, such as in directly loaded beam supports. The effective
stiffness for reinforced beam supports in the range of the reinforcing screws is only valid,
when the surface of the screw heads is exactly flush with the surface of the beam support.
To receive an impression about the size of Ey: depending on the reinforcement, two
diagrams were generated. Left in Fig. 7 the effective stiffness depending on the screw
number n and the screw length Is is displayed for a screw with 6 and 12 mm diameter.
Remarkable is the increasing of Ey: with increasing screw length. Right in Fig. 7 the
effective stiffness depending on the beam support area and the screw diameter for one
screw (n = 1) is displayed. Remarkable is the increase of Ei: with decreasing spacing
between the screws. For large screw spacing, E is hardly higher than the MOE for solid
timber perpendicular to the grain.
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Fig. 7: Ewt depending on Is and n (left) and E;: depending on A and d (right)

4 Tests

To verify the calculation models, different reinforced beam supports were tested (15 test
series). To demonstrate the effectiveness of reinforced beam supports, further non-
reinforced beam supports were tested (4 test series). All tested specimens are specified in
Tab. 3. The averaged load-carrying capacity for each test series is displayed in column
four. In the following column the averaged effective stiffness of the reinforced beam
supports is displayed. Information about the geometry of the beam support and the screws
as well as the plastic load-carrying capacity Np for the screws are displayed in column 6 to
12.



A remarkable effect of this reinforcing method is the high increase in load-carrying
capacity compared to the non-reinforced geometrically identical beam supports. For
example, the averaged load-carrying capacity for the test series A_6 6 is 132 kN and
consequently 130% higher than the corresponding value for the test series A_2. The
greatest increase in load-carrying capacity was reached with the test series D_8b_6. Here,
compared to the test series D_2, the increase in load-carrying capacity was 330%.

Furthermore, for reinforced beam supports a high increase in stiffness perpendicular to the
grain direction is observed. Compared to solid timber with a MOE perpendicular to the
grain of about 300 — 500 N/mm?, the effective stiffness Eq; perpendicular to the grain in
the range of the reinforcing screws reached a maximum value of about 1870 N/mm?.

Tab. 3: Properties of tested beam supports and test results

number| mean | mean | mean beam support reinforcing screws
specimen|] of [density| load- | MOE | direct/ [width{lengthinumber| screw | length of [ductile
spec. carrying indirect of |diameter|the threaded| axial
capacity screws part force
n p Roo Erot t les n d Is Npi
[1 | [ [ko/md) (kN]|INmm']] [ [fmmifmm]] [ | fmm] | [mm] | [kN]
Al 5 463 43,2 - indirekt| 100 | 80 - - - -
A 72 5 444 77,5 790 |indirect] 100 [ 80 2 7,5 180 32,7
A 82 5 459 92,0 1293 [indirect| 100 | 80 2 8 340 32,7
A 10 2 5 448 104 845 |indirect| 100 [ 80 2 10 200 51,8
A7 4 4 446 126 635 |indirect| 100 | 120 4 7,5 180 32,7
A 10 4 5 449 133 764 |indirect| 100 | 120 4 10 200 51,8
A2 10 464 57,1 - indirekt| 120 | 90 - - - -
A 66 10 466 132 861 |indirect| 120 | 90 6 6,5 115/160 | 22,5
D 1 5 451 46,0 - direkt [ 100 | 80 - - - -
D72 5 460 96,1 1050 | direct | 100 | 80 2 7,5 180 34,2
D 8?2 5 425 98,0 1350 | direct | 100 | 80 2 8 340 32,7
D 10 2 5 439 104 1119 | direct | 100 | 80 2 10 200 51,8
D74 14 443 127 985 | direct | 100 | 120 4 7,5 180 34,2
D8 4 6 445 169 1247 | direct | 100 | 120 4 8 340 32,7
D 10 4 5 456 173 836 | direct | 100 | 120 4 10 200 51,8
D 2 3 450 56,4 - direkt [ 120 | 90 - - - -
D76 3 459 195 1196 | direct | 120 | 90 6 7,5 180 34,2
D 8a 6 3 453 228 1435 | direct | 120 | 90 6 8 260 39,1
D 8h 6 3 455 242 1870 | direct | 120 | 90 6 8 400 37,5

In the following Fig. 8 and Fig. 9 the test results (Rgo and Eiy) for each test series are
compared with the calculated values. All values were calculated with the averaged density
and the averaged plastic load-carrying capacity for the screws. Furthermore, the
compressive strength perpendicular to the grain was assumed as 5 N/mm?. The effective
stiffness perpendicular to the grain Eq Was calculated using a MOE of 300 N/mm?.

10



The calculated values show a good agreement with the test results. Furthermore, the

calculated failure modes mainly correspond to the failure modes observed in the tests (see
in Fig. 8).
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Fig. 8: Calculated load-carrying capacities in comparison with the test results
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Fig. 9: Calculated effective stiffness in comparison with the test results
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5

Summary

Self-tapping screws with continuous threads provide a good opportunity to reinforce beam
supports and consequently to increase the load-carrying capacity and the stiffness
perpendicular to the grain or to minimize the elastic displacement perpendicular to the
grain. In this paper a calculation model for the load-carrying capacity and for the effective
stiffness reinforced beam supports using self-tapping screws is presented. With the first
calculation model it is possible to calculate the load-carrying capacity and to predict the
failure mode of a reinforced beam support. The second calculation model may be used to
estimate the stiffness or the elastic displacement perpendicular to the grain in the support
area. Both calculation models were verified by test.
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