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ABSTRACT:

The mechanical coupling of timber products to the masonry walls of unreinforced masgiiry (URM) buildings
IS generating considerable interest in terms of seismic vulnerability mitigation. ive experimental

investigation on timber panel to masonry wall connections realised with screw a r fisteners is presented.

@

material, load-to-grain direction, fastener geometry and steel gragk. outco of the campaign are then
reported and discussed focusing on the strength and stiﬁn rop nd on the dissipation capacity and
residual strength of the connection under cyclic load. Moregyer, g-normal distrib @ ing is proposed

for the maximum load and slip modulus measurem 0 cyclic test confi asslnalysed. Finally,
the principal experimental observations are Ii;( with recommendafio

A total of 64 shear tests under monotonic, cyclic and hemicyclic loadingy

ns were performed on site

in a historic URM building. The examined parameters were: masonry imber panel product and

ture work or use in

practice.

KEYWORDS: masonry, retrofi heﬁctions, CLTp e@screw anchor, seismic behaviour

1 INTRODUCT

The seismic vulnera recognised as a_gost important factor to consider in the design phase of
structural s @ systems for u d masonry (URM) buildings. Recent earthquake events
0C§ 1] and [2]) h at a change of the original use to situations implying higher
loads ith improper inte on historic masonry structures may lead to disproportionate damage

levels en the impor subject, researchers have proposed a wide range of strengthening
solutions for URM b %r the last decades; with regard to the use of timber as reinforcing material
two main approaciig can' Ty identified: a timber frame [3] or alternatively a timber panel [4] connected to the
masonry walls by m of dowel-type fasteners which can be either grouted or screwed in the wall
depending on the situation (Figure 1 reports a cross-sectional view of both the solutions). Preliminary work
in the field of timber panel-to-masonry reinforcement was carried out by Sustersic and Duijc ([5] and [6])
investigating the use of cross laminated timber (CLT) panels as retrofitting solution for reinforced concrete
(RC) frames with masonry infill. They proposed to place the timber panels on the external side of the
building, fastened on the RC frame by means of steel brackets connected to both concrete and timber. In

addition, they performed also tests on timber panels directly anchored to the masonry wall by means of
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epoxy grouted threaded steel rods. In recent years other researchers ([7] and [8]) extended the idea of seismic
strengthening of URM buildings through CLT panels. In [7] Lucchini et al. proposed to insert timber panels
in the internal side of the walls, connected through epoxy grouted threaded steel rods in order to preserve the
original fagade. Pozza et al [8] studied both the solutions in the external and internal side of the walls; in the
former case the timber panels are fastened to a metallic curb anchored to the wall at the floor level, in the
latter case the panels are connected to the floor by means of an L-shaped metallic curb.

ding using timber strong-backs [3] and

Figure 1 Schematic representation of retrofi techniques of an @
timber panels [4] connec the internal side of the w;

ofed literature review, &ect in the retrofitting of URM buildings by means
of timber panels j conigfction of the panel efexisting structures. In [4] the authors proposed to use
S

ws or bolts) tQ @
gJes of this techniquegapgar as manifold: the use of multiple fasteners distributed
thre¥g e entire wall surfag auld ensui® a certain amount of robustness toward localised damage or
defects. € shear force tr fes both the in-plane and out-of-plane behaviour of the wall-to-panel
composite system. More
technique and a hi% tiveness with respect to epoxy based connections.
The outcomes of an ive experimental campaign on timber-masonry dry connections are reported here.

Connections were realised with five different types of screw anchors technically approved for use in rock

As pointed out in the

dowel type connection between the timber panel and the masonry

ew type fasteners guarantee a complete reversibility of the refurbishment

and concrete. A total of 64 shear tests were performed under monotonic, cyclic and hemicyclic load
conditions. The research was carried out on the site of a historic URM building (dating back to the mid-19th
century) located in northern Italy. Two types of masonry wall, made of stone and brick respectively, and
three types of timber panels made from either softwood or hardwood species were selected for the
experimental investigation. Three different load-to-grain angles, namely 0°, 45° and 90°, were examined
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assuming as grain direction the orientation of the timber panels with the maximum number of layers in the

fibre direction.

2 TEST CONFIGURATION

This section describes the characteristics of the materials involved in the experimental campaign; for the
timber elements and for the fasteners the data are referred to the corresponding technical approval provided
by the producers, whereas for masonry preliminary tests were performed on small sp ens collected from

the building. In addition, the testing protocol and the experimental apparatus, b g- ‘ ilar campaigns

described in the literature ([9]-[12]) are presented.

2.1 MATERIALS
Shear tests were carried out on two different types of masonr ent in historic four-storey URM

building adopted as reference in this study. A series of 52 f rmed on four brick masonry walls
& a pgiog“dround 1910-19 n one additional

(Figure 2 right) located at the top floor, which date back
storey was raised on the original structure. The remgifiig sts were cond ubble masonry

es$stone masonry wall and brick masonry wall

Seyera ens, including mortar, s and stone blocks, were gathered from different places of

asmratory or the University of Trento to check the quality of the masonry

and charégterize the princi cal properties. In particular, 15 bricks, 5 stone blocks and 30 mortar

samples were tested uad ssion to determine the compression strength and the modulus of elasticity
of the materials. bricitensile strength was also derived from three-point bending tests [13]. The results
in terms of mean val d coefficients of variation are reported in Table 1.

Table 1 Mechanical properties of the two tested masonry types according to the preliminary tests

Material characteristic n° samples Mean CoV
Brick compression strength foc [N/mm?] 15 14.83 0.32
Brick modulus of elasticity Enc [N/mm?] 15 1225 0.29
Et:;'gth bending ftensile ¢ [N/mm?] 7 3.70 0.43
Stone compression strength fie [N/mm?] 5 64.30 0.33
Stone modulus of elasticity Ee [N/mm?] 5 7660 0.40
Mortar compression strength fne brick [N/mmz] 13 5.16 0.35
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(brick masonry)
Mortar compression strength

(stone masonry) finc stone [N/mm?] 46 2.95 0.95

86

87  Table 2 details the main features of the five different fasteners chosen for the campaign according to the
88  technical documentation and approval certificates supplied by the producers ([17]-[19]). As already stated in
89  the introduction, all the fasteners were developed for the use in concrete as self-tapping screw anchors but
90 are suitable for a whole range of other materials such as natural stone and brick. The assembly process is
91  relatively simple: after drilling a pilot-hole the dust has to be removed and then the an can be fixed using
92  ascrew driver or a screw wrench. Fasteners M1 and M2 differ for insertion Ieng@ sonry wall for a

G

93  given panel thickness; fasteners M1 and U1 have comparable geometric pr; re produced by two

94  different companies. Anchor U2 has the largest diameter of all (almost 14 r 10 mm). Lastly, fastener
95 T is composed by two different threaded parts of equal length, on be fixegyin the masonry wall and the

97  in Figure 3.

L 2
“ \ <
ne cording to the tech

96  other in the timber panel. A detailed representation of the g% ties of all the fasteners is provided

99  Table 2 Geometric and mechanical properties of the fgiite al smient given by the

100  producers

Fastener type U2 [18] T [19]

Total length: L [ 80 24 150 160
Thread length: L, [mm 100 70 (70)
Thread diameter:  direag [mm] 12.0 1 125 16.6 12 (14)
Core diameter: deore m] 94 9.4 13.3 9.4 (9.5)
Shaft diameter: d ] 94 . 9.9 13.7 -
Head diameter: d m] 1 15 21 16
Washer diameter: 43 20" 28" -
Axial resistan 25 55 103 25
Yielding m 3 38 95 269 38
*In bra
** Parfo

101
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102
103 Figure 3 Representation of three of the five tested typologies of screw anchors adopted for the test
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Due to the location of the timber panels at the internal side of the wall, their thickness should be kept to a
minimum to avoid excessive loss of inner floor space. For this reason, one cross-laminated timber (CLT) and
two laminated veneer lumber (LVL) panel types with a thickness respectively of 60 mm and 40 mm are
selected for the tests. The mechanical properties of the panels are listed in Table 3; for the LVL elements
only the in-plane bending properties are reported because the out-of-plane behaviour of the retrofitting
solution is beyond the scope of the present paper.

Table 3 Strength and stiffness properties of the timber elements accordi

Element type Spruce CLT Spruce LS Beech LVL
Panel [14] Panel [1 Panel” [16]
o foox  [N/mm’] 24 32 60
Bending: froox [N /mm2] i 10
. fiox  [N/mm?] 145 51
Tension: oo [N/mm] 0.12%
L .0k [N/mm<] 21 30
Compression: foox [N /mm?] 2 9
Shear: fo [N/mm?] 4.6 !
MOoE: Eomean [N/mm?] 1 10600 200
Shear modulus:  Gpnean [N/mryz] 450 600 820
g Prmean [k /m] 0 800
Density: e [ 35 730
Thickness t [ 60 40

* In-plane bending properties

2.2 SET-UP AND
The details of

rectangular (v on frame was @ the selected masonry wall using the same screw anchors
(fastener T) @ ear tests. The hydrau afdator used to apply the shear load was secured to one timber

ame by means of m:d steeivbracket. The specimen under test was primarily connected to

TINGHROTOCOL &

tal apparatus a d por the campaign are shown in Figure 4. Firstly, a

=

the waligving the anch pre-drilled pilot hole in the brick/stone block using a 5 mm thick
spacer in the back side o er panel. The specimen was joined to the actuator through a hinged union
interposing a 75 kN loaGgel ™0 prevent in-plane and out-of-plane rotations of the specimen during the push
phase of the cyclic tSgting two steel angle brackets were attached to the reaction frame. Strips of polyzene
were positioned in the internal side of the steel angle brackets in order to reduce the friction between the
steel-to-steel surface. Lastly, a linear variable differential transducer (LVDT) was used to monitor the
displacement of the timber specimen with respect to the masonry wall. The base of the LVDT was placed on
a sturdy steel support fixed on the floor; this allowed to disregard the (minimal) reaction frame deformability

in the calculation of the fastener stiffness.
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Figure 4 Test set-up details and instruments arrangement ‘

With reference to the testing procedure, both monotonic and cyclic behavioGs were investigated. The load
was applied in displacement control up to a maximum displacemnt and 30 mm for the monotonic and
for the cyclic tests, respectively. In particular, testing pfiet of 6891 [20] an 12512 [21] were

followed; the monotonic tests (EN 26891) provided th N ements req@ced m the complete
ard ASTM E2 employed to plot

the envelope curves starting from the total load- nt hysteresis loo m the envelope curves,

procedure of cyclic testing (EN 12512). In additi

to determine the equivalent energy elastig @ EEP) curves b t n and compression loads

O

(see Figure 5 right).

Force - F [kN]

— Hysteresis A5-c2
—=— Envelope curve
1=-=-=—- Tension EEEP

_______ Compression EEEP

-12

> 40 45 50 55 -35-30-25-20-15-10 -5 0 5 10 15 20 25 30 35
Displacement - d [mm)] Displacement - d [mm)]

Figure 5 ica’ load-displacement curves of a monotonic test (left) and of a cyclic test (right)

Table 4 reports all the tested configurations, selected varying the type of masonry, timber panel and fastener
and considering different load-to-grain angles. For all the tests performed with fastener M1 and M2 in
combination with softwood panels (either CLT or LVL), a 38 mm wide and 4 mm thick washer was used to
enable the formation of the second plastic hinge. In the case of beech LVL panels a first trial monotonic test

was executed without using the washer; because no significant timber damage was observed around the
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fastener head, it was decided to perform all the tests including beech LVL panels without washer. Fasteners
Ul and U2 are produced with a built-in washer (Table 2 and Figure 3); therefore, it was also assumed

unnecessary to use an external washer.

Table 4 Configurations of the 64 shear tests performed

n° repetitions Masonr Timber panel

TestID Monotonic Cyclic type g Material a ] Fastener
Al 1 3 Brick Spruce CLT 0° T
A2 1 3 Brick Spruce CLT 90° T
A3 1 3 Brick Spruce CLT 45° T
A4 2 3 Brick Spruce CLT p +washer
A5 2 3 Brick Spruce CLT +washer
A8 1 3 Brick Spruce CLT U2
A9 3 Brick Spruce CLT ¥ Ul
Bl 1 3 Brick Beech LVL M1
B2 1 3 Brick Beech LVL 0° M1
B3 3 Brick Be L 3 U2
D1 2 3 Stone C 0° M1+washer
D2 3 Stoneg, ru
D3 1 3 Stone LT
El 1 3 Bri ruce LVL
E2 1 3 k ruce LVL
E3™ 1 3 Spruce LVL

* Load-to-grain angle (grain: maximum number ers 1vthe fibre direction)

** Panel thickness: 60 mm Q

3 RESULTS O
3.1 OBSERVED FAILUR S
r monotonic orgdvclic) load and the displacement were returned to
ed to evaluat i modes of the connection. Similar to other tests

ar dowels embed n gone masonry [12], partial or total splitting of either

pst all the tests (Figure 6 and Figure 7). Only in the case of
D1-m1, D1-m2, D3-m1 and D3-c2) remained undamaged
plete crushing (see Figure 7-D). This was probably related

rrounding mort ent a co

echanical pe the lime-mortar (see Table 1) and/or to the local excessive thickness
of the mortar joints. This ofenon is reflected in the load-displacement curves of the tests, characterised
by a relative low vglue oiglip modulus (< 0.5 kN/mm) and an almost linear behaviour.



166

167
168

169

170
171

172

173
174
175
176
177
178
179
180

Figure 6 Observed damage for the brick masonry: A brick tensile crackingB local crus§ing, C brick splitting, D early

Figur @ ed damage for the eione masonry: A block tension cracking, B analogous of a “plug shear”
e, C block splitting, 1 g crushing

Figure 8 presents the gr two cyclic tests (test Al-c3 and A3-cl) and a schematic representation of the
brick condition durin oading phases. The three principal damage conditions observed for brick masonry
tests are represented: brick cracking (tension), crushing (compression) and splitting. When the cracks started
to open, the response curves showed a sudden, yet limited, capacity loss (Figure 8a) that did not correspond
to the actual failure of the connection as the capacity continued to increase. Conversely, when crushing of the
brick around the fastener becomes noticeable (usually accompanied also by timber bearing failure and plastic
hinge/hinges formation in the fastener), the load is approaching the maximum load carrying capacity of the
connection. The second and more dangerous type of failure is the splitting of the brick, namely the opening
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of a crack parallel to the load direction. This was experienced only in a few specimens and generally at large
displacement values (d > 15 mm). The splitting failure of the brick caused an almost total loss of capacity of
the connection since there was no more material opposing the movement of the fastener. The (small) residual
capacity might be due to the compression within the masonry wall which tended to hold the brick portions
together after the splitting. It is worth reminding that the risk of splitting is minimum when the predrill hole
is at the centre of the brick, while it increases moving towards the edges.

]

12

Force - F [kN]
ca
Force - F [kN

FS

-8

—=— A1 C3 <®
-12

-35-30-25-20-15-10 5 0 5 10 15 20 25 30 35

Displacement - d [mm)]
A: Starting load

giiicement - d [mm)]

A: Starting load
applicatio application
‘ B: Tensiomgrac B: Tension crack
Eg opening opening

>§— _ww_ D: Splitting

4( shing (F,) &
@ (b)

Figure 8 Re ons of two different fa es (compression crushing (a) and splitting (b)) observed for the
\ on brick masonr: walls

With the exception of th

viously mentioned where crushing of the mortar surrounding the stone
block was observed

t t configurations involving U2 fasteners (A8, B3 and D3), all the tests
developed at leas ic hinge inside the masonry in the fastener portion closer to the wall surface
(Figure 9 left). U2 fasténers showed a higher value of characteristic yielding moment (M, = 269 Nm, see
Table 2) compared to the other fasteners with the consequence that the plastic hinges did not activate during
the tests. As expected, in single threaded fasteners (M1, M2 and U1) the first plastic hinge originated at the
top of the threaded part inserted in the masonry wall; in the case of monotonic loading, also a second plastic
hinge, formed in the timber element due to the presence of the washer, was clearly distinguishable from the
anchors recovered after the end of the tests. For the cyclic tests the presence of the second plastic hinge was

not as evident as for the monotonic tests, probably due to lower maximum displacement value and to the
9
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return to the zero values of load and displacement which may have straightened back the fastener shank.
Double threaded fasteners (T) formed a single plastic hinge located at the interface between the masonry
wall and the timber panel and exhibited marked timber crushing also in correspondence with the fastener
head. A brittle tensile rupture of the screw anchor shank was experienced only once, in test D1-c3 (Figure 9
right). The maximum load recorded during this test was the highest of the whole campaign (Fn.x = 18.29
kN). Failure of the screw shank in tension was calculated from the product data sheet as equal to 25.0 kN
which is less than the 10.4 kN determined for the washer pull-through resistance (it is worth noting that no
embedment of the washer was observed). This may have been caused by weakenin the fastener due to

oligocyclic fatigue.

EEEED TESTEZAcl

~ TESTE2-m1

»,
.
ey

Figure 9 Examples of plastic hinge m the fasteners removed ‘Ieft) and tensile rupture registered for
test D1-c3 inserted in stgfie nry (right)

nat the splitting f s and stone blocks and of the timber crushing of
the wood panels ificant level of pi %ars from the load-displacement curves of the cyclic
tests, partic hysteresis loop
angl 30 ore, in the second and t

ng, thanks to the lower energy required to activate the plastic hinge

Due to the irreversi

QD

ely large displacement amplitudes (i.e. d = 10 mm, 20 mm

J as shown in Figure 10).
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Figure 10 Hysteresis loops of test A4-c3 (fastener M1) and test

Due to the large number of specimens tested on brick masonry not posdible to carry out the whole
campaign on a single wall. Consequently, three brick r@s
building, were chosen for the experimental investigation {§ab

and hemicyclic test on brick masonry). \

Table 5 Location of each cyclic andgzmicydic test performed on [fric nry wall
Test ID a c. Wall T all

Al-cl w1 -C3 w1
Al-c2 W3 R3- w2
Al-c3 w1 W3
W3

W2

W2

3 W2

W3 W2

w1 W2

w1 W3

w1 W2

w1 W2

w1 W3

The connection showe cy to strength and stiffness reduction in the tests executed on wall W3; in a
visual inspection, Steralidrick blocks in W3 displayed signs of defects and inclusions (e.g. excessive
porosity, grains of burnt limestone or grogs). For this reason, it was decided to carry out a complementary
non-destructive testing (NDT) campaign on the three selected walls, to supplement the material test results
reported in Table 1. In particular, the scleroscopic method was adopted, using a Schmidt impact hammer
according to EN 12504-2 [23]. This technique had been already applied on brick masonry by other authors
[24] who effectively identified an almost linear relation between the measured rebound number from the
NDT test and the compression strength of the block. Twenty-four measurements for each wall were collected

on randomly selected intact brick blocks; the frequency distributions of the rebound number are shown in
11
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Figure 11. It can be observed that wall W3 exhibited lower values of rebound number, a possible sign of

decreased mechanical properties.
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Figure 11 Frequency distributions of the rebound number measured

wall \

s stated before,

copic test method on the three tested

3.2 MONOTONIC TESTING
This section reports the results of the monotonic loa onic tests were
B2-m1). Figure 12

ombination, on the left

loaded (in tension) up to a displacement value m (except for test

shows the load-displacement curves for th LT panel and bri a

using the fastener T and varying the - ngle and on the t madgtaining the load parallel to the

grain of the outer layers of the pane u erent types of different inclination of the load

with respect to the grain direct f the CLT panel seems pact on the mechanical behaviour of

the connection (this was also by the corres clic tests). The graph on the right exhibits,

of results. It iSQuort

ield oment (e.g. fa @

instead, a more pron va ting that using a steel fastener with larger

diameter and hig leads to poorer mechanical performance of the
e masonry side: a much stiffer steel dowel exerts

inary failure, as shown by the early loss of strength of the

CLT - brick-T

Force - F [kN]
=

44 /0 Connector T
SN Connector M1

2460 Connector M2

o REREEIEIE Connector U2

T
10 15 20

T
25 30 35 40 45 50 55
Displacement - d [mm)]

12
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Displacement - d [mm)]
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Figure 12 Selected load-displacement curves for different load-to-grain angles (left) and for different types of fasteners
(right)

Table 6 summarises the results of each monotonic test, in terms of maximum load, yield point and slip
modulus. For tests A8-m1, D1-m1, D1-m2, D3-m1 and E3-m1 the yield point was not calculated because of
early failure of the masonry due to cracking of the brick and/or block (A8-m1 and E3-m1) or due to crushing
of the surrounding mortar (D1-m1, D1-m2 and D3-m1). This latter phenomenon also resulted in relatively
low values of slip modulus because the stone blocks were free to translate in the first pigise of the monotonic
tests. Unlike spruce CLT panels, beech LVL specimens (tests B1-m1 and B2-m arger sensitivity
to testing in different load-to-grain angles. The test perpendicular to the % direction (B2-m1l)

@ of the slip modulus with

respect to test parallel to the main fibre (B1-m1). This behaviour may be €€ 1o the lower percentage of

exhibited a 27.5% decrease in the maximum load decrease and a 71.7%

orthogonal layers in the beech LVL (2 over a total of 14 lamelfae a 40 mm thick panel) compared to
spruce CLT. The results for spruce LVL panels tested Wh& -to-grain angle (E1-m1 and E2-m1)

were similar to those of beech LVL panels: the test arN grain recgrde aximum load
(+32.2%) and higher slip modulus (+73.5%) With@ e panel tested or 0 the main fibre

direction. g“
Table 6 Maximum load, yigid p @ sliPmodulus of all thefmo sts performed

Slip modulus
ks [KN/mm]
1.31
0.75
1.02
0.99
0.74
0.80
0.62
0.70
1.77
0.50
0.24
0.33
0.42
1.44
0.83
0.43

Test ID

3.3 CYCLIC TESTING
The cyclic test protocol was calibrated according to EN 12512 [21]. The yield displacement derived from the
monotonic testing, was equal to 5 mm for all the configurations with the exception of test A5 (fastener M2)

where it was set at 10 mm. The cyclic tests were performed up to a displacement amplitude of 30 mm both in

13



281
282

283
284
285
286

287
288
289
290
291

292

293
294

295

tension and compression loading (in the graphs the tension and compression loads will be reported in the

positive and negative axis, respectively). The examined parameters were:

e Type of fastener (different diameter, length, steel and typology);
e Load-to-grain direction (0°, 45° and 90°);
e Type of timber panel (spruce CLT, spruce LVL and beech LVL);

e Type of masonry (brick masonry, rubble stone masonry).

Table 7 reports the principal parameters that characterise the envelope curv f each considered
configuration: peak load, slip modulus (calculated according to EN 26981 [20]) ding load of the

equivalent energy elastic-plastic curve associated to the envelope curve [22]. Th an Jalue and coefficient

of variation (corresponding to three repetitions for each test) are listed, keg o tension and compression

hemicycles as separate.

Table 7 Mean value and coefficient of variation of the maxig
the EEEP curve according to [22]) of the envelope

determined using

Test ID Load
Al Tension _
Compression
A2 Tension _
Compression
A3 Tension _
Compressiq,
Ad Tension
A5
A8
pression
Tension
Compression
2 Tension

D3 Tension _
Compression
Tension

El Compression

E2 Tension '
Compression

E3 Tension

Compression

14
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Other important aspects to consider in a cyclic test concern the strength reduction of the connection from the
first to the third cycle at the same displacement amplitude, and the energy dissipation of the joint during the
hysteresis cycles. Usually, the impairment of strength AF and equivalent viscous damping ratio v
(according to EN 12512 [21]) are used to describe such qualities. Table 8 and Table 9 summarize the AF data
in terms of percentage reduction with respect to the first loop at the same displacement amplitude and the ve,
data (complete cycles comprehending tension and compression loading).

Table 8 Cyclic tests: mean values and coefficients of variation of the impairment of stren increasing levels of
displacement
TestID AF[%] 0.75d* 1d/* 24d*

Total loop n° 5 8 11
Mean 20% 18% 24%

Al cov 043 038
A2 Mean 20% 14%
CoV 0.8 0.86
A3 Mean  37% 26%®
CoV 032 0.29
Mean 18% 1
Ad CoV 029 0
A5 Mean 27% 2
Cov 047 0.42
Mean 2 %
A8 cov 0.39
Mean 21%
A cov 0.30

20%
0.43
229

7% 37% 41%
0.25 0.25 0.20
35% 34% 37%
s 0.39 0.21 0.54
8% 16% 20% 21%
0.63 0.76 0.74 0.65
18% 28% 48% 47%
0.40 0.44 0.25 0.32
30% 32% 29% 32%
0.39 0.12 0.19 0.38
19% 25% 34% 25%
0.41 0.44 0.33 0.55
29% 26% 42% 32%
0.80 0.44 0.33 0.25

ean
CoV

* tive to the third loop
** Different yield displacement (d,=10 mm instead of 5 mm)

E3

Table 9 Cyclic tests: mean values and coefficients of variation of the equivalent viscous damping ratios veq at increasing
levels of displacement
TestID  veq[%] 0.25d, 050d, 0.75d* 1d* 2d* 4d,* 6 d,*
Total loop n° 1 2 5 8 11 14 17

Mean 22.3% 18.3% 9.8% 7.5% 6.2% 7.3% 8.5%
CoV 0.16 0.11 0.30 0.23 0.24 0.21 0.32

15
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308

309
310
311
312
313
314
315
316
317
318
319
320
321
322

323
324

A2 Mean 12.9% 10.7% 6.2% 4.9% 3.7% 4.8% 4.3%

CoV 0.18 0.19 0.24 0.22 0.59 0.13 0.15
A3 Mean 18.5% 11.8% 8.5% 8.0% 10.2% 5.0% 5.3%
CoV 0.22 0.15 0.09 0.38 0.67 0.48 0.54
Al Mean 33.1% 24.1% 10.7% 7.3% 5.3% 7.1% 10.0%
CoV 0.14 0.14 0.10 0.09 0.15 0.20 0.09
A5** Mean 19.4% 13.4% 6.0% 5.1% 5.1% 6.9% 0.0%
CoV 0.11 0.10 0.20 0.33 0.51 0.45 0.00
A8 Mean 32.6% 22.4% 13.2% 10.1% 6.0% 5.1% 6.6%
CoV 0.08 0.11 0.55 0.60 0.37 0.33 0.46
A9 Mean 24.4% 18.8% 9.8% 8.3% 4.1% 4.8% 4.7%
CoV 0.14 0.07 0.14 0.24 0.16 0.16 0.34
B1 Mean 30.2% 21.4% 11.1% 8.0% 7.2% 9.8% 12.0%
CoV 0.07
Mean 21.1%
B2 CoV 0.27
Mean 24.8%
B3 CoV 0.29
Mean 24.2%
DL cov 016
Mean 19.9%
D2 CoV 0.24
Mean 21.2%
D3 CoV 0.31
E1 Mean 32.2%
CoV 0.12
E2 Mean 27.4%
CoV 0.02
E3 Mean 19.2%

CoV 0.09

* Relative to the third loop
** Different yielding displacement (d

~+

Influence of the type of fgfiten

pe Wf faptener was invess &selecting the following wall-panel combination:
brick masonry w;, d spréce CLT panel load raljel to the main grain direction. Fasteners T, M1, M2,
U2 and Ul y 3

The influence of the

tef g1 configuration A8 and A9, respectively. As pointed out in Table 7, all

the tests e omparable mean val maximum capacity and different (mean values of the slip
mo er between diff sts or Between tension and compression hemicycles of the same
configu , CoV of Fpy all configurations equal to 16.41% and CoV of ks equal to 50.13 %)).
The larger scatter observ slip moduli may be explained by reminding that the calculation method is

based on the secant sti ues measured at 0.1 Fy, and 0.4 Fy.x (EN 26891), which is the force range
where the tension craigkigy of the bricks occurred (for the specimen that exhibited cracking). Therefore, the
early loss of strength caused higher variability of the slip modulus, whereas the more stable values of
maximum capacity may be correlated to the compression strength of the brick blocks and the embedment

strength of the timber panels, almost uniform for all the configurations analysed in this section (see Figure 8
left).

The connection capacity and slip modulus of the envelope curves appear governed more by the mechanical

properties of the masonry walls and timber panels than by the choice of fastener typology. One exception
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337

338
339

340
341
342
343
344
345

346
347
348
349
350
351
352
353
354
355
356
357

358

may be the use of a fastener with large diameter (e.g. fastener U2 — test A8) which may cause early failure
due to the weakening of the block (net resisting area reduction) affecting the slip modulus (tension cracking)
or even the ultimate load (splitting). When looking at the impairment of strength values and equivalent
viscous damping ratios (Table 8 and Table 9) a more marked difference among fasteners stands out. In
particular, two groups may be distinguished on the base of the steel type: zinc plated steel (fasteners T, M1
and M2) and zinc plated hardened carbon steel (fasteners Ul and U2). The latter group exhibited higher
strength loss and smaller equivalent viscous damping ratios for displacements greater than 10 mm. This is
linked to the more pronounced pinching experienced by hardened carbon steel a rs, with respect to
normal steel anchors (see Figure 10). The higher yield moment of hardened car |"@chors (My, = 95
Nm and My, = 269 Nm for fasteners U1 and U2 with respect to My, = 38 @ers T, M1 and M2)

ing the amount of energy

delayed or even inhibited the formation of the plastic hinge on the faste

dissipation of the second and third loops for the cyclic loading conditions.

. @»
Influence of the load-to-grain direction \\
The considered load-to-grain direction angles were: \
e 0° 45° and 90° for softwood CLT pan% asonry wall and fistefiellg, (test configuration Al,
A2 and A3 respectively);
e 0°and 90° for hardwood L& masonry wal ener M1 (test configuration B1 and

B2 respectively);

e 0°and 90° for softwgbd panel, brick maso@ fastener M1 (test configuration E1 and

E2 respectively): \
As already observegiin th otonic Ioadin e on 3.2), CLT panels manifested quite consistent

igPterms of maxipm dfiand slip modulus, independently from the loading

% sually obtained for load parallel to the main grain direction

modulus values. The rent response between CLT and LVL panels seems to be attributable to the smaller
percentage of orthogonal layers in the LVL panels with respect to the whole panel thickness (14% for
hardwood LVL, 14% and 20% for softwood LVL panels with thickness of 40 mm and 60 mm, respectively,

and 33% for spruce CLT) which is directly related to the embedment strength.
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Influence of the type of timber panel
Figure 13 presents the comparison among different timber panels while maintaining constant the other
connection parameters. The figure reports on the left the results for the tests performed with fastener M1 (test
configuration A4, B1 and E1 for softwood CLT, hardwood LVL and softwood LVL panels) and on the right
the results for the tests performed with fastener T (test configuration Al and E3 for softwood CLT and
softwood LVL panels). Also tests with fastener U2 were carried out on brick masonry using both softwood
CLT panels and beech LVL panels (tests configuration A8 and B3), but the graphs are not reported here for
sake of brevity (for the outcomes discussion refer to Table 7, Table 8 and Table 9)

realised with softwood CLT or softwood LVL showed similar performances wh

pically, specimens
tions assembled
using beech LVL panels exhibited an increase both in maximum load Cc3gacIe

governing property on the timber side is the embedment strength of the woodgvhich depends mainly on the

andVslip modulus value

(despite of the minor thickness of beech LVL panels). This seems the hypothesis that the

density of the material. Being softwood CLT and softwood LVIEp both obtained from the same wood

species, they have comparable values of embedment e (= Pa), whereas higher density of

N ngth (> 609¢Pa

beech hardwood is reflected by a higher value of the e
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Figure 13 Mean envelope curves, impairment of strength and equivalent visg®Q (including standard
deviations: error bars) of fasteners M1 (left) and T (right) for brick ms d a equal to 0° varying the
type of timber panel

Influence of the type of masonry P @

For comparing the two masonry typologies, the test configtati ad A8-D3 can be
examined (corresponding, respectively, to fasteners i1, %2 connecting sp panels with brick
and stone masonry walls). Not surprisingly, 'ﬁ' rmed on the sto i.e. D1, D2 and D3
it

configurations) exhibited higher maximum d stiffness than e ed on brick masonry (i.e.

Al, A4 and A8 configurations). H @ displayed also mGig, scati®red results due to the higher
variability of the rubble stone masonry§gattern (block dime

thitkness of mortar joints, etc.). In
addition, a preferential crack ation direction was o failure modes of stone masonry (see
Figure 7). This phenomeggn due to the sedi y Fature of most of the rocks composing the
masonry walls: the stéatiglaphy Of various supet d layers of sediments determines an orthotropic
behaviour of the magyfial (rock) with s nsile strength in the direction perpendicular to the

layers. Focusis steretic proper displacement levels, stone masonry manifested lower

Jamping ratios than b sonry (Figure 14, last two graphs). A possible explanation
the higher
, the softer brick

Deigess of stone blocks compared to clay brick blocks: at small

-

displacement increases, ipation property of the connection is more dependent on the fastener

formation and early cracking allow greater energy dissipation. As the

typology, therefore the'&ve e of the equivalent viscous damping ratio between stone and brick masonry
tends to decrease.
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Figure 14 Mean envelope @iment of strength and equivalent viscous damping (plus standard deviations:
error bars) of fas (left) and U2 (right) for CLT timber panels and a equal to 0° varying the masonry
type

General remarks

For all the cyclic and hemicyclic tests, the maximum connection capacity was limited by the local failure of
the masonry (with the exception of test D1-c3 where a brittle failure of the steel anchor shank was
experienced). Depending on the type of masonry failure (tension, splitting, compression crushing, mortar
crushing, etc.) the maximum load and the slip modulus were subjected to consistent variation. For such
reason, in order to determine upper bound and lower bound limits for both the capacity and the stiffness of
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dry timber-masonry connections, a statistical analysis of the maximum load values and the slip moduli was
carried out. Firstly, the frequency distributions of the maximum load and of the slip modulus were calculated
separating the tension and compression hemicycles and assuming discrete intervals of 0.5 kN and 0.25
kN/mm for the maximum load and slip modulus respectively (Figure 15).

-8 =12
c - - c - -
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@ Slip modulus - k_ [kN/mm]

edd8 cyclic tests performed (divided in tension and compression

Table the statistical_mo all the cyclic tests from the first moment, namely the expected value
or mean of the sample, rth standardised moment, specifically the kurtosis of the sample (also the
excess kurtosis is repo . third standardised moment (skewness) and the fourth standardised moment

(kurtosis) are generawgecgnsidered as shape indicator of the sample distribution. Both the maximum load and
the slip modulus distribution exhibit positive values for the skewness, meaning that the distributions are
skewed to the right. Also the excess kurtosis presents positive values; the distributions with positive excess
kurtosis, called leptokurtic, have heavier tails with respect to the normal distribution. However, these two
moments might be considered only as rough indicators of the true shape distribution of the population due to
the limited size of the sample.
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Table 10 Statistical moments of the tension hemicycles, compression hemicycles

Moment Tension hemicycles Compression hemicycles Total
Frax [KN] ks [KN/mm]  Fua [KN] K [KN/mm]  Foo [KN] ks [KN/mm]
Expected value W 8.60 1.22 9.38 0.99 8.93 1.12
Variance m, 494 1.04 9.72 0.41 7.10 0.79
Skewness ms 0.29 2.39 0.92 1.59 0.86 251
Excess kurtosis my 0.62 7.61 1.28 4.26 1.75 9.07

Figure 16 shows the distribution fitting for the maximum load (right) and slip modulus (left) in terms of both

probability density function and cumulative probability function. The fitting is perfo

of moments and selecting a lognormal distribution due to the right skewed a

experimental data. The method of moments approach simply adopts the samnl
sample as estimators of the population mean and variance; from this

selected distribution can be determined.
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Figure 16 Lognormal distribution fitted to the data (both for tension and compression hemicycles) of load F,., (left) and
slip modulus ks (right) and representation of load characteristic value (5%) and slip modulus mode value
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As an estimation of the goodness of fit the Shapiro-Wilk expanded test for log-normality was. The null-
hypothesis of the test is that the population is log-normally distributed. If that is the case, then the p-values
are expected to be greater than the selected cutoff (or significance level) a. The calculated p-values are 0.102
and 0.837 for the maximum load and the slip modulus distribution. Therefore, assuming a significance a
level equal to 0.05, the null-hypothesis cannot be rejected with a confidence of 10.2% and 83.7%
respectively. In addition, also the quantile-quantile (Q-Q) plots are reported in Figure 17 for a graphical
validation of the goodness of fit of the chosen distributions.
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Figure 17 Quantile-Quantile plot of and slip modulus t) fittéd to a lognormal distribution

4 CONCLUSIONS

Xp. (Ua quantiles [kN/mm]

Experimental data quantiles [kN]

An extensive experimegfaliinve tion on timber paityl to masonry wall dry connections was undertaken to

evaluate the mec al p mance of the cg @ns Under static and seismic shear loading conditions.
The tests were perf in an existing™OoR ding, which dates back to the late 1800s, adopting

hemicyclic loading ols. Two different masonry typologies (brick masonry and

Ot the wood panel); nevertheless, also the 45° and the 90° load-to-grain
three types of timber panels. Lastly, five different screw anchor fasteners
ometry (diameter, length, threaded parts, etc.) and material (mild steel and

hardened carbon steel). In summary, the main outcomes of the study can be listed as follow:

e Connections on stone masonry walls exhibited higher mean values of maximum capacity and slip
modulus with respect to the corresponding configuration on brick masonry walls, but also higher
variability in the failure modes linked to a higher variability in the single test results. This may be
attributed to the inconsistency of the rubble stone masonry patterns (block dimensions, thickness of
the mortar joints, etc.).
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e From the timber point of view, the identified key property in determining the connection capacity
and stiffness, not surprisingly, was the embedment strength of the material. Therefore, the use of
hardwood LVL increases both the capacity and the stiffness of the connection compared to softwood
based material. Specimens realised with softwood CLT and softwood LVL showed similar
performance, indicating that the product type has less influence on the mechanical properties of the
connection with respect to the timber species or grade.

e The tests performed with different load-to-grain angles (o = 0°, 45° and 9Q°) suggest that the

connections built with CLT panels are less sensible to the force direction:
specimens realised with LVL panels (either using spruce or beech @7 ifested a non-
negligible reduction in both maximum load capacity and slip modistgs. “Ghisguistinction may be a

@ yerpendicular direction for

the LVL compensated panel compared to the CLT panel (respectively®ggual to 14% and 33% of the

the contrary, the

consequence of the smaller percentage of lamellae and/or venee

whole thickness of the element).

e The choice of fastener typology seems to have a the strength iffness parameters

of timber panéWforo masonry wall
h values of t asa@ry constituents might

operties and resu reased influence of the

of the connection in comparison with the

determine a stronger engagement of the

fastener typology. It is, how @ use mild steel féste rick masonry walls due to
bagfonnection unds loading (earlier formation of the

r stone masonry [Je adoption of hardened carbon steel

the increased energy dissipa

plastic hinge). On the other han

fasteners can reduce tffe rigigaf brittle tensile fail%

e As indicative r es for estimatirgithe performance of screw anchors connecting
timber bas cigg of 9.0 kN on average and a mean slip modulus
equal to €71 @d, different percentile values may be calculated from

2d for fitting the reported experimental data. However, the

arable to those of @ study presented herein.
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