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Summary

Concentrated loads on Cross Laminated Timber elements (CLT) in areas of point supports or
load applications cause high local shear stresses. Inclined self-tapping screws with continuous
threads have turned out to be an effective reinforcement. As neither the German design standard
DIN 1052 [2] nor technical approvals cover this construction method a research project funded
by the AiF [3] was conducted to gather basic information for its application. These basics
include the determination of shear stresses next to concentrated loads, the interaction of
compression perpendicular to the grain and rolling shear stresses as well as theoretical and
experimental examinations of the load bearing behaviour of reinforced CLT-elements. This
paper presents the main research results. A design concept validated by means of the test results
IS proposed [4].

1. Introduction

Ceilings of CLT are generally smply supported on two sides so that uniaxial load transfer is
activated paralel to the lamellas of the top layers. Due to the composition of the CLT-elements,
with an orthogonally aternating orientation of neighbouring board layers, the slabs are also
suitable for constructions with point supports. These systems profit from the biaxial load transfer
and the possibility of the prefabrication of large-scale elements.

Concentrated loading causes high shear stresses in these areas (Fig. 1). Since the rolling shear
capacity of timber is considerably lower than its shear capacity paralel to the grain, shear-
fracture appears in the cross layers of CLT elements. First tests within the scope of pilot projects
revealed that reinforcement with inclined self-tapping screws noticeably enhance the shear
capacity of the CLT-elements [5]. As this reinforcement is not covered by the current design
standards, aresearch project funded by the AiF [3] was conducted to gather basic information for
their application.

* The contents of the paper have first been presented at the CIB W18 Meeting 2011 in Alghero, Italy [1]
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Fig.1 Local reinforcement by self-tapping screws with continuous threads

2. Experimental tests

Within the scope of the project various experimental tests were carried out. Some small-scale
tests were necessary to determine material and system parameters for the FEM-simulations
carried out in parallel. Tests with CLT-elements supplied basic information for the interaction of
rolling shear and compression perpendicular to the grain as well as for the load bearing
behaviour and the strengthening effect of CL T-elements reinforced by self-tapping screws.

2.1 Material and fabrication

The cross section of the test specimens consisted of seven layers, the total thickness of the
elements was 119 mm (7 x 17 mm) and 189 mm (7 x 27 mm). The base plates were built up of
spruce boards of grade S10 (visual grading according to DIN 4074-1 [6]) that were not gl ued
along their edges. The density of the boards for the cross layers ranged between 440 kg/m” and
480 kg/m°. Due to the fabrication process by vacuum gluing, the lamellas of the test series “ Type
119” and “Type 189" had relief grooves parallel to the grain as shown in Fig. 2.
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Fig. 2 Cross sections and dimensions of the single boards
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2.2 Interaction of rolling shear stresses and compression per pendicular to thegrain

Concentrated loading in CLT elements causes a combination of high shear stresses and
compression perpendicular to the grain (Fig. 3). The positive effect of compression on the shear
capacity parallel to the grain is an established fact and has been the object of various
investigations [7], [8]. However, comparable evaluations concerning the interaction of rolling
shear strength and compression perpendicular to the grain are not yet available. Hence
experimental tests were carried out to gather first information on the increase in rolling shear
capacity due to this stress interaction. Therefore shear elements inclined against the vertical by
10° were stressed by a shear force. The shear force was induced into the layers parallel to the
primary direction (Fig. 4). The initiation of the compression was developed by lateral steel

R
— LITTTTToes
1—<—<E30—¢—¢—
- T rolling shear stresses
T T I T T A G.y)0  COmMpression perp. "
LIT I L I I to the grain R4 R

~ . B e
I element of the cross section T,

Fig. 3 Interaction of rolling shear and compression perp. to the grain caused by concentrated
loading
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Fig.4 Test configuration



The simulation of the test configuration by using an FEM-shell-model [9] shows that due to the
inclined load initiation compression perpendicular to the shear plane is mainly located in the
boundary region (Fig. 5). Because of its rapid decrease it was neglected in the course of further
evaluations. The force component paralléel to the shear

plane causes an almost constant distribution of rolling rolling shear stresses compression perp.
shear stresses and so the rolling shear capacity was
calculated on the assumption of a constant stress
distribution. The mean values in Tab. 1 indicate that
not only the material but also the geometric relations of
the board dimensions, particularly the arrangements of
the relief grooves, influence the level of resistance. It
appeared that the smaller the ratio of the distance
between the gaps or relief grooves to the thickness of
the layers, the smaller the rolling shear capacity.

Tab.1 Mean values of the rolling shear capacity

Elements Type 119+ Type 189-i Type 189 _S-i
Series Ge.00 Trmeani | COV| frmeani . COV| fomeani | COV
i [Nmm?] | [N/mm?] -] [N/mm?] - [N/mm?] -] Fig. 5 Distribution of stresses
i=0 | 0,00 1,47 0,08 0,90 0,09 142 0,06
i=1 (=030 1,52 0,07 1,10 0,09 1.61 0,04
i=2 . =0,80 1,84 0,07 1,27 ’ 0,06 1.83 . 0,04

As the reference for comparison was from tests without external pre-stressing, the main focus
was directed to the increase of the strength and not on the value of the rolling shear strength
itself. The increase in the rolling shear capacity can be described by the parameter, krgo,
according to equation (1). The evaluation was carried out separately for each base element to
minimize the influence of the material properties.

fes, with i=1,2and j=A ..., E (seeFig. 4) L

R,i=0,j

K. =

R,90
f

The chart in Fig. 6 illustrates the evaluation of the parameter koo according to equation (1) and
the corresponding regression curves of each element type. It appears that the ratio of the distance
between the gaps to the thickness of the layer affects the parameter kroo as well. Nevertheless it
does not seem useful to consider this geometrical ratio within a practical design concept, since
the influence of the ratio on the resistance is already taken into account by the characteristic
rolling shear capacity in the technical approvals. In addition the design engineer generally does
not know the exact dimension of the boards and even less the arrangement of the relief grooves.
So, for the final proposal, the parameter krgo Was derived on the basis of a regression curve
including all results without differentiation of the element types (Fig. 7). It represents a
conservative criterion for the stress interaction that allows a maximum increase of 20 % of the
rolling shear capacity. The parameter krgo should be applied within the stress verification as
shown in the following equations:

i;c? 3% 1] and oegin N/mm? (2) and (3)

TR,d = kR,QO

fog with k. = min{
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2.3 Reinforcement —uniaxial load transfer

The load bearing behaviour of reinforced CLT elements was analysed by means of various test
configurations. Tests with shear elements that were inclined against the vertical by 10°
(analogous to Fig. 4, without pre-stressing) are described and evaluated in [3]. In addition the

B following  four-point-bending  tests

ll - % ﬂm I according to CUAP 03.04/06 [10] were

3 i 1 carried out. The test configuration and

e ‘1 main dimensions are shown in Fig. 8.

N e e e e g e First one unreinforced series of each

‘g‘ 3.33d . 3 3.33d o element type was tested to determine a

L T L=94 "L reference value of the rolling shear

. | | " capacity. Tab2 contains the calculated
| a L |t | widihb .

Tye 119 | 119 | 1070 ‘ 50 | 300 | [mm] mean and characteristic values. Then the

elements of the remaining series were
reinforced with self-tapping screws with
Fig. 8 Configuration of four-point-bending tests continuous threads (Spax-S [11], d = 8,0
mm).

Type 189/189. S | 189 | 1700 | 80 | 300 | [mm]
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Tab. 2: Rolling shear capacity of the unreinforced Tab. 3: Type 119 — #meani
el ements Arrangement of the screws

Type |Myeani 11| COV -]

(d = 8,0 mm) in mm
Element Type Type 119 | Type 189 |Type 189 S
3 119-1 1,25 0,03
fR.m(un.ﬂ 1.35 0.97 1.34 [N/mm']
Srio 1,13 0,77 1,08 [N/mm?] 150
Jrx (acc. to abZ) 0,70 0.70 0.70 [N/mm?] 1192 | 1,30 | 0,09

Tab. 4. Type 189 — i
The primary criterion to describe the influence of the P fmean

Arrangement of the screws

reinforcement on the structural behaviour is the (d=80 mim) e s TYPE {peqn; [-]| COV[-]
strengthening factor #7mean;. It is defined by the ratio of 100 )
the proof loads of the reinforced elements to the proof % B 1891 | 131 | 0gs
loads of the unreinforced reference series: 200 150,
. % = 1892 | 138 | 0,06
mean,i mean, reinforced specimens | =
nmean,i = = ] (4) 100 150
Fmean,o Fmean, unreirforced specimens \‘At‘:“\“ \(‘\“_ E .412 189-3 |,64 0.08
Tab. 3 to Tab.5 give a general view of the tested 5 50,
arrangements of screws for each element type and also  [BassS— = | 1804 | 159 | 004

contain the strengthening factor #meani, Calculated on |[FFV—=
the basis of the test results. Each series consisted of

i - Tab. 5. Type189 S— i
five test specimens. The results reveal that the yp —> /mean,
application of screws increases the load-carrying | Amengementolthescrews | wlcorp

(d=8,0 mm) in mm

capacity by up to 64 %. Even comparatively few [ 300, 130,

screws cause an increase of more than 25 %. So the ﬁ ={[189_5-2| 134 | 0,02
structural behaviour is affected positively by a growing %

number of screws. Consequently the failure mode %%ﬁ == 89 3| 146* | 0,10*
changes and the elements partially fail by bending and )

not by shear fracture. *partially bending failure

2.4 Reinforcement —biaxial load transfer

Shear tests with plate elements were carried out to gain preliminary experience with
reinforcement by self-tapping screws under biaxial load transfer. Plate elements supported along
all sides and stressed by concentrated loading as well as elements with point supports in the
corner regions were used according to the configurations shown in Fig. 10. A first test revealed
intense indentations in the area of loading (Fig. 9). As a consequence, self-tapping screws, under
the steel plates of the load application and at the point supports, were applied vertically to serve
as reinforcement. Further information on this kind of reinforcement isgivenin [12].

Fig. 9 Intenseindentationsin the area of the load application
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Fig. 10 Test configurations and arrangements of reinforcement

One unreinforced series of each configuration was tested to determine the reference values of the
shear capacity. Then the series of reinforced elements shown in Fig. 10 were carried out. The
series “Type 189 E-2" consisted of two, all others of three test specimens. Table 6 shows the
strengthening factors #meani Calculated by means of the proof loads according to equation (1)
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analogous to the tests on beam elements. The increase in load-carrying capacity ranged between
26 % and 49 %.

Tab. 6 Mean values of proof loads and strengthening factor ymean,i

; central load point support in corner region
test configuration . ;
Type 189 P-i Type 189 _E-i
. 2
series 1 = 0 1 0 1 =
(unreinforoed) | (reinforced) | (unremforeed) | (remforced) (reinforced)
mean value of proof
el P 381.1 479.4 304.9 409,7 4556

loads Feani [KN]
COV [-] 0,05 0,02 0,04 0,05 0,01
strengthening factor
Yumeanii [-]

1,26 - 1,34 1,49

Due to the biaxial load transfer it is not possible to anaytically calculate the rolling shear
capacity by means of the proof loads. FEM-simulations were necessary to evaluate the rolling
shear stresses at the time of failure. The simulations were done with the program ANSY S [13]
using a solid model taking into account the symmetrical conditions (Fig. 11). The rolling shear
stresses determined by the simulations exceed the rolling shear capacity according to the four-
point-bending tests by up to 70 %. Further examinations revealed that this cannot be explained
only by the stress interaction. Hence it may be assumed, that in case of biaxial load transfer
additional effects like dispersion and redistribution of stresses or dowelling effects caused by less
stressed areas get activated and thus lead to these comparatively high strength values.

> F= /"ml’mr ,),/4
(=381,1/4 kN)

——— ‘ B (N/mm?
o = — T [N/mm?]
1

. 652 .884 1.116 ' 1.348 .58

Fig. 11 Distribution of rolling shear stresses of the
series” Type 189 _P-0" (unreinforced element)

3. Calculation of internal forces and stresses

In contrast to simply supported CLT slabs with uniformly distributed loads there are no
calculation toolkits or design charts for constructions with point supports or concentrated |oads
available that guarantee a cost-effective and safe design. In the case of shear-design it isfirst of
all necessary to evaluate the distribution of shear forces in primary and secondary supporting
direction to be able to calculate the critical shear stresses. Hence different influencing factors
concerning the distribution of shear forces were examined by means of a parametric study in
order to find an approach for the ssmple estimation of shear stressing. The calculations of this
study were carried out using girder-grid-models in order to avoid stress peaks caused by
concentrated loads and to minimize the computational effort. The required stiffnesses were
calculated according to annex D.3 of the German design code DIN 1052 [2] using the material
constants of boards of the strength class C 24.
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Different influencing variables concerning the distribution of shear forces were evauated.
Detailed descriptions can be found in [3] and [4]. The significant variables and considered limits
were:

Thickness d of the elements: 0,10m<d<0,22m — ;Ed'

Ratio of the spans I/b: 1<I/b<3 o t——L==— 4
VR Y] d.=d

Number of layersn: 5<n<11 - 74 o

Square support (Fig. 13/14) - bax = bay Fig. 12 Examined section type

The following structural systems were analysed:
Central point support respectively concentrated loading
Point support in the corner region

The results reveal that in the analysed systems the distribution of shear forces is predominantly
influenced by the number of layers. Other parameters, like the ratio I/b of the element
dimensions or its thickness can be neglected. So the shear force in the primary direction can be
calculated by applying the following equations and the shear force in the secondary direction by
the equilibrium of the forces.

Central point support / concentrated loading (Fig. 13): VvV, ~033-n"-F, (5)
Point support in the corner region (Fig. 14): V, ~067-n"-F,
(6)
|
: X
: intersection for the calculation il . R _
Hy of rolling shear stresses L[ intersection for the calculation
| ¥ Y P e ™ A\ 7 of rolling shear stresses
: N B ikt 2
A 2arin| T
i ’.\;E® ®; e |-i--'| P ! ‘I itk <
B V- [k L
L by | ’. | ] ik
: b ] | e
£ | dl ™ ] I- d .
—— = 3, =1
- ] - ’ K £ Tl ST S B il Yo
! —1 \35° - 35 |
F, éf/
Fig. 13 Central point support / concentr. loading | Fig.14 Point support in the corner
region

The calculation of the rolling shear stresses along the edges of the support leads to conservative
but inefficient results. Hence different approaches of the load distribution were analysed by
FEM-simulations using solid models [4]. It appeared that for the analysed systems and
conditions the load distribution can be assumed at an angle of 35° to the centre line of the CLT
elements. So the governing rolling shear stresses can be calculated by using the effective width
shownin Fig. 13 and Fig. 14.
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by, In addition the simulations show that thereis a
‘ relatively constant distribution of shear

. ) _ k= MaX7, o stresses aong the edges of centra point
» |point support ’ Tiu supports. In contrast to this an increase of
VRECTREE: maxz, . shear stresses in direction of the edges can be

il A LU hE— ®)  observed along the support edges of point
8= o\ Doy . 9 P 9 RoIr
e ) " supports in the corner regions (Fig. 15). This
Pﬁax . T s valiel increase is according to the calculations in [4]

Ryz more distinctive with growing ratio of the

width of the supports to the thickness of the
Fig. 15 Distribution of stresses element. But the analyses of the effective
width were based on the assumption that there
Is a constant distribution of shear stresses. Therefore it was necessary to determine a parameter
ka that considers the increase mentioned. Taking al results into account the rolling shear stresses
can be calculated by the following simplified equations:
V_/b

- ef x . k 9
TR)XZ kR,x (dx + dy) . ( )

vV, Ib
Toy = yz—ef'y.kA (10)
kR,y .(dx +dy)

Tab. 7 Parameter kRx and kR)y [-] Tab. 8 Parameter kA [-]

number of | - g 1 ratio of by /d or by, /d <10 | <15 | €20
layers n i ! 2 : 2 % = =
X 200 | 250 | 333 | 3.89 point support in corner region ki 135 1,50 1,65
Rx i) =3 il kit ol . 1
- TN 100 | 200 | 250 | 333 central point support / concentrated loading A4 1,00

The equations can also be used for beam elements under uniaxial load transfer. In this case the
effective width corresponds with the width of the beam and ka iska = 1,0.

Note: In the equations (9) and (10) there is no differentiation of the shear forces of plane A and B
according to the shear analogy (annex D.3 of DIN 1052 [2]), because this simplified assumption
was taken as the basis within the determination of the effective width.

4. Design concept

The FEM-models described in [3] and [4] on the basis of shell or volume elements are mainly
suited for academic research or the analysis of special constructional details. But these
simulations are comparatively complex and error-prone because of the great number of input
parameters. For a general design concept it makes more sense to use a strut and tie model, which
describes the structural behaviour of the composite section of CLT and self-tapping screws in a
simplified manner. So it needs considerably fewer input parameters.
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The following conditions, for limits of application,
were defined to guarantee the verification by the
results of the experimental tests and to realize a
practical design concept.

- Symmetrical cross section

« Inclination of 45° of the screws

limits of application: d/3<a,<d
- Arrangements of the screws d3<a,<15d
according to Fig. 16 a=45°

Fig. 16 Arrangements of the screws
4.1 Uniaxial load transfer

According to this design concept the load-carrying capacity under shear stresses of reinforced
CLT elements is composed of the rolling shear capacity of the cross layer itself and the
proportionate |oad-carrying capacity of the screws. The assumption of this simultaneous effect is
justified, because the experimental tests show that, despite the small shear deformation of the
CLT elements, tension forces are activated in the screws. For the calculation of the proportionate
load-carrying capacity of the screws, the model shown in Fig 17 can be used. The screws,
symbolised by the diagonal struts, bear forces parallel to the shear plane. Dueto the fact, that it is
mainly a shear model the influence of bending is neglected. The screws in tension additionally
cause compression perpendicular to the shear plane which affects the rolling shear capacity
positively. In Fig. 17, springs symbolize the transfer of the compression forces. The influence of
the stress interaction is considered by the parameter kg o determined in chapter 2.2.

3 R_, /2
bending-rigid W e 142

|

|

3

() >

+ 3 3l
2|

|

i

N i
. e R, I1\2
Sra = Krso* fra +
a1 ! a2,s/

Jrx charact. load-carrying capacity of the reinforced CLT under shear stresses [N/mm?]
Jry charact. rolling shear capacity (according to technical approvals) [N/mm?]
R, charact. load-carrying capacity of a screw parallel to its axis [N]
a, distance of the screws parallel to the load bearing direction [mm)]
a,,r effective distance of the screws perpendicular to the load bearing direction [mm)]
I, effective embedment length of the screws for the calculation of R, [mm]
kg o parameter for the consideration of the stress interaction [-]

Fig. 17 Design concept on the basis of a strut and tie model

In this case the capacity of the screws is essentially dependent on their withdrawal strength.
Universal equations for its calculation are currently not available for an inclination of 45°.
However, the investigations within this research project revealed that on the basis of the result of
BLAR & UIBEL [14] the withdrawal strength Raxk of the screws can be cal culated approximately
according to equation (11).
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[N] (11)

_[248-d°%-2%¢
R, =min

d diameter of the screwsin mm
lef effective embedment length of the screwsin mm
Ruk tenslecapacity (according to technical approvals)

The effective embedment length |, according to equation (12) is dependent on the position of
the layer. It results from the minimal penetration length of the screws, based on the centre line of
the decisive layer. Fig. 18 showstypical geometric relations.

I I e . e | ] |
s - e =1 H 1
|, =min
I — e = I f l, (1)
3 S T S~ %
/ 1

B axis of the decisive layer
Fig. 18 Definition of the effective embedment length I of the screws

The compression perpendicular to the grain should be determined by the vertical force
component of the screws and the distances between them. Equation (14) delivers the effective
distance ay &, Which isthe minimum of the real distance a; and the quotient of the element width
b and the number of screw lines n, perpendicular to the load bearing direction.

R, /2

= with  a,, =max
a,-a '

aZ
o/n. (13) and (14)

ac,QO
2,ef

The influence of the stress interaction should be considered by the parameter kg go:

k =min{]1:2r(c))’35.a°’90 [[] with ocgin N/mm? (15)

R,90

This finally leads to the following shear verification for reinforced CLT according to the design
model shownin Fig. 17.

¢ Ruli2 (16) and (17)

a,-a,,

7., <k =k

mod Rk R,90 '

e with
Y

4.2 Biaxial load transfer

Even unreinforced CLT elements show high compressive stresses perpendicular to the grain in
areas of point supports or concentrated loading. So the positive influence of the stress interaction
on the rolling shear capacity should be considered in the shear design of CLT elements without
reinforcement. The compression o9 perpendicular to the grain and the governing rolling shear
stress 7r 4 have to be determined by capable computation programs. In standard cases the stresses
can also be estimated by the effective width bex and bery, which result from the load distribution
at an angle of 35° to the centre line of the elements (Fig. 19 and Fig. 20).

T = k with  Fg charact. support force or concentrated load (18)

ef,x ef,y
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Fig. 19 Central point support / concentr. loading | Fig. 20 Point support in the corner region

Again in the course of the stress verification the influence of the stress interaction ought to be
considered by the parameter kr oo according to equation (15):

kKoo far (19)

T mod
"m

Rd

The design concept for reinforced CLT elements under biaxial load transfer is also generaly
based on the strut and tie model for beam elements shown in Fig. 17. However, in this case there
is no clearly definable element width. So instead of the beam width b the effective width bex Or
bery has to be used to determine the effective distance of the screw lines ay ¢ perpendicular to the
load bearing direction. In primary direction ay is.

—max]) 2 20
L (20)

with n.: number of screw lines n, perpendicular to the load bearing direction

The total compression o.g perpendicular to the grain, needed for the determination of the
parameter kg oo, iS the result of the superposition of the compression components caused by the
concentrated loading and vertical force component of the screws:

oo B Ruli2 (21)

a,-a

2,ef

In the course of the shear verification in equation (22) the shear stress zrq, determined on the
basis of an unreinforced cross section, has to be compared with the load-carrying capacity of the
reinforced elements according to the strut and tie model. Again the rolling shear stresses have to
be calculated by capable computation programs or can be estimated by the simplified method
using an effective width as described in chapter 3.

Ru /2 (22) and (23)

a,-a,,

f _ _
Trg < kmod ’ % with fR,k = kR,QO 'fR,k
M
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4.3 Verification of the design concept

In order to verify the proposal of the design concept the charts in Fig. 21 contain the
characteristic load-carrying capacity according to the strut and tie model as well as the proof
loads, the mean values and the 5%-quantile values of the four-point-bending test.

Type 119

Type 189 T 189 S
120 150 180
Z =z " Z
X X~ LA X v
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Fig. 21 Comparison of the test results (four-point-bending test) with the design concept

The charts in Fig. 22 show the analogical comparison of the design concept with the results of
tests on biaxial load transfer. This time the design concept delivers two components of the load-
carrying capacity. Hence the values Fraxxi and Fruxyi indicate the load-carrying capacity
according to the strut and tie model in primary and secondary direction. The stresses were
calculated according to the simplified method described in chapter 3.
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Fig. 22 Comparison of the test results with the design concept — biaxial load transfer

The comparisons verify that the proposed design model represents a conservative approach for
the shear design of reinforced CLT. The difference between the values of the design concept and
the mean values remains quite constant for each element type. This signifies that the increase in
load-carrying capacity, as a result of the reinforcement, is covered fairly well by the design
concept. But, especially under biaxial load transfer, the base level, which means the design value
of the unreinforced series, is considerably underestimated. This corresponds to the results of the
FEM-simulations, which aso delivered, for the unreinforced series, considerably higher rolling
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shear stresses than the rolling shear capacity determined by tests on beam elements under
uniaxial load transfer.

5. Conclusion

The results presented in this paper allow the shear design of CLT under concentrated |oading,
considering reinforcement by inclined self-tapping screws with continuous threads. The main
conclusions delivered by the described research project are:

Concentrated loading in CLT elements causes a combination of high shear stresses and
compression perpendicular to the grain. By means of experimental tests, the positive effect
of this stress interaction on the rolling shear capacity was verified and a design concept is
proposed.

Self-tapping screws with continuous threads are a simple and efficient reinforcement. They
allow a cost-effective shear design of CLT structures, as they can be applied systematically
in localised areas with high shear stresses. Thus they increase the load-carrying capacity in
the decisive areas. A simplified design concept validated by means of test results is
recommended. It is based upon a strut and tie model and can be used for beam elements as
well as plate elements under concentrated |oading.

In the case of a biaxial load transfer, additional effects are activated, leading to an increase
in the rolling shear capacity compared to that of beam elements. For economic reasons it
should be analysed how far the redundant structural behaviour may be considered for the
shear verification. One approach might be the use of increased values for the rolling shear
capacity in cases of biaxial load transfer.
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