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TESTS ON SHEAR CONNECTIONS IN PREFABRICATED COMPOSI TE
CROSS-LAMINATED-TIMBER AND CONCRETE ELEMENTS

Nicolas Jacquiet, Ulf Arne Girhammar ?

ABSTRACT: The authors report on an experimental test progsandifferent shear connectors to be used in floor
elements where prefabricated concrete beams dre tmnnected on top of cross-laminated timber (Ghanels. The
objective is to evaluate the level of compositdomcthat can be achieved and the increase of dtreangd stiffness
when combining effectively these structural compuagein a floor element. Shear tests were perforrmedl2
specimens in total. The shear connector consists sieel plate as the common part to connect to th& concrete
beam and the CLT panel. To the steel plate, studsnoetal mesh were welded and casted in the cienlseam to form
a prefabricated unit. The CLT panel was then a#tddb the steel plate by screws. The main slip wedubetween the
CLT panel and the steel plate. The test resulte/shbigh ultimate load capacity for all types oéahconnectors and a
ductile type of behaviour for most of them. Thet tesults for the shear connectors were comparéd the capacity
obtained from analytical models. Also, the strerathl stiffness of partially composite floor elensewnith these shear
connectors were analysed. It was found that frostriactural point of view these shear connectiomssaitable to be
used to form floor elements with a high level ofrqmsite action.
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1 INTRODUCTION paper is to present the outcomes of the test pnognat

) ) ~ has been performed at LTU, consisting in sheas test
The company Stora Enso is developing a new buildingyyo different types of connectors for prefabricated
system based on composite structures with prefaledc  ~oncrete-CLT elements.

elements, including the use of cross-laminated eimb
(CLT) panels. In that process, the company wanted t
evaluate the contribution of a CLT panel added2 TIMBER-CONCRETE COMPOSITE
underneath to the main load-carrying concrete beams STRUCUTRES

with respect to strength aqd stiffness of t_he total 21 BACKGROUND

composite floor structure. This floor element ist @O ; ]

rather a combined structure for the purpose of ngaki for assessing the behavior of timber concrete caitpo
use of and benefiting from the materials and Structures, with a strong focus on shear connesiore
components present in the total floor structure by it iS & key parameter governing the overall behaaiuw
connecting them together. In addition, by connegtin e€fficiency of composite structures. However, mdshe
several concrete beams on a CLT panel, a prefabrca Systems used today work with “wet connections” weher
floor element ready for assembly on site is obhi@ne ~ concrete is poured on timber elements preinstaiigd
focus then is the development of an efficient shearShear connectors. The drawbacks of the traditional

connection between the prefabricated concrete beamdimber-concrete structures are well known, suctthes
and the CLT panel. Lule& University of Technology time needed for concrete to cure, the low stlffrm‘stl;?e
(LTU) was given the assignment to evaluate the abov Structure and the shrinkage that takes place dutiag
mentioned composite system and to study differeeas ~ curing time, as well as the problems related to the
connection systems designed for connecting togethedntroduction of wet components in the timber

components prefabricated separately. The aim of theconstruction process [1]. The interests for devielgp
prefabricated timber concrete structures are grgwin

T _ . o since an off-site production of elements could cedihe
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2.2 REQUIREMENTS FOR THE FLOOR in which the CLT had a nominal thickness of 103 mm
ELEMENTS PRESENTED (lamella structure in mm: 42/19/42). Density and

The floor system for which the connectors are deped moisture content were measured on all CLT specimens
is not conventional since concrete is not usedimfof ~ Tom timber located near the failure region, givisg=

3 - 3 :
a plate but in form of beams elements. Concretenbea 448 kg/m” and p = 396 kg/m”, and average moisture

attached on top of the CLT panel allow for some contentofll.6 %at testing.
technical installations to be placed between thenise

In this floor configuration, the CLT panel forms a
platform for mounting and connecting the instatiat
from above during the prefabrication process at the
factory. An objective for the floor elements is dathow

3.1.2 Steel shear connectors

Two different types of connectors were chosen Far t
tests, see Figure 2. The first type of connectamed
Studsin this paper, consisted of a 6 mm thick steetepla
for a high level of prefabrication in order to ereta with two welded headed studs. The second type,dnote

quick assembly on site. For manufacturing theserflo Meshin this paper, was made using an expanded metal

elements the concrete beams should be prefabridaeed Mesh welded in between two folded steel plates o
to the following aspects: thickness with large holes, similar to the so-ahlle

~ Avoid a wet assembly process and avoid “perfobond” shear connector. Both steel shear
deflections induced by concrete shrinkage. connectors were made out of mild steel S355. Pre-

- Reduce the space required for storage of thedrilling of the steel plates for the screws cannbade

elements during curing time compared with vertically only, unless some specific drilling teohre
concrete beams casted on CLT. used. Thus, vertical holes of 12.0 mm diameter were

Be able to produce the CLT and the concrete atMmade in the steel plates for the screwed connettidme
tCLT with 80 mm spacing. Geometrical details for the

different locations and assemble them at the las e
shear connectors are presented in Figure 4.

possible moment in the prefabrication process.
- Be able to reduce the production time both on
site and at the factory.
- Bring about a demountable system.
The requirements for the design of the shear cdorec
were to enable a dry assembly process, and to Ibe@ab
mount the connectors from the top side of the Chfigb
in order to have them protected in case of fire.

(@) (b)

3 EXPERIMENTS - SHEAR TESTS Figure 2: Pictures of the shear connectors (a) Studs, (b)
Mesh
The test program consisted of asymmetric sheas test e

CLT-steel-concrete blocks (see Figure 1) with five 31 3 concrete

different connection configurations (with different concrete was casted onto the steel shear connéutars
number of screws and screw lengths) for two serieSfactory to form the concrete-steel prefabricatedtsun
differing by the steel-concrete shear connectorduse The same batch of concrete was used for all the tes
series S (studs) and series M (expanded metal nfesh)  specimens and the nominal strength class was C25/30
each series, the connection was tested with 4 and 85 cypic samples were made for strength testingngi
screws. Totally, twelve specimens were tested. a compressive strengthy cpe= 40,81 N/mrf, at 28
days, in accordance with the strength class C25/@.
rebars of 8 mm of diameter were placed in each
prefabricated unit as the minimum  bottom
reinforcements in all concrete blocks.

3.1.4 Mechanical fasteners

Due to the limited depth of the CLT panel, coadeas
with rather large diameter were chosen in order to
: D 4 ¢ provide the connection with sufficient strength and
: stiffness. The coach screws used to connect theretn
beam blocks to the CLT panels for tests specimetts 1
11 were timber screws DIN 571 - 4.6/FZV - 12x65hwit
3.1 MATERIALS dimensions according to Figure 3.

—

Figure 1: Picture of a test specimen

3.1.1 CLT

The CLT panels, provided by Stora Enso, were made
with 3 layers of timber of strength class C24 adow

to EN 338 [4]. The grain direction of the outerday is
oriented in the direction of the concrete beams.ttid k=8 mm,| =65mmd=12 mms=19 mmp =50 mm
tests were performed with panel of nominal thicleng4 ] ] o

mm (lamella structure in mm: 27.5/19/27.5), exoept Figure 3: Geometrical description of the screws

-

\
L1l




For the test specimen 12, longer screws were wgéd, 3.3 DESIGN OF THE SHEAR CONNECTIONS

geometrical parameteks= 8 mm,| = 100 mmd =12 1pq |0ad carrying capacity and the slip modulughe

mm,s= 19 mm,b = 60 mm, according to Figure 3. steel-timber connection were calculated accordiag t
Eurocode 5 [5] and the European technical apprimral

3.2 TEST SPECIMENS CLT from the manufacturer [6] and are given in EabPl

CLT elements, 500 mm wide and 420 mm long, were all

predriled with 8 holes according to EC5 3.4 TEST SETUP

recommendations. The lead hole for the threadetiopor  the shear tests were performed on asymmetric elsmen
of the screws had a diameter of 8.5mm and thefiei i 5 hydraulic press, Dartek Server hydraulic Iérathe

for the shank of the screw had a diameter of 11.5mm capacity + 600 kN, with two data acquisition teyss
since it was the diameter actually measured orsltek PM 8 Channels Spider 8. Height LVDTs (Linear
of the screws used. The steel-concrete blocks were,piaple Differential Transformer) were used forcka
mounted with 40 kNn torque applied on each screw. (egt The specimens were supported on the endoface
Geometrical details for the S-series, with studs] &- the CLT panel, with the concrete block hanging be t
series, with mesh shear connectors are presented Q4o of the CLT panel by the shear connection (®@igu
Figure 4. Complementary specifications for the test 5y pe 1o size limitations of the test setup, #sanot
specimens are given in Table 1. possible to install a roller support at the top tbé

B concrete to prevent the rotation of the test spenim

Instead, Teflon material was taped onto the vdrsteel
| Reinforced frame support and an oiled steel plate was placed
(@) concrete between the concrete block and the steel frame to
minimise friction. The top surface of the concrbteck
26 N was grinded, in order to provide an even surfacetfe
0 m contact with this steel plate.
Coach screws 6 mm steel plate
12 x 65 mm \ﬁ ° ° / m ..
: : <_m=.6mm . . : 4
" N 7 | | ‘
‘ U U
500 mm
140 mm
(b) Expanded metal J -5
i t | F v T q.. g ‘
244 Reinforced Perfobond plate ! - £ \ 5
mm concrete [} z 1
318mm Coach screws y_ L : T " —
4 mm steel plate - e - : B
_ O [ O . Figure 5: Pictures of the test setup for the shear test
p T i o T
o LT el ‘ 3.5 SLIP MEASUREMENTS
| [ | | ll | Slip measurements were made symmetrically on both
500 mm sides of the specimen. The results presented amragey
measured between the CLT and the concrete block and
Table 1: Description of the test series between the steel plate and the concrete in oodegrify
that the steel-concrete slip is negligible comparcethe
Shear Screw spacing CLT slip at the steel-timber interface as it is assunmethe
Testseries  Tests connector/  in loading panel calculation model. The separation between the edecr

steel plate  direction / edge thickness

thickness _ distance (mm)  (mm) block and the CLT panel (Figure 6) was measured as

control of the test setup and are not presenteticékp

S8565 12 Studs/6mm 80 /90 74 in this paper.

S4s-65 70> Studs/6mm 240/ 90 74 _ _
=3 Dlsp_lacemenft-_controlled tests were performed with

M-8S-65 Tg  Mesh/4mm 80/90 74 loading conditions according to ISO Standard 6881 [
T10, except for specimen T1, which was a load-controlled

M-4S-65 1, Mesh/4mm 240790 & test. Only the ultimate load for this latter testuised as

M-8S-100 T12 Mesh /4mm 80/ 90 103 the test results. The rate of the different testss w

adjusted for each test according to the estimatad &nd
the results from previous tests. The tests wenepst if
15 mm slip was reached at the steel-timber interfabe



ultimate load capacity is evaluated as the absolute
maximum value occurring during the test within 1Bhm
of slip.

Oiled steel sheet
placed between
the concrete block
surface and the
steel support. The
steel support is
covered with

\ Teflon material.

Concrete block

Shear Force

Steel plate

CLT

LVDT Top
Separation
Concrete-Timber

LVDT Steel-Concrete
slip

LVDT Timber-Concrete
slip (total slip)

Common reference
to the concrete

LVDT Bottom
Separation
Concrete-Timber

Support (Steel beam
covered with Teflon)

Support

Figure 6: Location of the LVDTSs on the test specimens

The adjustment of the estimated maximum capdeity
between the different tests in accordance with 6891,
affects the estimation of the slip modulus as mairdut
in [8]. In this paper, the slip modulus is evaluabmsed
on the observed maximum value for each test andmot
the estimated value. The slip modulus for the
serviceability limit state is evaluated as the elap the
curve up to the level of 40 % of the maximum loBde
to the unusual character of the curve in the béggof
the load-slip relationship, the suggested loweell®f 10
% of the maximum load usually used for the evabrati
is disregarded in this paper, see below.

4 RESULTS

Three different values for the slip between thdedént
components of the specimen are used:

- Thetotal slip between the concrete and the CLT panel
(2 LVDTS).

- The steel-concrete slipbetween the steel plate and the
concrete beam (2 LVDTS).

- The steel-timber slip between the steel plate and the
CLT panel (obtained as the difference between W t
former values).

4.1 TEST RESULTS FOR ALL SPECIMENS

The load-displacement curves for the total slip are
presented in Figure 7 for all five test series adic to
Table 1.

Shear force (k

— T1(S-85-65) — T4 (S45-65)

— T2(S-85-65) — T5(S45-65)

— T3(S-8S-65) — T6 (S-45-65)

L S L e e L A B e e L e e e

5 6 7 8 1M1 12 13 14 15
Slip (mm)

T7 (M-8S-65) — T10 (M-4S-65)
T8 (M-85-65) — T11 (M-4S-65)
T9 (M-85-65) — T12 (M-8S-100)

Figure 7: Load slip curves for all shear tests - Total slip
(timber-concrete)

The first group of tests (S-8S-65: T1-T3) with stud

the concrete and 8 screws in the panel, showed-semi
brittle behaviour; the failures occurred in the cete
after yielding of the studs in the concrete at ppliad
load of about 105 kN (Figure 8). After the peakdpthe
curves were gradually softening due to increased
cracking of the concrete.

Figure 8: Picture of the failure in the concrete (Test
series S-8S-65)

Test specimens T4-T6 (S-4S-65), with 4 screws & th
panel, exhibited a very ductile type of behavioan,
almost perfect plastic behaviour with an extendisddy
plateau. The failure occurred by combined embedment
failure in the CLT panel and yielding of the screws
(Figure 9). The average ultimate load of 56.3 kNswa
about half of that of the first series with twice many
screws.

Figure 9: Pictures of the failure in the timber (Test series
S-4S-65)




The third series (M-8S-65: T7-T9) with a mesh ie th
concrete and 8 screws in the panel, behaved althest

A close look at the measured data shows that evee s
negative slip occurred. The LVDTs measuring the

same as the second series, however, with an averagseparation at the top and bottom of the test spatim
ultimate load of 129.2 kN, about twice as high (F&
10).

Figure 10: Pictures of the failure in the timber (Test
series M-8S-65)

Tests T10 and T11 (M-4S-65) with a mesh in the
concrete and 4 screws in the panel, had both the sa
characteristics and level of yielding as the seceeries
with  an average ultimate load of 63.7 kN
(Figure 11).

Figure 11: Pictures of the failure in the timber (Test
series M-4S-65)

The final series (M-8S-100: T12) with a mesh in the
concrete and 8 screws in the panel, but with thicke
panel and longer screws compared to other serégsah
brittle failure after some yielding; the concretedk was
split apart in line with the expanded metal mesi &k

kN applied shear force (Figure 12).

Figure 12: Pictures of the failure in the concrete (Test
series M-8S-100)

As is evident from Figure 7, the initial stiffneissvery
high, probably due to friction between the steatgland
the CLT-panel (the screws were tightened rathat)har

(Figure 6) actually showed that the concrete blogs
slightly rotating during the test, due to some
imperfections in the test setup. This affected the
measurements of the total and the steel-concrais. sl
The negative slip measured at the steel-concrete
interface never exceeded -0.05 mm for all tests and
reached a maximum for applied shear forces bet®@8en
kN and 50 kN. It was therefore not possible to eatd
quantitatively the steel-concrete slip modulus.

However, for the steel-timber slip values, whicte ar
obtained as the difference between the total amd th
steel-concrete slips, this negative absolute mtais
eliminated in the subtraction. Detailed load-sliyrves
for this steel-timber interface are shown in Fighi®
The high initial stiffness is observable up to 10 &nd
20 kN of applied shear force for connections withnél

8 screws, respectively. These load values are aear
below the serviceability load levels. It means tha
reasonable to exclude this high initial stiffnesanzh
when evaluating the slip modulus. In this papeg, shp
modulus will be evaluated using the 40 % level Iod t
maximum shear force as the upper limit and theimag
the lower limit.

160
150 —
140 —

— T1(S-8S-65
— T2 (S-85-65,

( ) — T7 (M-8S-65)
( )
— T3(S-85-65)
( )
( )
( )

T8 (M-8S-65)
T9 (M-8S-65)
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— T5(S-4S-65
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Figure 13: Detailed load-slip curves for all shear tests —
slip at the steel-timber interface up to 2 mm.

After the initial stiffness area, there is a drastiange in

the stiffness according to Figure 13. At a lategstand,
especially, after un- and reloading, a slight iasee in

the stiffness can be observed. When the defornstion
become larger the screw head will be more and more
clamped and, at the same time, press the steed plat
against the CLT panel. Also, the deformation rats w
changed during the course of the test. The smafigdin

the shear force observed for shear forces abowN7a
Figure 13 is due to this change of rate.

The measured mean values of the ultimate load dgpac
Fuvrmean @nd the mean slip modulus for serviceability
limit state, Ko4mean are presented in Table 2 for each
type of shear connection tested. Just for the casgpa
the corresponding characteristic values obtainmah the
Eurocode 5 are also given in the table (the CLTepan



measured mean density and characteristic densitg we
used in the calculation for the slip modulus and th
ultimate strength, respectively)

Table 2: Load-carrying capacity and slip modulus of the
shear connections. Ultimate load and slip modulus per
screw is given in parentheses) — EC5 estimated values
and test results (mean values)

Estimated values

according to EC5 Tests results (mean values)

. Slip modulus
Fy.re Slip quulus Failure Fyrmean (Steel/timber)
Name (steel/timber)
(kN) K. (kN/mm) mOde (kN) KO.A,mean
ser (KN/mm)
S8S 380 79.2 Semi- 1044 112.9
65  (47) (9.9) brittle  (13.1) (14.1)
S4S5- 2538 39.6 563 441
65  (6.4) (9.9) Ductle 141y (11.0)
M8S-  39.3 79.2 1292 93.0
65 (4.9 (9.9) Ductle 165y (11.6)
M4S- 26.6 39.6 Ducile 637 405
65  (6.7) (9.9) (15.9) (10.1)
M8s- 618 79.2 ) 157.1 1265
100 (7.7) (9.9) Britle 19 ) (15.8)

(Estimations according to EC5 are made by usiggo
estimate the embedment strength drfidr Kee)

The limited number of tests does not allow us tovese

the characteristic load-carrying capacity basethertest
results and to compare it with the predicted ones.
However, it can be observed that the mean valuethéo
maximum load exceeded 2.2 to 3.3 times the
characteristic values provided by EC5 for the steel
timber connection. An evaluation of the capacity
according to an analytical model is proposed irtisec
5.2.

It is important to note that when a brittle failuwecurred
in the concrete (related to the concrete-steel ectom),
the failure load should not be compared with the
predicted failure load given by EC5, which is basada
failure mode for the steel-timber connection. laliidn,
the slip moduli for the steel-timber connection of
connections S-8S-65 and M-8S-100, where brittleifai
occurred in the concrete, are not fully relevantause
the 40 % level is based on an ultimate load foiffarént
failure mode (the slip moduli for these connectars
about 50 % higher than that predicted by the EG-6).

with 4 screws and at maximum 12 % for connections
with 8 screws.

It is obvious from Figure 7 that the design of gfear
connections according to test series S-4S-65, MBS-
and M-4S-65 are appropriate and have the desiet lo
slip characteristics. They all behave as predittedhe
analytical models discussed below. Therfore, these
designs are evaluated in more detalil.

4.2 DETAILED RESULTS FOR SHEAR
CONNECTORS WITH DUCTILE
CHARACTERISTICS

In this section, detailed tests results are giventhe
connection types S-4S-65, M-4S-65 and M-8S-65. &hes
test series all have ductile characteristics amekefore,
are suitable for practical applications and addptédr
evaluation with respect to the analytical modelstfe
shear connectors according to section 5.2 andHer t
partially composite beam with these shear conngctor
according to section 6.1.

The load-slip curves for the steel-timber interfémethe

3 test specimens T4-T6 (S-4S-65) are presented in
Figure 14.

S-4S-65
60 — ! Ko.4,mean =44.1 KN/mm e
50 — 5
s
X 40
@
8
\930,
®
2
#20 — - = Firmean
------ KDA.mean
: T4 Steel-timber slip
"] " T5 Steel-timber slip
' T6 Steel-timber slip
[ T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Slip (mm)

Figure 14: Load-slip curves for the steel-timber interface
— Test series S-4S-65 (T4-T6)

As given by Figure 14 and Table 2, the average
maximum load-carrying capacity for this type of
connection is 56.3 kN or 14.1 kN per screw. Thaage
value for the slip modulus is 44.1 kN/mm or 11.0
kN/mm per screw. The test results show that thelste

test series S-45-65, M-4S-65 and M-8S-65, wheretimper slip governs the overall behaviour of the

ductile failure due the steel-timber connectionusoed,
the test results for the slip modulus were betwizenl8
% higher than those predicted by EC 5.

There was no effect observed with respect to nmaltip
fastener in a row, in the tests for the comparaklges
M-4S-65 and M-8S-65 (2+2 screws with a spacing of
240 mm and 4+4 screws with a spacing of 80 mm,
respectively). The EC 5 predicts a reduction oimdte
strength of 26 %.

The test results showed that the slip between etacr

connection. The contribution from the steel-coregip
did no exceed 2.5 % of the total slip.

The load-slip curves for the steel-timber interfémethe

test specimens T10-T11 (M-4S-65) are presented in
Figure 15. According to Table 2 and Figure 15, the
average load carrying capacity for this type of
connection is 63.7 kN (15.9 kN per screw) and tig s
modulus is 40.5 kN/mm (10.1 KN/mm per screw). lis th
test series, the contribution of steel concreie did not
exceed 1.5 % of the total slip. These results iandas to
those of the S-4S-65 series.

and steel can be neglected compared to that between

steel and timber. The contribution from the coreret
steel slip to the total slip was about 2 % for cagtions



M-4S-65

'.' K0.4,mean = 40.5 kKN/mm T

Shear force (kN)
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Figure 15: Load-slip curves for the steel-timber interface
— Test series M-4S-65 (T10-T11)

The load-slip curves for the steel-timber interfémethe
test specimens T7-T9 (M-8S-65) are presented inr€i
16. According to Table 2 and Figure 16, the aveiagd
carrying capacity for this type of connection i912kN
(16.2 kN per screw) and the slip modulus is 93.0nki
(11.6 kKN/mm per screw). In this test series,

contribution of steel-concrete slip was larger tlranhe

test series with 4 screws. For tests T7 — T9, the

contribution was 6.5 %, 11.5 % and 4 % of the teligl,
respectively, at 75 % of the ultimate load. In thaper,
only the connections with 4 screws will therefore
considered in a numerical application.

M-85-65
! Ko.4,mean = 93.0 KN/mm ho)

T9

17

Shear force (kN

nnnnnn

T7 Steel-timber slip

T8 Steel-timber slip

T9 Steel-timber slip

S L I B L L L BN B R B i

o0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Slip (mm)

Figure 16: Load-slip curves for the steel-timber interface
— Test series M-8S-65 (T7-T9)
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The slip modulus per screw as well as the stedddim

ultimate load capacity for the connection typesSs6e5,

M-4S-65 and M-8S-65 are similar and the difference

between the results from the test series with nash
studs connectors is marginal.

5 ANALYSIS AND EVALUATION
5.1 EVALUATION OF THE SLIP MODULUS

As mentioned above, the slip modulus will be evedda

as the slope of the load-slip curve between thgironf
the curve and the point on the curve corresponttirgD
% of the measured ultimate load. It means thatritial
high stiffness observed in the load-slip curved mok be

taken into account. This will give a conservatieeant
modulus.

5.2 LOAD-CARRYING CAPACITY OF SHEAR
CONNECTION

For the shear connections with a failure in the CLT
panel, the load-carrying capacity can be derivedgus
the K. W. Johansen’s plastic model (European Yield
Model) [9]. It is based on the assumption that both
fasteners and the timber are ideal rigid-plastitenials.
The embedment strength of the different layershef t
CLT-panel is here assumed to be the same paraitel a
perpendicular to grain. A distinction is made betw¢he
yielding moment in the threaded part of the scred ia

the smooth shank of the screw due to their differen
diameters. Four failure modes are derived accorting
Figure 17.

Failure mode | Failure mode Il

Failure mode IV

Fl
| X
. _ M,, s
7 ([P
ng lp rsl lp
Figure 17: Failure modes |, II, lll and IV
5.2.1 Failure mode |
According to [9], we have
F=(2-1)r,00, (1)

wherefy,, is the embedment strength of the woddhe
nominal diameter of the screw amg the penetration
length of the screw.

5.2.2 Failure mode ||
Fore equilibrium and moment equilibrium at the ktee
timber interface, respectively, give

Fo= foud&- frd{l, —c)=0 )
2 I, +c

C
Mpl—fhywd7+fhywd(lp—c) P =0 (3)

Solving forc gives

c=te 1y Mm (4)
V2 a2

Substituting (5) in (3) gives

— 2M pL  _
Fs = fh,vs/:i D]p[\/z 1+ fh‘vp [I]p 1] (5)



5.2.3 Failure mode Il
According to [9], we have

Fs = \/ 2M p2 fh,wd (6)
F
= (7)
frwd

5.2.4 Failure mode IV
Moment equilibrium at the distance from the steel-
timber interface gives

2

(8)

comparing the screws of specimens loaded up torh5 m
slip and of some specimens where larger displacemen
at the steel-timber interface occurred. Considetiag

the effective number of screw is equal to the dctua
number of screws, the estimated load carrying agpac
according to mode | and mode Il obtained for studs
connectors with 4 screws and mesh connectors with 4
and 8 screws is given in Table 4.

Table 4: Comparison between test results and estimated
load carrying capacity for the shear connectors according
to failure modes | and I

X
Mpl_ FSX+ fh,Wd7+Mp2=0

Ultimate load capacity (kKN)

Mpz is maximum where the shear force is zero, i.e. S-4S-65 M-4S-65 M-8S-65
o Fe o Falure mode 390 40.4 80.7
frwd .
_ . " Failure mode 44 g 45.9 91.8
Which then gives - I I
est results
Fs= \/Z(M o1t Mp2) frud (20) (mean values) 56.3 63.7 129.2

5.2.5 Evaluation of the capacity of the shear
connectors
The evaluation of the ultimate capacity of the dect

The difference between the test results and thmatsd
capacity according to failure mode | and Il migha b
explained by the fact that the friction between sheel
and the CLT as well as the withdrawal contributieas

shear connectors according to the 4 failure modespeglected in the equations.
presented above is made according to the geomietrica

data of the tests specimens. The steel plate théskn
differs in the connectors with studs and with mesh.
Therefore the penetration lengih, is 59 mm and 61
mm, for connectors with studs and mesh, respewgtifigl

= 400 MPad = 12 mm, and); = 8.7 mm. According to
Eurocode 5, due to the small length of the smobémnk

of the 65 mm long screws, an effective diamelgris
assumed for estimating the screw load carrying @gpa
with des = 1.1d,.. The values estimated for the embedment
strength and the yield moment are as follows:
fow=41.73 N/mrh

Mp1= 76750 Nmm

Mpz = 33260 Nmm

The estimated capacity according to failure modds |
I, and 1V is given by E|, FS'”, FS'||| and EJ\/,
respectively in Table 3.

Table 3: Evaluation of the ultimate capacity per screw
according to failure modes |, II, lll and IV

Capacity in kKN per screw

Connectors with Connectors with

studs mesh
Fs. 9.8 10.1
Fsui 11.2 11.5
Fs.i 5.0
Fs.v 9.2

The observations of the failure from the test se8e4S-
65, M-4S-65 and M-8S-65 show that the failure mode
was between mode | and mode Il with a yieldinghef t
screws in the region of the screw head followed later
stage by a yielding of the threaded part of thewdust
below the smooth shank. This observation was magde b

6 APPLICATION — COMPOSITE CLT-
CONCRETE FLOOR

6.1 ANALYSIS OF COMPOSITE FLOORS WITH
STUDS SHEAR CONNECTORS

Composite CLT-concrete floors with shear connecéasrs
discussed above are analysed in this section. @help
interaction introduced by the mechanical shear
connectors is taken into account. The purpose is to
evaluate the increased performance (strength and
stiffness) that is achieved by connecting the
prefabricated concrete beam to the CLT-panel.

Here the analysis will be based on the simplifindlgsis
method for composite beams with interlayer slip]{1n

this somewhat unusual composite structure, theretsc
beam will be cracked and the stiffness reduced. The
concrete will be assumed to be in stage Il, i.&near
elastic stress distribution is assumed in the cesged
zone. Long-term behaviour of the concrete is not
included. The concrete is assumed to have no éensil
strength.

Two elements are considered in the analysis. Elethen
is the cracked reinforced concrete beam and Elethent
the CLT panel. The CLT panel has a symmetrical payu
and is considered as fully composite section wliee
contribution of the core layer is neglected. Theaaof
uncracked concrete in the analysis is determinestda
on the analysis of the non composite section (NG&3,
Figure 18. The position of the centroid of elemént
(equal to the depth of uncracked concrete) and of
element 2, respectively, is given by



ES
s = Eﬁ[ /Md% _1] )
Zg2 = hy +h—22 (12)

The axial stiffness for each element is obtained as

EA = Ebzgy, +EA (13)
EA, = Eiby(hyy +hys) (14)

The sum and product of the axial stiffness of sub-
elements, respectively, are given by

EA, = EA +EA, (15)
EA, = EA [EA, (16)
The bending stiffness of elements 1 and 2 is giyen
3
zZ
I, = B, 2550 LB A (d - 70,7 (17)
EIZ = Esz (h23 - h223) (18)

12

The bending stiffness for the non-composite andy ful
composite section, respectively, can be express¢tioh

El, = El+El, (19)
EA r?
El, = Ely+ i (20)
EAy
where
r=rn+r,= ch,2 - ch,l (21)

Considering the cross section shown in Figure 18,

equilibrium requires
V=V, +V,
M =M; +M, +Nyr

(22)
(23)

According to the simplified method for compositeabes
with interlayer slip [10], the internal actions ajigen by

Ely \,

M =
Leff Eleff (25)
El
M, «=—2M
2,eff Eleff (26)
El, |V
Vset =(1— = (;JT (27)
e

whereElgdenotes the effective bending stiffness for the
partially composite section and, ¢ is the interlayer
shear force per unit length.

The effective bending stiffnedsle of the cross section
is according to [10] given by

-1
El, /El,-1
El g =|1+—>—09 —_| E|, 28
o { 1+(ﬂ/n)2(m>2} .
where
Kr?
= 29
a \/Elo(l—EIO/EIm)L (29)

K [N/m/m] is the smeared slip modulus of the partial
shear connection per unit length, andhe span of the
beam element.

Knowing the interlayer slip force, the load on each
connector is given b¥ser = Vserr© S, Wheres is the
spacing between the shear connectors along the
composite beam.

Here we use the simplifying assumption that thetna¢u
axis coincides with the centroid of the cross sexti.e.

we are neglecting the shift downwards of the néatxes
and, hence, the centroid that is caused by theniite
axial force N; (Figure 18). This assumption is
conservative with respect to the maximum concrete
compression stresses, but not with respect toethsilé
stresses in the reinforcement. It is a conservative
assumption with respect to the stiffness of thecoete
beam and, therefore, also for the composite beam.

El M
— _ 0 —
Nier =1 = N et (24)
eff r
NCA FCA PCA
b+ €cc.0
‘ €co.eo 4 ‘t ecc.eff" }“
Z,
cg,1 Ny ot Znae Znat.eff
b N 5 M, o L -
\2 h1 d ch2 na2.eff
r =|V | M h A r I €co™ [ Esto
¥ 2 o ‘o -
s hay I i
L cg2 Ny ] e 1’2 N
,,,,,,,,,,,,,,,, M
l"z_’j : = B ‘
‘ b2 | 3 Etea™ Eteff™  +

Figure 18: Cross section geometry and strain diagrams for non composite action (NCA), full composite action (FCA) and

partial composite action (PCA)



The maximum normal stresses at the top of the etacr
beam, in the steel reinforcement and at the botibthe
CLT-panel, respectively, are given by

Nl,ef'f Ec _ M:Leff Ec

Occeff =~ EAi Ell cg.l (30)
N, E M, .« E
_ leff s leff s
Osteft =~ EA + El, (d - ch,l) (31)
N2eff Et M 2,eff Et
o =— + : r 32
tt,eff E'Al E|2 2 ( )

6.2 COMPUTATION

Consider the following geometric and material prtipe
according to the cross section presented in Fig8re

Element 1:

h, 250 mm

b, 140 mm

E. 31 GPa

A 402  mni (2916)

Es 210 GPa

Element 2:

= 11 GPa

h, 74 mm (layup 27.5/19/27.5)
b, 500 mm

CLT-concrete shear connectid®:4S-65
S 600 mm

K =Ko4s=73.5 MN/n

For a simply supported composite beam element 1),

of spanL = 7 m, and uniformly distributed loads at
serviceability and ultimate limit statg g s= 2.8 kKN/m,
anddo.uLs = 3.9 kN/m, respectively, corresponding to a 2
kN/m? live load and to the self-weight of the finished
floor structure, the following results are obtained

Elo 2.69  MN.nf

El, 10.47 MN.nt

Elgg 7.95  MN.nf

Elet/ Elo 2.95

FsefisLs 182 kN

FoeffuLs 256 kN

Occ.eff,ULS 126 MPa (<& =16.67 MPa)
Osteff.ULS 55.8 MPa (<f=355MPa)
Oit eff ULS 3.9 MPa (< th,d: 8.96 MPa)

The normal compression stresses estimated in the

7 CONCLUSIONS

Five types of shear connections have been testdd an
three of them (S-4S-65, M-4S-65 and M-8S-65 series)
showed desired ductile characteristics and can be
recommended for use in composite floor elementg Th
main slip occurred at the steel-timber interfacke Blip
modulus and ultimate capacity were satisfactorilyhh
providing a high degree of composite action.

The test results compared reasonably well withstiesar
capacity obtained analytically. For a typical des@ a
partially composite floor structure with these typef
shear connectors the bending stiffness was inalease
almost three times.

The behaviour of the shear connections could prgbhab
be improved by using inclined self tapping screws.
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