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SEISMIC ASSESSMENT OF TIMBER DIAPHRAGMS ACCORDING TO
THE NEW DRAFT OF EN1998-3

Ivan GIONGO?1, Ermes RIZZI!, and Maurizio PIAZZA1

1 University of Trento, Italy, Department of Civil, Environmental and Mechanical Engineering

ABSTRACT

The paper reports on the procedure for the seismic assessment of timber diaphragms that has been
introduced in the new draft of EN1998-3. The procedure covers the knowledge gap that is currently
existing in the European standards and that is of special relevance in earthquake-prone countries such
as Italy. The critical analysis of the new provisions is preceded by a brief summary on the standard
background, with reference to the highest recognized codes in the field at the international level. Case-
study buildings are then selected and analysed to better illustrate the various steps of the procedure
and to assess the impact of the new provisions when applied to real scenarios.

KEYWORDS: Timber diaphragms, Seismic assessment, Eurocodes

INTRODUCTION

The importance of an accurate assessment of the in-plane diaphragm behaviour of timber floors when
evaluating the seismic response of existing buildings is well-known. The dramatic earthquake events
that in the last few decades hit many countries of the world have shown numerous examples of building
collapses where the failure was favoured by the inadequacy of the diaphragms [1]. Additionally, past
earthquakes proved that some popular retrofit strategies, such as replacing original wood floors with
new concrete floors, were erroneous

Over the years, growing awareness of the role of timber floor diaphragms has produced standard codes
with targeted procedures for assessing the in-plane diaphragm response (e.g., [2] and [3]). A discussion
on current international code framework concerning timber diaphragms can be found in [4] where the
background of [2] and [3] is analysed in detail. The new approach included in Chapter 10 of the new
draft of EN1998-3 [5], which represents the latest addition to the timber diaphragm codes, makes a step
forward by having its roots firmly in [2] and [3] while taking advantage of a decade-long research
conducted at the University of Trento (Italy) in collaboration with the University of Auckland (NZ).

THE NEW PROVISIONS

The provisions in [5] address the seismic assessment of original timber floors and also provide
recommendations for retrofitted diaphragms (Figure 1). The European countries most prone to
earthquakes dangerous to buildings are those in the South, where timber diaphragms are typically
found inside masonry buildings and are commonly made of solid timber joists spaced at approximately
0.5-0.7 m and covered by a layer of timber floorboards (2-3 cm thick) nailed perpendicularly to the
joists. Among the retrofit solutions shown in Figure 1, those that see the use of timber-based products
combine material compatibility, reversibility, and light weight (a, b, e, f) with remarkable mechanical
performance in-plane (a, b, e, f) and out-of-plane (e, f).

The seismic action on the diaphragm is determined by assuming a parabolic inertia force distribution
as in [2]. The total inertia force acting on the diaphragm (F, [kN], see equation (a)) is the product of the
diaphragm tributary mass (mg, [kg]) and the diaphragm spectral acceleration (Sqs[m/s?]), reduced by
the behaviour factor (ga4), which for timber diaphragms is assumed to be equal to 1.5. The acceleration
value depends directly on the period of the diaphragm oscillating in-plane (T, [s]), which is obtained



by adopting the common shear beam analogy and applying the Rayleigh quotient as recommended by
[6] and experimentally validated by [7] (equation (b)).

The diaphragm displacement demand (44 [m]), measured with reference to the mid-span, is obtained
according to equation (c) where pq is the ductility factor depending on qqp, as per the relation proposed
by [8]; Lq [m] is the distance between diaphragm lateral supports; B [m] is the diaphragm width in the
direction parallel to the seismic action; and Gase [KN/m] is the effective value of the diaphragm
equivalent shear stiffness. Gqoe is obtained (see equation (d)) by modifying the diaphragm equivalent
shear stiffness (Gao [kKN/m]) to take into account: 1) the knowledge level and the condition rating of the
diaphragm (¢ factor); 2) the stiffness contribution from the walls loaded out-of-plane («,,, see [9] for
further details); 3) the stiffness reduction due to possible diaphragm openings (4,/4).

Existing structural members:

1- Joists

2 - Floorboards

Strengthening/stiffening
elements:

3 - Additional diagonal
sheathing

4 - Structural wood-based
panels

5- Metal straps

6 - Waterproof sheath

7 - Steel reinforcement

8

9

- Concrete slab
- Cross laminated timber
(CLT) panels
10 - Glulam or Laminated
veneer lumber planks

Figure 1: Retrofit: a) additional diagonal sheathing; b) structural wood-based panels; c) metal straps; d) concrete
slab; e) CLT/LVL panels; f) timber planks and additional diagonal sheathing (adapted from [5] )

Reference values of the diaphragm equivalent shear stiffness are provided (see Table 1) for the
diaphragm type most representative of the existing building stock in earthquake prone countries (i.e.,
single straight sheathing) before and after the application of the timber-based retrofit solutions shown
in Figure 1. Such values were derived starting from the experimental and numerical evidence collected
over the years and included in publications such as [7], [9]-[13]. The stiffness values are larger in case
of diaphragms with squat joists (SQ), characterized by a height over width ratio smaller than 2, loaded
in the direction perpendicular to the joists.

Sdgmap MapgLy
F,=—— T, =07 |—22 2 b
A 4o @ ap 105 Gag.y; B (b)

La map A
Ay = 0,00125udsd(Tap)m (©) Gaoers = wamfcdo (d)

Table 1: Equivalent shear stiffness values Gao [kN/m]*

No Type of retrofit (Figure 1)
retrofit (a) (b) (e) (H**
Single straight sheathing 150 3000 1800 3000 3000
Single straight sheathing (SQ joists) *** 400 3600 2400 4100 3800

* Given values can be considered as reference values.

** This retrofit strategy, that is mainly intended for improving diaphragm out-of-plane performance, requires squat
joists (SQ) in order to be effective.

*#* When the diaphragm is loaded in the direction perpendicular to the joists.

Table 2: Acceptance criteria in terms of unit shear strength vr [kN/m]

No Type of retrofit (Figure 1)
retrofit (a) (b) (e) )
Parallel to joists 3 30 25 40 30
Perpendicular to joists 5* 45 25 45 40

* In case of SQ joists, diaphragm shear strength in the direction perpendicular to the joists, can be
significantly higher than the vrxvalue reported in the table.



Table 3: Acceptance criteria for horizontal diaphragms in terms of drift ratios dr [%]

No Type of diaphragm (Figure 1)
retrofit (a) (b) (e) )
Near Collapse (NC) 6,0 2,1 1,6 15 2,1
Significant Damage (SD) 4,0 1,5 1,2 1,1 1,5
Damage Limitation (DL) 2,5 0,8 0,7 0,6 0,8

Diaphragm verifications consist of checking that the diaphragm strength and deformation capacity are
not exceeded by demand. The characteristic values of the unit shear strength (vz [kN/m]) given in Table
2 represent the maximum shear force that the diaphragm can transfer to the lateral walls without the
diaphragm showing any structural damage. To ensure safety, the design value of the unit shear strength
(Vra = ©Vrkmoa/Vr: Yr = 1; for k04 See [14]) needs to be checked against the unit shear load (vg; =
2F, /B).Diaphragm deformation demand is evaluated in terms of drift ratio (d,, = 2A,/L,) which is then
compared with the limits provided in Table 3.

RESULTS AND DISCUSSION

Different case study buildings were selected to investigate possible critical points in the application of
the code procedure to realistic full-size structures characterized by multi-bay diaphragms. Building
geometry was designed to maximise the impact of key structural aspects, such as eccentricity between
the centre of mass and the centre of stiffness, and strength imbalance between different walls. The
predictions obtained from [5] were in fact compared with those from finite element model simulations.
For the sake of brevity, here are reported the results of case study building A, whose plan geometry is
visible in Figure 2(on the right). Figure 2 also shows (on the left) the finite element model of the building,
created as a reference for the above-mentioned comparison. The building is a two-storey building with
30 cm thick walls made of stone masonry and straight sheathed timber floors. The first floor diaphragm
is located at 2.7 m from the ground (floor load = 2.19 kN/m?) while the second is at 5.4 m (floor load =
1.32 kN/m?2). Due to the wall layout, the floors consist of multiple floor-bays characterized by different
orientation of the joists (see Figure 2 on the right).
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Figure 2: Case-study building A -Finite Element model (left); Building plan geometry (right)

The interaction between floor bays aligned in the direction parallel to the seismic loading (e.g., S6 and
S4 when the inertia forces are parallel to the y direction) was accounted for by referring to equivalent
diaphragms obtained by averaging the shear stiffness of the interacting bays under the equal
deformation assumption. The equivalent diaphragms are shown in Figure 3 where the reader can see
that they are different depending on the seismic loading direction. The values of the equivalent shear
stiffness of the equivalent diaphragms are given in Table 4. Both perimeter and internal walls that are
oriented perpendicular to the seismic force add to the tributary mass of the equivalent diaphragms (see,
for example, the purple walls within the floor footprint of equivalent diaphragm S, in Figure 3).

Walls oriented parallel to the seismic force are treated as full restraints for the in-plane deformation of
the floors, provided that such walls have sufficient strength and stiffness. Tentatively, any wall with a
length of at least 25% of the total width of the equivalent diaphragm was considered capable of
providing effective restraint. For this reason, when defining the equivalent diaphragms for the
earthquake acting in the x direction, the short wall on wall-line “B” was not considered an effective
restraint and consequently diaphragm Sg spans from wall-line “A” to wall-line “C”".



Table 4: Details of the equivalent diaphragms

Seismic force Equivalent . .+ Gao-floor Gd,0 - equiv.
direction diaph. Floorbay Orientation® - "y 7y BIMI gionh fien/my
Ss 90 400 6.65
Sa Se 0 150 4.15 304
X S2 0 150 2.35
S S3 90 400 4.30 346
S4 90 400 4.15
S2 90 400 4.15
Sc Ss 0 150 4.35 272
S3 0 150 4.15
y S Ss 0 150 435 150
S4 0 150 4.15
S Se 90 400 4.35 278
* Joist orientation: 0 - parallel to the seismic load; 90 - perpendicular to the seismic load
3) @ D) ©) 3) @
b T T T
- I Cr—j—————— = —— )
S2
N N ™ by ||
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Figure 3: Equivalent floor diaphragms for checks related to earthquake action in the x (left) and y (right) directions.

In the example reported here, the spectral acceleration (S;) was determined referring to the formula for
the seismic coefficient (Sq4/g, g = acceleration of gravity) applicable to non-structural elements, which is
present in the current version of EN1998-1 [15]. The building construction site was assumed to be in
the municipality of Ferla (IT) with an expected peak ground acceleration of 0.28 g for a return period of
475 years. The natural period of the building (T:) was calculated as 0.177s. Table 5 shows the total
seismic force on the equivalent diaphragms (F;) and the midspan displacement (44), together with the
effective equivalent shear stiffness determined assuming ¢ = 0.75 (health condition assessment: “D2-
Fair”). The tributary mass, the diaphragm period (T,p) and the geometric parameters (L, and B) of the
equivalent diaphragms are also reported in the table. The 44 values were compared with the maximum
deformations measured from nonlinear static analyses performed on the finite element model shown in
Figure 2. The masonry walls were simulated using sets of nonlinear link elements that create macro-
elements exhibiting a behaviour similar to that described in [16]. The floor diaphragms were modelled
using bidimensional shell elements according to the approach reported in [10] where the shell stiffness
has been calibrated on the results of nonlinear dynamic analyses performed on refined models that
reproduce every component of the floor (e.g., joists, floorboards and fasteners).

From the comparison with the modelling results, it emerges that the analytical procedure largely
underestimated the deformation of the floor area occupied by S¢ and Sp diaphragms due to the
translational constraint along the y direction provided by the wall-line “2”. The numeric simulations, in
fact, showed the failure of wall-line “2” prior to the reaching of the performance point. Having observed
that, the strength of wall-line “2” was checked against the shear force transferred to it by diaphragms Sc
and Sp, corresponding to 50% of the inertia force (F,) calculated for the two diaphragms according to
[5]. Consistently with the modelling results, the calculated shear force exceeded the wall nominal
capacity and therefore it was decided to consider wall-line “2” as incapable of providing an effective
restraint to the diaphragm deformation, similarly to what done for wall-line “B”. Such assumption meant
the replacement of equivalent diaphragms Sc and Sp with diaphragm Sr (Figure 4). The seismic demand
calculated for diaphragm Sr is given in Table 6. The midspan displacements obtained for diaphragm Sr
adequately match the outcome of the model for that area of the floor, showing a small yet inevitable



overestimation of the deformation due to the model experiencing a partial effectiveness of the
aforementioned restraint even after the maximum capacity of wall-line “2” was exceeded.
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Figure 4: Equivalent floor diaphragms for checks in
they direction with wall-line “2” ineffective.

Table 6: Seismic demand and related parameters for floor Sr

La B Gd,O Gd,eff Mma Ta Fa Aa
[m] [m] [kN/m] Floorlevel  [kN/m] [kg] [s] [kN] [mm]
1 160 40591 0.966 76.69 109.68
6-50 8.50 193 2 152 22355 0.734 42.23 63.34

Table 7: Deformation limit checks - floor level 1

Retrofit type - Figure 1

AsB (@) (b) (©) (0
Floor level  Floor ID dr/dr.cap dr/dr cap dr/dr cap dr/dr cap dr/dr cap
Sa 0.36 0.28 0.57 0.34 0.27
1 Ss 0.30 0.25 0.52 0.30 0.24
Se 0.45 0.34 0.68 0.42 0.33
Sk 0.84 0.46 0.69 0.62 0.46

Table 8: Diaphragm force limitation check (vea/ vra) - floor level 1
Retrofit type - Figure 1

As-B
€)) (b) (e) ®
Direction  Floor ID VEd/ VRd VEd/ VRd VEd/ VRd VEd/ VRd VEd/ VRd
S2 0.52 0.32 0.37 0.21 0.30
S3 0.82 0.25 0.50 0.25 0.29
X S4 0.82 0.25 0.50 0.25 0.29
S5 0.98 0.28 0.55 0.29 0.32
S6 0.61 0.35 0.41 0.24 0.34
S2 1.50 0.42 0.56 0.43 0.48
S3 2.49 0.63 0.56 0.49 0.64
y S4 0.78 0.42 0.49 0.29 0.41
S5 1.56 0.59 0.50 0.43 0.58
S6 1.24 0.34 0.65 0.35 0.39

The procedure used to determine the parameters of Table 5 and Table 6, previously described, was then
extended to include new scenarios where the original floors had been retrofitted with the timber-based
techniques shown in Figure 1. Once the demand was determined, the safety checks were performed, and
the results are shown in Table 7 and Table 8 concerning the deformation and force limitation,
respectively. The earthquake action in the y direction proved to be the most severe condition for the
building, with most diaphragm bays in the as-built configuration (As-B, straight sheathing) exceeding
their strength even though the drift capacity appeared always to be sufficient, thanks to the flexibility
and deformation resources of this type of diaphragms. It is worth reminding that, unlike [3], the
deformation limits given by [5] (Table 3) depend exclusively on the diaphragm performance that can



exceed that of the face-loaded walls. Therefore, the compatibility of the diaphragm deformation capacity
with first-mode collapse mechanisms of perimeter walls has to be verified case by case.

All the diaphragm retrofits investigated have shown a far better performance than the minimum
required by the seismicity of the selected construction site. This tendency was also observed in other
case studies analysed by the authors that have not been reported herein for the sake of brevity.

CONCLUSION

The new approach for seismic assessment and retrofitting of timber diaphragms included in the new
draft of EN 1998-3 was presented and discussed. The approach was proof-tested on selected case
studies; the results were then compared to simulations obtained from finite element modelling. The
outcome of the safety checks performed on the case-study buildings confirmed the tendency often
observed by post-earthquake surveys and research studies, that straight-sheathed diaphragms may be
inadequate to face high seismic demands. The analysis results also showed that the adoption of light and
reversible timber-to-timber retrofit strategies can produce a marked increase in the level of safety
capable of meeting even the strongest demands.
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ABSTRACT

Self-tapping wood screws are important fasteners for timber-to-timber or timber-to-steel-connections
as well as for compression reinforcement of beams. Furthermore, the use of self-tapping screws with
continuous threads to reinforce timbers and glue-laminated elements represents an effective, simple
and economic method. For these joints and reinforcing methods, the decisive property is the load-
bearing capacity, which is determined by the bonding mechanisms between the screw thread and the
wood. The analysis of the bond behaviour and the load transfer between screws and wood depending
on the angle to the grain enables the safe and efficient design of wood screws.

The load distribution in glue-laminated timber elements, being reinforced using self-tapping screws
with continuous threads has been measured with a non-destructive measuring procedure (3D image
correlation system) and analysed in over 84 tests, whereby the stress analysis considers the long
embedment length of the screws. The experimental investigations are comprised of over 160 pull-out
tests with long embedment length tests, which cover different angles to the grain and various screw
diameters.

The extension of the modelling for the stress distribution concerning the rotation angle to the screw axis
is investigated experimentally using coloured crack patterns. The use of the model for design is shown
on the parameter flank angle. Improved models of the bond behaviour can be used by manufacturers to
optimize the screw geometry as well as to enable of a safe and economic design approach. Timber
engineering thus benefits from withdrawal capacities as well as higher reliability of the screw joint. This
paper aims to examine the models of the bond behaviour of wood screws from the point of view of
design. As a result, requirements on load-bearing models for the design are shown and a model
extension depending on the relationship between the thread design of the screws and the load-bearing
capacity is presented.

KEYWORDS: wood screws, bond behavior fasteners, anchorage length, load-bearing capacity, stress
distribution



INTRODUCATION

Self-tapping wood screws with continuous threads are nowadays used beyond their common
application in the joining of timber elements and, as fasteners, in timber-to-timber connections, to
strengthen and increase the load-carrying capacity of beam supports, as well as to act against the tensile
stresses perpendicular to the grain in notched beam supports. Furthermore, self-tapping screws can be
utilized to reinforce curved beams or beams with holes. Regarding these new fields of application, the
reinforcing and joining of timbers with screws represents an effective, simple and economic method [1].
Modern self-tapping screws with continuous threads (figure 1), available in nominal diameters up to 14
mm and lengths of more than 1500 mm, have many advantages in comparison to traditional
standardized screws, which are partially threaded and need pre-drilled pilot holes for the installation
in timber elements. The continuous threading of the screws allows a consistency in the bond, the
interaction between screws and wood, and enables the usage of these screws for reinforcing and joining
of timber elements in a mechanism similar to the reinforcing of concrete with steel [1-3].
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Figure 1: Self-tapping screws continuously-threaded and threaded rods of different sizes, down right details of the
different screw tips.

The description of the bond behaviour between the screws and the surrounding wood is essential for
the development and evaluation of design methods for reinforced structures with self-tapping screws.
However, the nature of wood being an anisotropic material with a high grade of inhomogeneity makes
the analytic and numeric description of the bond behaviour of the screws more challenging. In this
context, the geometry of the screws, the angle between screw axis and grain (o), the lateral pressure,
timber density and the diameter of the screws as well as the penetration depth in the wood are the most
important parameters [1].

3D DIGITAL IMAGE CORRELATION SYSTEM

Digital image correlation system (DIC) is a non-contact, nondestructive method to measure
displacements and strains. DIC is as Surface Strain Measurement techniques, which has been developed
and used to measure deformations and strains of materials under various loading regimes with sub-
pixel accuracy since the 1980’s [2]. It allows the determination of displacements of the points on the
surface of the formed specimens by comparing successive images acquired during a test and cross
correlating the gray intensity patterns of the direct neighbourhood of the points (or the reference areas)
[3]. In addition, out of plane displacements may be accurately measured if two cameras are arranged in
front of the same specimen area at an angle so that the displacements are captured at the same time
instants [3]. DIC software detects image displacements in pixels and converts them into physical



displacements involving a calibration process. An accurate calibration of the imaging system prior to
the measurement is a crucial point for ensuring the reliability of the measured data, as calibration
uncertainties show up as systematic error in the measurement results [4].

APPLICATION ON TIMBER ELEMENTS

Digital image correlation system (DIC) being non-destructive testing procedure can be used on timber
elements to evaluate the specimens’ properties without causing damage or having an influence on the
material behaviour during testing. These systems give a detailed visualization of the strain distribution
in the timber surface and enable to obtain and quantify the strain results in any orientation required.
Furthermore, the monitoring of the loading process and the stress distribution in timber elements with
suitable non-destructive testing procedures enables a better understanding of the load transfer
mechanisms in wood being an anisotropic material with high grade of inhomogeneity.

ARAMIS is a non-contact and material-independent measuring system based on digital image
correlation (DIC). It offers a stable solution for full-field and point-based analyses of test objects of just
a few millimetres up to structural components of several meters in size [5]. It uses image correlation
based on the tracking of a random speckle pattern instead of the conventional grid system. Therefore,
prior to testing, a speckle pattern has to be generated by applying white and black paint on the
specimens. For the quality of the analysis it is benefiting to have a wide gradient the gray shades [6],
which is difficult to realize given the relatively wide measurement field.

Loading device
Self-tapping screw
Measurement surface

Frame grabber

Specimen

Lighting System
CCD camera

PC: processing an inter-
pretation of data with
ARAMIS-software

Analysis of the results

Figure 2: Schematic diagram illustrating the utilized 3D ARAMIS measurement system for the glulam
specimen [7].

The ARAMIS system [5] is composed of three components, including two CCD (charge coupled device)
cameras, computer and software. The cameras are arranged in front of the specimens and aligned to
their surface, which frames the area of analysis. Through the capture of the displacements at the same
instants of time stereoscopic information is provided, so that out of plane displacements can be
measured accurately. To assure the stability, necessary for the precision of the measurements, the
cameras are fixed on a tripod. Grayscale images (12-bits resolution converted into 8-bits resolution) are
captured real-time through a frame grabber (figure 2) and processed by a computer with ARAMIS
Software [5]. There are many factors that play a critical role with regard to the precision of the
measurements on the surface of timber elements, such as the speckle pattern, calibration and the
lighting circumstances [6].



LOAD DISTRIBUTION TESTS USING 3D IMAGE CORRELATION SYSTEM

The force transfer along the anchorage length of the self-tapping screws being used as reinforcement in
glue-laminated timber elements has been analysed with load distribution tests based on the results of
the pull-out tests (s. [8]). The monitoring of the loading process and the stress distribution along the
embedded length of self-tapping screws in timber elements aims at seeking a better understanding of
the load transfer mechanisms between the surrounding wood areas and the screws, which are
elementary for the analytical approach of the force transfer along the screw’s anchorage length. For the
determination of the specimens’ deformation and strain distribution, an optical three-dimensional
image correlation system (ARAMIS) [5] has been employed. The measured strain distributions in the
load transmission zone are used in the modelling the bond between the screws and the timber [9]. The
test takes into account the size effect of the screws [10].

MEASUREMENT FIELD UP TO 500 X 600 MM

Different angles to the grain were tested with the optimized measuring device based on the results of
the parametric study, where the whole surface of the specimen was measured with the ARAMIS system.
The specimens have a thickness of about five times the nominal diameter of the used screws, so that it
is still possible to measure the deformations on the whole area. The optimized configurations were used
on measurement fields of 500 x 600 mm with different parameters of the load distribution test to verify
the load transfers mechanisms of the screws, as well as to determine the load distribution and the
anchorage length of the screws. The testing program takes up this enquiry and sets out the parameters
such as screw diameters, the angle to the timber, the load type and the screw combinations concretely.
Figure 3 exemplarily identifies the surface displacement in the vertical direction at traction of 35 kN and
screw installed centric to the specimen with a nominal diameter of 12 mm.

7 0.060

0.005

Figure 3: Visualization of displacement in the vertical direction in mm at traction 35 kN from ARAMIS software
analytical model.
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In the experimental investigations (load distribution tests), the specimen was fixed on a stainless steel
plate on the unloaded end to ensure the same boundary condition at the edge of the specimen. To ensure
the measurement accuracy of the employed image correlation system for every specimen, additional
electro-mechanical transducers (LVDTs) were fixed on each screw at the point of screw insertion to
measure the screw slip at the loaded end (figure 4, b) and figure 5, b)). Moreover, a system that ensures
the same loading on each screw at the first loading step for the test with three screws was installed. The
utilized system consists of load cells, spherical calottes from hard metal and a load distribution plate as
well as adjustable screw mechanisms (see figure 4, a) and figure 5, b)).

Figure 4: Load distribution test of specimen under tension loads: a) representation of the whole specimen with one
centric screw, b) representation of the whole specimen with three screws.

The full-field data obtained from the 3D image correlation system (ARAMIS) shows the real local
deformation and strain variation, as well as the locations of maxima and minima for different angles
between the screw and the grain (o). Figure 5 illustrates the gradient of the vertical displacements of
the specimens for two different angles (30°, figure 5, a and 60°, figure 5, b). These are critical information
for model iteration, and for the model validation, as well as for the determination of the anchorage
length and the load distribution angle along the anchorage length of the screws. Figure 6 gives a
comparison of the load distribution zone with different angles to the grain for screw combination with
a nominal diameter of (d = 12 mm). In this illustration the distribution of the gradually vertical
displacement for one screw parallel to the grains determined with ARAMIS system (figure 6, a)) is
compared with theses with three screws (figure 6, b)). Herewith the screw combination with three
centric and symmetrically installed screws was employed to investigate the influences of the
neighbouring screws. The system gives a detailed visualization of the strain distribution in the glulam
surface and enables to obtain and quantify the strain results in any orientation required. Based on the
results, it can be concluded that the method is a promising tool to investigate the bond behaviour and
load distribution of self-tapping screws in glue-laminated timber elements. The results signify that the
systematic relative errors are still smaller than 0.04 of the maximum strain. Thus, a sufficient accuracy
with regard to the determination of stress distribution with the optical 3D field measuring system
(ARAMIS) on timber elements up to 500 x 600 mm has been confirmed.
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Figure 5: Gradient of the wood displacements of the load distribution tests of specimens with one screw (d= 12 mm)
under tension loads at: a) tension load of 52,6 kN and angle to the grain of 30°, b) tension load of 20,4 kN and angle
to the grain of 60°.

Figure 6: Gradient of the wood displacements parallel to the screws of the load distribution tests of specimens under
tension loads with screws (d=12 mm) parallel to the grain (a=0) with: a) one screw under tension load of 49,5 kN,
b) three screws installed symmetrically under arithmetic mean tension load of 49,1 kN.

The investigating and evaluating the strains and displacements of the wood surface of the test
specimens, enable the determination of the load transfer and anchorage length of the screws. The load
distribution angles of the screws (y) were detected based on the test results obtained from the 3D image
correlation system with different angles to the grain (s. figure 5 and 6) and screw combinations as well
as load types. The load distribution angles (y) angles are between 5°, when screwing in parallel to the
grain direction and up to 60°, when screwing in perpendicular to the grain direction. The results of the
load distribution tests are essential for the providing comprehensive information about the load
distribution angles of the screw in the timber (y) in combination with the different parameters such as:
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Angles between the screw insertion and the grain (a), axis load types (tension and compression) and
screw combinations. Furthermore, for a better interpretation of the results, the displacements out of the
measuring plane were explicitly analysed; this was particularly relevant for the specimens with
compressive loading Such information was only possible thanks to the application of optical 3D field
measuring system.

MODELS FOR THE BOND BEHAVIOR OF WOOD SCREWS

For the design of wood screws, being an economic and effective method of reinforcing glue-laminated
timber elements and fasteners for timber-to-timber or timber-to-steel-connections, there is a lack of
suitable models that describe the relationship between the thread design and the load-bearing capacity.
Depending on the result of the experimental investigations the models of the bond behaviour of wood
screws has been examined from the point of view of design. As a result, a model extension has been
suggested [11]. The extension to the stress distribution concerning the rotation angle to the screw axis
is investigated experimentally by H6lz et al. [11] using coloured crack patterns. The use of the model for
design is shown on the parameter flank angle. Improved models of the bond behaviour can be used by
manufacturers to optimize the screw geometry as well as to enable of a safe and economic design
approach. Timber engineering thus benefits from withdrawal capacities as well as higher reliability of
the screw joint [11].

THEORETICAL MODELS

The load-bearing capacity for wood screws can be explained with bonding mechanisms. Three different
bonding mechanisms can be distinguished in the contact area between thread of the screw and wood
[7,12]:

- Adhesive and positive locking of the screw thread with the wood matrix: The shallowly inclined spiral
thread of a screw, locked by self-locking, causes resistance due to the form-fit of the thread with the
intervening cell walls of the wood matrix.

- Shear bond due to the mechanical interlock between the thread and the wood: It is caused by the
shearing of the matrix components located in the thread interstices and the adjacent wood cells, which
are stressed to shear.

- Friction bond: It is caused by the slightest displacement between the contact surfaces of the separated
matrix components in the interface between the cylindrical thread outer surfaces and the wood matrix.

| Compression ™ Tension
cone ring
Figure 7: Compression cone-tension ring model on a wood screw connection, from [11]; shown are the resulting
compression cones under the angle apk as well as the tension rings [7, 11]

The activation of the different mechanisms is associated with the relative displacement of the screws
against the surrounding wood. Further loading of the screw causes the adhesion to be overcome,
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resulting in relative displacements, which in turn cause the shear bond stresses. The bond stresses along
the anchorage length are not constant, they reach their peak value in the area of force application and
decrease until the end of force application according to a non-linear function.

Under axial load, the wood screw supports itself against the wood via the thread flanks. This force
support occurs at an angle apk to the flanks, creating so called pressure cones. The resulting state of
stress also creates ring stresses, called tension rings, to ensure the balance of forces. When the wood
strength is exceeded, these stresses cause cracks to initiate and widen [7, 11] (s. figure 7). From a
mechanical point of view, the maximum values of the achieved bond stresses as well as the degradation
process depend on the bond quality and the bond mechanisms during force transmission. In the
anisotropic, inhomogeneous material wood, these are largely influenced by the angle between the screw
and the wood fibre direction (o), but also by the matrix properties (s. figure 5 and 6) [13].

MODEL EXTENSIONS

In order to represent the stress distribution depending on the angle of rotation around the screw axis,
the compression cones are not circular cone-shaped and the tension rings are not circular, but
represented by an elliptical helix shape for screw-in angles greater than 0° [11]. The semi-axes a and b
of the load propagation are therefore of different lengths. For an adaptation to a fibre-parallel screwing-
in, the half-axes can be chosen to be the same size in order to represent a circular load propagation. The
semi-axes are dependent on the running variable t for the anchorage length, whereby non-linear
relationships can be represented. The pressure cones and tension rings can thus be mapped according
to the stress distribution depending on the anchorage length. This model extension with the
corresponding stress distribution is shown in Figure 7 [11].

i‘ﬁ A-A:

L]
m Compression — Tension ring b(t)
cone

Figure 8: Extension of the compression cone-tension ring model with an angle apx and elliptical helix (a # b) as a
function of screw-in depth (a(t) and b(t)); compression cones under the angle apx; shown are the screw parameters
outer diameter d, inner diameter d1, flank angle arw and pitch P, from [11].

The parameters of the semi-axes a(t) and b(t) as well as the angle apk of the composite load-bearing
model have to be determined experimentally in further investigations in order to adapt the model to the
boundary conditions of the wood screw connection.

CONCLUSION

The use of self-tapping screws with continuous threads to reinforce timbers and glue-laminated
elements represents an effective, simple and economic method. Wood screws are important fasteners
for timber-to-timber or timber-to-steel-connections as well as for compression reinforcement of beams.
For these joints and reinforcing methods, the decisive property is the load-bearing capacity, which is
determined by the bonding mechanisms between the screw thread and the wood. The analysis of the
bond behaviour and the load transfer between screws and wood depending on the angle to the grain
enables the safe and efficient design of wood screws. Non-destructive testing procedures allow the
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evaluation of the specimens’ properties without causing damage or having an influence on the material
behaviour during testing. The monitoring of the loading process and the stress distribution in timber
elements with suitable non-destructive testing procedures enables a better understanding of the load
transfer mechanisms in wood being an anisotropic material with high grade of inhomogeneity. The
extension of the modelling for the stress distribution concerning the rotation angle to the screw axis is
investigated. Improved models of the bond behaviour can be used by manufacturers to optimize the
screw geometry as well as to enable of a safe and economic design approach. Timber engineering thus
benefits from withdrawal capacities as well as higher reliability of the screw joint.
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ABSTRACT

Despite the environmental benefits of timber as a building material, the response of timber structures
under a fire scenario remains a consistent concern. To address this issue, here the thermo-mechanical
response of Steel-Timber Composite (STC) floors i.e., Cross-Laminated Timber (CLT) slabs and steel
beams, exposed to fire is investigated. A one way coupled Computational Fluid Dynamics (CFD) and
Finite Element Method (FEM) approach was employed. The software Fire Dynamics Simulator (FDS)
was used for the CFD fire analyses and ANSYS for the FEM transient heat transfer and thermo-
mechanical analyses. FDS was used to model a 30-minute fire in a small apartment. The outcome of this
analysis was the temperature distribution on the SCT slab exposed surface. This information was then
used as input for the coupled thermo-mechanical analyses carried out in ANSYS. The latter enabled to
assess the thermal and structural performance of the SCT slab when subjected to a fire scenario.

KEYWORDS: Steel-Timber Composite, Thermo-mechanical Response, Fire Structure Interaction,
Coupled Fire-Structural Analyses

INTRODUCTION

The renewable nature of wood has led to an increased in the use of timber as a building material. This
trend has been further enhanced by the potential of timber as a lower carbon footprint alternative to
concrete and steel [1-3]. Thus, it is important that timber is regarded as a viable construction alternative
not only for housing, or low-rise buildings, but also for mid- and high-rise buildings. Nevertheless, the
latter could be hindered by the lack of knowledge on the performance of timber structures under fire
scenarios. Recently, with the aim to reduce fire associated risks a proposal to cut down the maximum
height of wood-framed buildings from six to four storeys was issued by the UK government [3].
Measures such as the one previously mentioned pose a real threat to the expansion of the use of timber
as a building material. To address this issue is important to investigate the performance of timber
structures subjected to fire. Here the thermo-mechanical response of STC floors, composed of CLT slabs
and steel beams, exposed to fire is investigated. To this end, a one way coupled CFD-FEM approach was
used to investigate the complex fire-structure interaction [4].

METHODOLOGY

First, the fire scenario is simulated using the CFD software Fire Dynamic Simulator (FDS) [5]. From these
analyses the evolution of the temperature distribution on the SCT slab surface is obtained. These results
are then used as input for transient heat transfer analyses in the FEM software ANSYS [6]. The outcome
of the latter is the temperature distribution over time on the entire structure. This is then used as input
for the transient thermo-mechanical analyses. For all the thermal and mechanical analyses carried out
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temperature dependent properties were used. To transfer the information from the CFD software to
ANSYS, the Adiabatic Surface Temperature concept proposed by Wickstréom et al. [7] was employed.

RESULTS

Figure 1 shows the results from the transient heat transfer analysis on the CLT slab. After 30 minutes of
fire exposure the temperature on the bottom side of the CLT slab reached 1000 2C while on the topside
it remained close to 20 °C. Furthermore, on the lower 25 mm of the slab temperatures above 300 2C
were registered. Thus, it is assumed that wood in that region has already burned and become char.
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Figure 1: Temperature distribution on the CLT slab after 30 minutes of fire exposure.

The influence of the fire exposure on the structural performance of the SCT structure is presented in
Figure 2. Because of charring, the lower 25 mm of the CLT slab cease to contribute to the floor structural
performance. This leads to an increase on the stresses measured on the CLT slab. Furthermore, due to
temperature induced steel softening large mid span vertical displacements registered. Also, local
buckling and damage is observed at the steel beam end supports.
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Figure 2: Stress distribution on the SCT floor before and after 30 minutes of fire exposure, side view.

CONCLUSION

A one way coupled CFD-FEM methodology was implemented to study the response of SCT structures
exposed to fire. After 30 minutes of fire exposure the CLT slabs presented a 25 mm thick charred layer
and compression failure on topside of the slab. The steel beams showed local buckling and fracture in
the regions adjacent to the end supports.
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ABSTRACT

For research of timber joints, the crucial role in force distribution inside the joint is played by
distribution and variability of stiffness of the dowels. Not only the instant stiffness, but the one that we
can encounter after some longer period. Also, this value and its statistical distribution is influenced by
many other factors, however, humidity and temperature are in timber (oak) dowels of utmost
importance. In the work results of a creep experiment made using a special testing rig is presented. It
has been found, that biggest changes in creep behavior are in case if very humid conditions are present,
and, also, that cycling the temperature in high humidity conditions can produce about 104% of the
original instantaneous displacement. The result is not surprising, however, new insights are made
thanks to relatively high number of samples and ability to produce some statistics. Another outcome is
relation of dowel stiffness in time to the level of applied stress, which is quantified in the article.

KEYWORDS: oak dowel, creep, humidity.

INTRODUCTION

The work is in continual development and actually it is already second article in the SHATIS conference
to have the same theme [1]. The authors consider the theme to be relatively interesting, because
nonlinearity present in timber joints play a significant role in their mechanical response. If one thinks
about the load distribution inside a joint only in linear way (linear stiffness), the results are valid only
when small forces act on the dowels. In any statically indeterminate problem (e.g. more dowels in one
timber joint) we face the same problem - force distribution. If the creep influence is a question of few
percent points, nobody would care. However, if we show creep of dowels can reach more than 100% of
the instantaneous displacement, one doubts about force redistribution reliability at all.

Since much information about the testing rig and test configuration can be read in the first article [2],
we go more in depth here with just mentioning a few basic stuff about the research.

The whole research was focused on testing of oak dowel from many points of view. The reason was to
bring light to design of all-wooden joints, especially the half lap joints, which are loaded very complex
way and are sometimes used in historic cultural heritage sites. First, bearing capacity when loaded along
the grain [3] has been conducted and statistics was used to evaluate the result. Second, bearing capacity
perpendicular to grain and in an angle to grain has been made, including statistics. Third, research has
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been conducted on non-linear behavior of oak dowels. This work describes the last mentioned work
package, with a short comparison to distribution of oak dowels in linear part of loading along the grain.

METHODS

For testing of nonlinear behavior a special testing machine has been constructed, which allows for
testing in different climates using salt solutions and dead weight (load), no energy input is needed and
the testing can be really made long-term. The testing rig is shown in Fig. 1 along with the specimen
which consists of four dowels loaded in series, allowing for testing of multiple dowels in one experiment.

/

Figure 1: Testing rig and a sample of a chain of samples to test more dowels in series. Please note in the middle the
arrows which show points where displacement was measured

Dowels of diameter 24 mm made of English Oak were tested. The members (connected with the dowels
and forming the chain) were made of Norway Spruce. During the experiment moisture content of the
members was measured using MoistureGuard [4], air humidity and temperature inside the climate
chamber were recorded using standard lab thermo-hygrometer by Comet [5]. All the members in which
the dowels are inserted, are oriented along the grain. Few solutions of different salts were used to
simulate the right conditions. The environment state was monitored for the whole time of the testing by
two independent devices. A was the first one; can be found in Figure 2 marked by a violet arrow. An
innovative system for continuous monitoring of moisture and humidity Moisture Guard [8] was used as
a major source of the data. The dead load applied using gym weight of 30 and 15 kg. Along with other
weights of the machine parts it yielded 3.3 kN and 1.9 kN respectively, the values were recorded using
a force cell inserted into the chain. For more details, please look into [1].

In this article we will focus on determination of role of load applied to the chain, since it looks from the
results as the very crucial influence. Nevertheless, it should be noted that other important quantities are
dowel diameter, moisture content of the dowel, humidity, temperature and history of them along with
dowel and member’s density. Because such a complexity is limiting any reasonable outcome of the
article, we decided to include to the research only the experiments, which differ significantly only in one
quantity. The dowels chosen for this paper have properties shown in Tab. 1. Both groups, A and B, have
nearly similar properties. Testing temperature was moving around the point 21 ° C.
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Table 1: Dowel series used in the comparison

Group Subgroup Load # of Mean dowel Mean moisture Mean
number applied samples density content relative
[kN] [kg.m-3] [% abs.] humidity
[%]
A 3 1,9 8 740 13,7 75
4 1,9 8 746 14,1 75
13 1,9 8 721 14,7 81
Mean 735 14,2 77
B 6 33 8 729 15,0 79
7 33 8 742 15,5 80
9 33 8 776 17,0 80
Mean 754 15,8 79
RESULTS

Because creep is a never ending process, we chose first 600 hours to be the most important period. This
is expressed in the results as Uceep. Instantaneous displacement uinse was read using automatic
processing, it was the first value after the biggest change (application of load took place in one data
point). The instantaneous stiffness is computed as Kinst=Fapplicd/Uinst. The results are summarized in Tab.
2.

Table 2: Results of the creep loading of dowels in absolute numbers

Group Subgroup Load # of Uinst Kinst Ucreep Ucreep/llinst

number applied samples [mm] [KN/mm)] [mm)] [%]
[kN]

A 3 33 8 0,79 4,18 0,81 103
4 33 8 0,44 7,52 0,54 124
13 33 8 0,82 4,04 0,77 94

Mean 0,68 5,25 0,71 104

B 6 1,9 8 0,40 4,73 0,32 80
7 1,9 8 0,36 5,34 0,46 130
9 1,9 8 0,28 6,71 0,21 75

Mean 0,35 5,60 0,33 96

It can be concluded, that the initial stiffness in group A and B is nearly the same in average. Another
interesting output can be the relative important amount of creep reaching 104% of the instantaneous
displacement. What is interesting is the comparison of kins;, Which shows nearly the same behavior in
both groups. Nevertheless, it should be compared and explained in context of stiffness distribution taken
from [3], because such a stiffness was measured from the slope when tested and reaches mean values
of 1,7 kN/mm. Such a high value what we obtained here (around 5,5 kN/mm) lies somewhere by the
quantile values. When comparing Ucreep 0f the two groups it is visible that in group A it is highly nonlinear
and that the creep stiffness is a function of applied load, thus being not usable in a linear computation.

DISCUSSION

Of course, the data are not robust enough, the subgroup 4 behaves very differently than the others, and
if we exclude it, we get even bigger difference, in such a relatively modest loading (3 kN represents the
design value), which can be met in the construction. If it is so, we are not any more in some theoretical
area when considering creep as an important player in load distribution in a joint.
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Figure 2: Creep part (without initial displacement) of dowels from both groups

Another problem is of course relative sensitivity to changes in temperature, which can be seen in Fig. 3.
Such an influence will be present much stronger in e.g. roof structures, where temperature change is not
only in ten degrees as shown in the picture.
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Figure 3: Temperature influence in secondary creep

CONCLUSION

Paper shows a comparison of two groups of oak dowels when loaded using different magnitude of force.
[t is shown, that the behavior in elastic linear instantaneous part is similar, however, in creep they differ
and if we filter a bit the results, the creep differs relatively importantly.
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ABSTRACT

In order to study fire resistance of damaged beam-column mortise-tenon joints, six mortise-tenon joints
were made, including three undamaged joints and three joints with different damage forms. One of the
undamaged joints was loaded at ambient temperature to obtain the ultimate bearing capacity, and the
remaining five joints were subjected to the ISO 834 standard fire condition under 30% load level. The
influence of damage on fire resistance of mortise-tenon joints were analysed. The bearing capacity test
at ambient temperature showed that, when the load arrived 13.66kN, the load-displacement curve
dropped suddenly due to cracking at the tenon where the cross-section varied. The fire resistance tests
showed that, the displacement of the beam end of the undamaged mortise-tenon joints increased
suddenly at about 54 min, but the load still can be carried by the shallower part of the tenon after
cracking at the tenon. Compared with the undamaged mortise-tenon joints, the displacement of beam
end of joints with wood decay or crack increased more quickly in fire. However, the influence of
looseness was less obvious. In addition, as the displacement increased, gaps in the joints increased, and
the influence of gap increase on heat transfer cannot be ignored.

KEYWORDS: mortise-tenon joint, damage, bearing capacity, fire resistance.

INTRODUCTION

Fire is one of the most frequently encountered disaster to buildings. The safety of timber structures in
fire is a problem that must be faced. Different from concrete or steel, wood is combustible. High
temperature can not only degrade the mechanical properties of wood, but also can ignite wood, which
aggravates the persistence and spread of fire. Compared with beam and column members, the cross-
section of wood components in mortise-tenon joints are smaller and the joints may more easily lose
bearing capacity in fire. It is necessary to study fire resistance of mortise-tenon joints.

Scholars at home and abroad have done a lot of work on fire resistance of commonly used joints of
modern timber structures, such as wood-wood-wood (WWW) nailed connection joints[1], WWW bolted
connection joints[2], wood-steel-wood (WSW) bolted connection joints[3]and so on. However, studies
on the fire performance of mortise-tenon joints are very limited. Zhang et al.[4] carried out fire tests on
dovetail mortise-tenon joints and post-beam timber frames with dovetail joints. Chen et al.[ 5] compared
fire resistance of one-way straight and through mortise-tenon timber joints. Ancient timber structures
usually have been in service for a long time, and it is common that different forms of damage occurred
in mortise-tenon joints. However, there has been yet no relevant study on fire resistance of damaged
mortise-tenon joints.
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In view of this context, this paper reports the results of fire resistance tests of mortise-tenon joints with
different damage forms, to provide technical reference for fire design and fire performance
enhancement of traditional Chinese timber structures.

EXPERIMENTAL PROGRAM AND PARAMETERS
Specimen Design

According to the regulations of mortise-tenon joints in Ma's Chinese Ancient Building Timber
Construction Technology[6], six full-scale mortise-tenon joints were designed and manufactured, among
three undamaged specimens and three damaged specimens (looseness, crack and decay). Except for the
cross-section dimensions of members, the length of the beam and column is designed to fit the size of
the horizontal fire test furnace. The geometric dimensions of the undamaged tenon-mortise joint are
shown in Figure 1. The length of the column is 1900mm and the diameter is 260mm. The length of beam
is 700mm and the cross-section dimension is 210mmx=260mm.The differences between damaged and

undamaged specimens are mainly in the tenons, and the other geometry is the same.
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Figure 1: Geometry of undamaged specimens

One undamaged specimen was loaded at ambient temperature to obtain the ultimate bearing capacity.
The remaining five joints were subjected to the ISO 834 standard fire condition under 30% load level.
In the fire test of SH-1, the nail tied with the wire of displacement meter was pulled out from the beam
member. The SH-1 specimen was redone. The number of specimens is shown in Table 1.

Table 1: Statistics of specimen

Number The form of damage Fire condition Loadlevel Experiment type

SW-1 undamaged ambient - bearing capacity test
SH-1 undamaged ISO 834 30% fire resistance test
SH-1-1 undamaged ISO 834 30% fire resistance test
SH-2 looseness ISO 834 30% fire resistance test
SH-3 decay ISO 834 30% fire resistance test
SH-4 crack ISO 834 30% fire resistance test

Note: the load level is the ratio of the applied load to the ultimate load of SW-1.

SH-2 specimen simulates the looseness of mortise-tenon joint by reducing the height of the tenon.
According to the investigation of He[7], the height being reduced was taken as 10mm. Referring to
experiment conducted by Xie et al.[8], the decay of wood is simulated by drilling holes on the surface of
wood. For specimen SH-3, the diameter of the hole is 5mm, and the depth and spacing is 10mm and
8mm, respectively. In specimen SH-3, there is a crack at the tenon where the cross-section varied. The
widest part of the crack is about 3mm and the length is about 75mm. Photos of specimens see Figure 2.
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Figure 2: Photos of undamaged specimens
Material Properties

The mortise-tenon joints were all made of Southern pine, which is commonly used in traditional timber
structures. According to the relevant test standards, the mechanical properties of wood were measured.
The measured density and moisture content is 517.6 kg/m3 and 18.8%, respectively. The measured
compressive strength and modulus of elasticity parallel to grain are 32.62MPa and 10740MPa,
respectively. The measured flexural strength and modulus of elasticity are 101.51MPa and 11991MPa,
respectively.

Experimental Setup

The bearing capacity test was conducted in the timber structure laboratory, Tongji University. Referring
to the existing joint loading programme[9], the column member was placed horizontally and the beam
member was placed vertically. The load on the column was taken as 50 kN and kept constant. The beam
end was loaded by the electro-hydraulic servo actuator placed horizontally until the joint fails. The test
setup is shown in Figure 3.
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Figure 3: Setup of bearing capacity test
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The fire tests were conducted in the horizontal fire test furnace in Shanghai Jianke Technical Assessment
of Construction Co., Ltd. The mortise-tenon joints were placed vertically in the furnace, with one column
end inserted into the prefabricated concrete base in the bottom of the furnace, and the other end loaded
by the load jack. The columns were exposed to fire in four sides, and the beams were exposed to fire in
three-sides. Only the connection region was allowed to be exposed to fire, while the other regions were
wrapped with fireproof wool. Figure 4 shows the test setup.

load jac U\displacement
meter

concrete slap

E |’”J A\ fireproof

400 |100 wool
500
7
__—load block

‘/ - base

Figure 4: Setup of fire tests
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The vertical load on the column was taken as 50kN. Then the load at the beam end was applied by a
concrete block, weighting 409 kg. Then the test was started with the furnace temperature increasing
according to ISO 834 standard fire curve. During the fire resistance test, the load applied on the columns
were kept constant through adjusting oil pump of load jacks. The fire was stopped at the failure of the
specimens or the block dropping on the bottom of furnace.

Measurement Arrangement

In the fire tests, the displacement meter was used to record the downward movement of the beam at a
distance of 400mm from the column. In order to monitor temperature variations, thermocouples were
arranged in timber members at different distance from the surface. The arrangement of thermocouples
in beams is shown in Figure 5. The depth and distance from the beam bottom are shown in table 2.

100 , 100 100

1T 17 Tg
\\ 3'%{-1 EX%: I
>~

2 S 7
L-7 w0
w(L-3 ®

Q

Figure 5: The arrangement of thermocouples

Table 2: The depth of thermocouples

Number L-1 L-2 L-3 L-4 L-5 L-6 L-7
Drilling depth

240 200 240 220 230 230 50
(mm)

Distance from

bottom (mm) 20 60 20 40 30 30 -

RESULTS

Bearing Capacity Test
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At the initial stage of loading, there was a slight squeezing sound. As the loading continuing, the pull-out
amount of the tenon increased continuously. When approaching the failure load, the joint made a regular
"gege" sound. When loaded to 13.66kN, the joint made a loud noise and the test was terminated. When
SW-1 failed, the tenon was pulled put obviously and a full-length crack occurred at the tenon where the
cross section varied. The failure morphology is shown in Figure 6.

(a) failure of SW-1 (c) crack at the tenon

Figure 6: Failure morphology of SW-1

The moment-rotation curve is shown in Figure 7. Due to the manufacture error, there was a certain gap
between the tenon and the mortise. Therefore, the initial stiffness of joint was very low. As the rotation
angle increased to about 0.01 rad, the mortise and mortise began to squeeze, and the bending moment
increased rapidly with the increase of the rotation angle, which was close to a linear change. As the
increase of rotation angle, the increase of bending moment became slower. When the bending moment
reaches 8.6kN-m, the bearing capacity decreased suddenly.

10

Moment (kN-m)

0 005 01 015 0.2 025 03
Rotation (rad)

Figure 7: Moment-rotation curve
Fire Resistance Test

During the fire test, some white smoke kept coming out from the furnace, but no flame was found. The
downward displacement of beam end increased with the time. When a sudden increase of displacement
occurred or the load block dropped on the bottom of the furnace, the test was terminated. Then the
burning specimens were extinguished by water and taken away from the furnace. The photos of
specimens after fire are shown in Fig 8.
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(c) SH-2 v @ SH-3

Figure 8: Photos of specimens after fire

It can be seen that both beams and columns suffered serious charring, and all the outside parts of tenons
were fully charred. During the fire test, the tenon was pulled out continuously, and the upper parts of
tenons were exposed to fire and charred to different degrees. The upper part of tenons of SH-2~SH-4
were fully charred and broke into pieces, while the upper tenons of SH-1 and SH-1-1 were slightly
charred.

The displacement-time curve is shown in Figure 9. For specimen SH-1, SH-1-1 and SH-4, the tests
stopped due to the sudden increase of displacement. The failure of specimen SH-4 was due to the
fracture of tenon at the root, while the sudden increase of displacement of specimen SH-1 and SH-1-1
were due to cracking at the tenon where the cross section varied and the load still can be carried by the
shallower part of the tenon. For specimen SH-2 and SH-3, the test was stopped because the load block
dropped on the bottom of furnace. When the tests stopped, cracking had occurred at the tenon where
the cross-section varied. Compared with the undamaged mortise-tenon joint, the displacement of the
beam end of joints with decay or crack in tenon increased more quickly in fire. However, the influence
of looseness is less obvious. In addition, as the displacement increased, gaps in the joints increased, and
the influence of gap increase on heat transfer cannot be ignored.

350 ———-SH-1-modified
300 {——SH-1-1
~ —SH-Z
£ 250 {—SH-3
é — SH-4
£ 200 A
[}
£ 150 -
ks
'%100 .
)
50 -
0 — T T T T T ' I

0 10 20 30 40 50 60 70 80 90
Time (min)

Figure 9: Displacement-time curve
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Four cross-sections (C-1, C-2, C-3 and C-4) on the beam and column members were selected to measure
the dimensions of residual cross-sections and calculate the charring rate. The locations of measured
cross-sections are shown in Fig 10. And the residual cross-sections of SH-1-1 are shown in Fig 11.
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Figure 10: Locations of measured cross-sections
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Figure 11: The residual cross-sections of SH-1-1

The measured dimensions of residual cross-sections are shown in Table 3. By and By represent the
charring rate of beam along the height direction and width direction, respectively. While fBp represents
the charring rate of column along the diameter direction.

Table 3: Measured dimensions of residual cross-sections and charring rate

Initial dimension Residual dimension Charring rate

. Testtime (mm mm mm/min
Number Location . .\ ( . ) Width ( . ) Width (mm/min)
Height /Diameter Height /Diameter By Pu! By
Beam 260 209 222 139.8 0.69 0.63
SH-1 55
Column - 259 - 187.5 - 0.65
Beam 258 208 217 129.2 0.67 0.65
SHAL cofumn &1 - 260 - 177 - 0.68
Beam 260 212 206 120.3 0.69 0.59
SH-2 Column  /7° - 262 - 162.6 - 0.64
Beam 259 211 212 122.2 0.67 0.63
SH-3 Column 0 259 - 167.7 - 0.65
Beam 262 209 178 103 1.04 0.66
SH-4 Column ~ °07° - 261 - 147.7 - 0.70

The variations of temperature of different specimens are similar. Specimen SH-1is taken as an example
to analyse. Figure 12 illustrates the measured temperature of specimen SH-1 in the whole test. After the
test started, the temperature of each measuring point increased in varying degrees. It is observed that
each measuring point had a temperature lag at 100 C, which is caused by the evaporation of water in
wood. When the measuring point is at the same distance from the bottom of beam, the closer it is to the
side surface, the faster the temperature increases. The temperature of L-1 and L-6 increase more slowly
than L-3 and L-5 respectively. When the measuring point is at the same distance from the side surface,
the closer it is to the bottom, the faster the temperature increases. On the vertical central axis of the
beam section, the temperature increase rate is L-6 > L-4 > L-2. At the same time, it is noted that the
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temperature lag of L-1 is longer L-5. This is probably because the wood is not completely dry and the
moisture content of the inner parts is larger than the outside, or it may be because some water vapor
enters the inner wood after the moisture of the outer wood evaporates.

1200 A

1000 A

800 A

600 A

400 A

Temperature (C)

200 A

0

0 10 20 30 40 50 60
Time (min)

Figure 12: Temperature-time curve

DISSGUSSION

(1) In the bearing capacity test, SW-1 failed with an ultimate rotation of 0.23rad, showing a good
deformation ability. Mortise-tenon joint bears the external bending moment by the extrusion of mortise
and tenon. The tenon is mainly compressed perpendicularly to the grain, while the mortise is mainly
compressed parallel to the grain. The low yield strength and elastic modulus in compression
perpendicular to grain may be the main reason for the good deformation ability.

(2) In fire resistance test, the fire resistance limit of SH-4 seemed much longer than SH-1 and SH-1-1.
The sudden increase of displacement of specimen SH-4 was due to the fracture of tenon at the root, and
specimen SH-4 lost bearing capacity completely. However, for specimen SH-1 and SH-1-1, the load still
can be carried by the shallower part of the tenon when the test was terminated. If the test of SH-1 and
SH-1-1 was continued, the fire resistance limit and failure mode may be similar to SH-4.

(3) The shape of the residual cross-section is irregular, which may be caused by the defects of wood.
However, the residual cross-section of the beam is basically U-shaped, and the residual cross-section of
the column is basically circular. And it can be noticed that, the charring rate along the height direction
and diameter direction is greater than that along the width direction.

CONCLUSION

(1) The mortise-tenon failed due to cracking at the tenon where the cross-section varied and showed a
large failure displacement and good ductility.

(2) The fire resistance limit of undamaged mortise-tenon was about 54min. Compared with the
undamaged mortise-tenon joint, the displacement of the beam end of joints with wood decay or crack
at the tenon increased more quickly in fire. However, the influence of looseness was less obvious.

(3) Due to the defects of wood, the residual cross-section is irregular. And the charring rate along the
height and diameter directions is greater than that along the width direction. As the rotation of beam
increased, gaps in the joints increased, and the influence of gap increase on heat transfer cannot be
ignored.

(4) Temperature increased with the increase of fire exposure time. The closer the thermocouples to the
surface exposed to fire, the higher their temperature was.
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ABSTRACT

In this paper, a parametric mechanical characterization of typical timber to concrete connections is
experimentally performed using push-out tests. To this end, different types of connectors were tested
in different arrangements and number, to study the mechanical response at the system interface. Here,
the slip force curve is statically obtained for a continuous loading increment until failure. Additionally,
recommendations regarding constructive care are provided. The tests used radiata pine wood of
dimensions of 5 x 5 inches, G30 concrete and 6 mm lag screws. The number of connectors varied from
1 to 4. Three different arrangements were analysed: (1) screws placed at 90 ° with threads embedded
in the timber element; (2) screws placed at 90 ° with 1 cm of threads embedded in the concrete; (3) lag
screw at 45°. Group effect and screw inclination was study and a comparison with international
standard was performed. The series of specimens with 4 connectors (spacing of 10 cm from each other),
did not show a significant variation in resistance, based on linear extrapolation from single screw
resistance. Inclined screws showed an increase in resistance and rigidity due to induced tensile stress.
Differences up to 150% in the estimation of the slip modulus were found when compared with the
formulation of Eurocode 5.

KEYWORDS: Timber-concrete composite, push-out test, stiffness

INTRODUCTION

Composite concrete-wood systems or TCC (Timber Concrete Composite), are complex to analyze due to
its highly variable behavior that depends on the connection characteristics. This connection can be
described to be fully bonded when estimating service loading conditions. However, slip at the
connection interface is almost inevitable. Therefore, estimating the load-slip curve is essential to
accurately predict the overall structural performance. Consequently, the importance in the analysis of
different connectors is of paramount importance when design composite structures using local
materials or when design codes do not cover specific connections features.

Design codes estimate the stiffness resistance of the connection as the relation between the applied load
and the slip. However, no specific code exist that considers the composite concrete-timber behavior.
Usually, designers have adopted different expressions to obtain this parameter [1]. Therefore, the TCC
systems relies on expressions that are not intended to characterize the connection performance in this
type of systems. It is even more urgent to establish this parameter as timber and composite timber-
concrete building are a sustainable solution for climate emergency regions.
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METHODOLOGY

Radiata pine wood with a controlled humidity of 12% - 15% was used to construct the timber element.
Structural classification was performed according to the Chilean standard NCh1207 as G1. The concrete
slabs used in the experimental tasks was cast in-situ according to NCh1017. The compressive strength
of the concrete specimens was G30, typically used in TCC building [2]. The connection between the
concrete slab and the timber element was obtained by placing % x 5” screws (see Figure 1). The number
of connectors was modified from 1 to 4 connectors, with and without threads in the shear plane.
Moreover, one set of samples with 1 connector was modified to test the screws at 45°. The loading
protocol consisted of loading up to the 40% of the expected capacity, unloading, and ultimately reaching

the ultimate capacity of the system according to EN 26891.

Steel frame

Load cell

Leveling plate

:

Roller support

S

Lateral steel plate

3

Bottom support

S
T

Reaction floor

Figure 1: Experimental setup configuration

Sample Ks (kg/mm) K5 (kg/mm) K50 (kg/mm) K40 (kg/mm)
PC11H 375.1 399.5 154.0 367.8
PC12H 155.8 410.2 146.6 197.7
PC13H 2515 5184 132.9 2515
PC14H 152.6 4426 126.3 156.2

Figure 2: Experimental results and stiffness parameters.
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CONCLUSION

The failure mode in most of the cases were wood crushing, followed by shearing of the connector. No
evident failure was observed in the concrete slab. Differences up to 150% in the estimation of the slip
modulus were found when compared with the Eurocode 5. Slip modulus using the secant method at

50% of the maximum resistance shows to be lower than the calculation according to EN 26891.
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ABSTRACT

The use of lightweight concrete (LWC) with timber structures is an efficient solution for renovation and,
with current high strength LWC, it is also an option for new constructions. In this paper, dowelled
connections for timber concrete composite systems are experimentally investigated. Often, when
renovating an existing building and implementing a composite solution, but also in new constructions,
wood based panels are used between the concrete layer and timber beams. In the current literature it is
known that the interlayer causes reduction in strength and stiffness. In this work, the effect of an
interlayer and the improvement of the connection using an adhesive are experimentally investigated
with the use of lightweight concrete. In addition to these two parameters, two different fasteners, screws
and ribbed rods, are also considered. This work indicates that, with the use of an adhesive, the negative
effect of an interlayer can be mitigated.

KEYWORDS: timber lightweight concrete composites, shear dowel type connections, adhesively
bonded connections, effect of interlayer

INTRODUCTION

The use of timber lightweight concrete composites (TLCC) is an increasing trend with various research
projects and several examples in the world [1, 2]. Dowelled connections are still the most popular and
simple solutions for both renovations and new constructions. Besides renovation of timber buildings,
these connections can be easily replaced which will extend the life of the timber joists. For renovation
purposes, the use of lightweight concrete is a better solution than using a non-structural mortar screed
[3] as it contributes to the structural integrity of the floor while adding a lower weight, which can be
often more appropriate for existing structures. The rehabilitation of timber floor with lightweight
concrete requires a performant connection that can guarantee an efficient a composite action between
these two materials.

The use of dowel connections are the most common solutions for shear connections to mobilize the
composite action in timber-concrete composite members. They are the most commonly studied
connections due to their optimal strength, stiffness and ductility along with a variety of choices and easy
access [4-7]. In addition, in the current EN 1995-1-1, the strength models based on the Johansen/
European yield models leads to a good estimation [8, 9]. In design, the target is to obtain the most
optimized solution by using a lower number of screws and obtaining highest strength and stiffness
possible. Dowel connections are also a good solution for renovations. In existing structures, there is a
floor system, which can serve as a permanent formwork and be referred as an interlayer. However, the
interlayer leads to lower mechanical performance due to the gap layer they cause between the concrete
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and the timber layer. Even though in numerous experimental work, it has been concluded that the use
of an interlayer is significant, in cases such as rehabilitation or wet solutions (casting concrete layer on
site), the use of an interlayer cannot be neglected. Use of adhesively bonded connections leads to a much
stiffer behaviour and this solution may mitigate the effect of an interlayer [10].

In this paper, the effect of an adhesive and an interlayer on screw and ribbed rod dowelled connections
are investigated by means of experimental tests. Throughout the experimental program, lightweight
concrete is used. During the design of the specimens EN 1995-1-1 is used [9]. The results show that by
introducing an adhesive layer, negative effects of an interlayer can be improved.

MATERIALS AND METHODS

The experimental tests within this work considered symmetrical push-out tests on dowelled
connections for TLCC. An overview and dimensions of the specimens with an interlayer are given in
Figure 1. For the specimens without an interlayer, the only difference is the embedment length in the
concrete is smaller as the size of the interlayer.

Glulam with strength class of GL 24 h and lightweight concrete with a strength class of LC 20/22 is used.
Two different types of connectors are used; i) fully threaded Wurth screws [11] and ii) S500 ribbed rods.
Both of the dowels have an outer diameter of 8 mm. In all series, the embedment length of the dowel
connector in the timber is 110 mm. The embedment length is 50 mm for the series without and
interlayer and 32 mm for the series with an interlayer.

Three different parameters are investigated; i) effect of dowel type (screw vs. ribbed rod), ii) effect of
the adhesive between the dowel and the timber (epoxy acrylate-based Sika Anchorfix-3030 [12]) and
iii) effect of an interlayer (18 mm OSB-3 from Norbord). Test specimens are labelled as dowel type (S -
screw or R - rod), existence of adhesive (NG - no adhesive or G - adhesive is present) and existence of
an interlayer (NI - no interlayer or [ - interlayer is present). Test specimen properties are presented in
Table 1. The test specimens are designed by provisions given in EN 1995-1-1 [9].

Timber
GL 24h

nterlayer: OSB 3

k—T

L
.7|-Reinforcement
77| mesh: 5/150

"|-screw/ Rod: M8

“,|Lightweight
7| concrete

Figure 1: Test specimen with all members and dimensions
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Table 1 Test specimen properties

Concrete
ExperimentID type & fl(n)il(:lc{l;leetseS Dov;rel Fe?btel:i ment Glue Interlayer
strength typ g
S-NG-NI -
No
S-NG-I Screw -
S-G-1 LC20/22 70 mm 110 mm Yes
R-G-NI Yes -
Rod
R-G-1 Yes
RESULTS

Each series had five replicas. In Figure 2 the average force slip curve for each series is presented. Fi is a
load level where initial failure occurred which is identified as the stiffness degradation in the force slip
curve. At this load level, yielding of the dowel by formation of a plastic hinge occurred. After this load
level, Fi, plastic hinge occurred, leading to a significant deformation with small increase of strength.
After this load level, only shear loading is no longer represented. In series S-NG-NI and S-NG-1, a second
stiffness degradation is observed due to the strain hardening of the screw. After this load, the maximum
load capacity, Fmayx, is reached by all specimens as the pull-out strength in the concrete is reached.

60
—S-NG-NI
55 —S-NG-I
50 —S-G-l
R-G-NI
45 —R-G-l
40 *
/2\35
<
o 30
e
£25
20
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10
5
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slip (mm)

Figure 2 Average force-slip curve of all series

The mean results from the shear tests are presented in Table 2. Two different load levels are identified
and the patterns were very similar for all five series. Atinitial damage, reduction in the stiffness is caused
due to the plastic hinge formation of the connector. At the maximum load capacity, Fmax, failure occurs
due to the connector reaching its withdrawal strength in the concrete. Stiffness, Kser, is calculated using
EN 26891 [13]. The ultimate slip, v,, is the slip corresponding to the 80% of Fmax after the Fpax. From
Table 2, following observations can be made;

- The stiffest and the strongest series is R-G-NI.
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The use of an adhesive layer had a positive impact in the initial failure load, F; and

stiffness, Kser.

The negative effect of an interlayer on load capacity and stiffness are removed by

introducing an adhesive layer (S-NG-I vs S-G-I)

kN)

Same initial damage and failure mode is observed.

There is a similarity between the maximum load carrying capacity in all series (37 - 49

There is a same order between the ultimate slip in all series (32 - 39 mm)

Table 2: Test results

Initial Failure
damage mode
mode (Fl) (Fmax)

F1 Fmax Kser Vu

Specimen ID (kN) (kN) (kN/mm) (mm)

S-NG-NI 11.24  42.87 852  37.42
S-NG-I 319  37.08 159 3953  plagic | Withdrawal
. strength at
S-G-I 17.14  40.46 1513  38.60 hinge
f tion the concrete
R-G-NI 22.14  49.48 11.86  39.02 forma is reached
R-G-I 19.07  42.69 1555  32.54

EFFECT OF TESTING VARIABLES ON MECHANICAL PROPERTIES

In this experimental campaign, three different parameters are investigated. The effect on strength,
stiffness and ultimate slip are hereafter discussed.

i)

iif)

Effect of the dowel type (screw vs. ribbed rod) - series S-G-I and R-G-I are compared. In both
connectors, an outer diameter of 8 mm is used, however, the inner diameter and the tensile
strength of the connector varied. Changing the connector from screw to rod lead to an
increase of 11% and 5% in F; and Fnay, respectively. In terms of stiffness however, only an
increase of 3% is observed. As the adhesive layer caused a stiff connector between the dowel
and the timber, such behaviour in the elastic range is expected. There was a 15% reduction
in the ultimate slip, which reflects the post-elastic behaviour difference between the two
connectors (F1 VS Frax).

Effect of the adhesive between the dowel and the timber - series S-NG-I and S-G-I are
compared. By introducing an adhesive layer for the series with the use of screws and an
interlayer, a 438% increase in F; and 9% increase in Fnax is recorded. The quadruple increase
in the initial damage load is expected as the adhesive reinforced the screw, timber and the
interlayer to work as a single connection. The consistency in the Fmax is also expected as in
both cases the maximum load capacity is by the pull-out strength at the concrete layer. In
both series, the mechanical properties were the same (embedment length of the screws in
the concrete and the concrete strength). The stiffness was increased by an 850% with the
introduction of an adhesive, due to the stiff layer. In term of ultimate slip, only 2% reduction
is recorded.

Effect of an interlayer - in this comparison, two separate comparisons are made for the
screw connectors (S-NG-NI vs S-NG-I) and rod connectors (R-G-NI vs R-G-I).

a. Forscrew connectors, introducing an interlayer (without an adhesive) lead to a decrease
of 71% and 17% in the F1 and Fuax. In terms of stiffness, 81% reduction is observed. As
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the interlayer acts as a gap layer, this is an expected behaviour and in agreement with
the literature [14]. In terms of ultimate slip, a 5% increase is observed which can be
neglected.

b. For rod connectors, introduction of an interlayer lead to a reduction of 14% in F; and
Fmax. Even though there was an adhesive layer which connected the rod connection to
the interlayer, such decrease is acceptable since the interlayer changes the force transfer
mechanism. In the stiffness, an increase of 31% is recorded, this proves that the adhesive
stiffens the connection significantly. A 16% decrease is observed in ultimate slip. The
maximum load capacity is reached by the pull-out strength of the concrete, which was
smaller for the series with an interlayer (as the embedment length is smaller) therefore
the ultimate slip is affected from this.

CONCLUSION

In this paper, dowelled connections within TLCC with the effect of an interlayer, adhesive and fastener
type are experimentally investigated. Lightweight concrete is used throughout the entire experimental
program as the target of these connections is for renovation reasons. In this experimental campaign,
glulam is used for the timber layer due to its easy access.

Introducing an interlayer caused significant reduction in stiffness and in load capacity. Introducing an
adhesive layer between the screw and the interlayer compensates the negative effect/impact of an
interlayer. With this solution, renovation of existing timber buildings will be possible without a high loss
in strength and stiffness capacity of the dowel connectors.

The use of an adhesive has a positive impact on the strength and the stiffness. Even though an adhesive
increases execution sensitivity of the connector and the cost of the execution, for special projects, it may
be considered.

The use of a rod rather than a screw (in specimens with adhesive and an interlayer) lead to a slightly
better strength and stiffness, however, the ultimate slip is limited.

The results in this paper gives a good indication of dowel connections that can be used for renovation
purposes. Nevertheless, further research is still necessary to evaluate the impact of used/old timber on
the mechanical performance of the investigated connections.
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ABSTRACT

In Shanghali, there are a large number of masonry-timber mixed structures that have been in service for
nearly 100 years and carry various forms of damages due to natural and human induced hazards.
Investigation shows there is difference between the impact of the different forms of damage on the
seismic performance of the masonry-timber mixed structures. In order to explore such impact, six full-
scale timber frame walls with brick masonry infilled were made, including two walls with no damage,
two walls with column foot decay, one wall with dry shrinkage in mortise-tenon beam-column joints
and one wall with horizontal crack in the masonry infill. Through reversed cyclic loading tests, the
failure characteristics, load-displacement hysteretic curves and skeleton curves of the wall specimens
were analysed. The test results show that the main failure mode of brick filled timber frame walls is
diagonal crashing of infilled wall and compression failure of the mortise-tenon joints. The hysteretic
curves show obvious pinching effect. More specifically, the decay of column foot has little effect on the
seismic performance of the wall; the shrinkage of joints reduces the initial stiffness of the wall, and the
horizontal crack in the masonry leads to premature separation of the masonry and affects the stiffness
and peak load of the wall.

KEYWORDS: brick masonry infilled walls, seismic performance, different damages

1 Introduction

Masonry-timber mixed structure is one of the main forms of traditional building structures in China,
among which wood frame with bricks infill is commonly used as lateral load carrying components. The
timber beams and columns are the primary framing members, and the masonry infill wall is mostly used
for thermal insulation and separation (Figure 1). According to earthquake disaster surveys, masonry-
timber mixed structure is prone to be damaged under earthquake actions, however, structural collapse
is rare [1][2], which implies good seismic performance. The good seismic performance mainly lies in the
composite action between the timber frame and the masonry infill wall. The timber frame resists
horizontal load and absorbs seismic energy through plastic deformation and friction of mortise-tenon
joints and floating column feet [3]. The masonry infill wall, on the other hand, can add to the lateral
stiffness and bearing capacity of the timber frame.

Some scholars have carried out research on the seismic performance of this kind of structures. Xu et
al.[4] compared low cyclic reversed seismic performance of typical mortise-tenon jointed wood frames
with and without brick masonry infill. The test results showed that the infilled mortise-tenon joint wood
frame had higher lateral load carrying capacity and better stiffness and energy dissipation capacity. Qu
et al. [5] also carried out in-plane quasi-static loading tests on six full-scale Chuan-dou timber frames
infilled with masonry walls. The test results showed that the masonry infills provided the most lateral
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resistance of the frames, whereas the timber frames maintained the integrity of the wall frames under
large lateral drifts.

Figure 1: Masonry-timber mixed structure

In Shanghai, there are a number of masonry-timber mixed structures that have been in service for more
than less than 100 years. Under natural and human induced hazards, these structures show different
kinds of damage, such as column foot decay, dry shrinkage in mortise-tenon beam-column joints and
horizontal crack in the masonry infill (Figure 2). These damage can affect the seismic performance of
the entire structures. Therefore, it is necessary to quantify the impact of different damage on the seismic
performance of the mixed structures. This paper presents the results on six full-scale timber framed
walls with brick masonry infill to explore the influence of different damage on seismic performance of
masonry-timber mixed structures through reversed cyclic loading tests.

Dry shrinkage in mortise-tenon beam-column joints

Figure 2: Different kinds of damage of masonry-timber mixed structures

2 Experimental programe

2.1 Specimens

As is shown in Table 1 and Figure 3, six full-scale timber frame walls with brick masonry infill were
made, including two walls with no damage (F1a&F1b), two walls with column foot decay (F2a&F2b),
one wall with dry shrinkage in mortise-tenon beam-column joints (F3) and one wall with horizontal
crack in the masonry infill (F4). All specimens had the same height of H = 2500 mm and the same wide
of L=1950mm. The diameter of the timber columns is 200 mm, and the section size of the rectangular
timber beam is 120 (width) x200 mm?2. The columns and the beams were connected through straight

42



tenon joints (Figure 4), with tenon of 60 mm in width, 200 mm in height and 100 mm in length. The
columns rest freely on independent stone base, known as the floating support (Figure 4).
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Figure 3: Dimension of six test walls

Table 1: Detailed introduction of each test piece

Wall
I?) S Size (height x wide xthick)/mm Damage condition
Fla 2500x1950x120 No damage
F1b 2500%x1950x120 No damage
The column feet on both sides are reduced
F2a 2500%x1950x120 with a diameter of 100 mm over a height of
500 mm.
The column foot on one side is reduced with a
F2b 2500x1950x120
* * diameter of 100 mm over a height of 500 mm.
F3 2500x1950x120 The height of the straight tenon is reduced by
10mm.
Fa4 2500x1950x120 A preset horizontal crack in the masonry at

300 mm away from th bottom.

The top of the columns extends 200 mm out of the timber beam to connect with the loading jack for
application of the vertical load. The masonry infills were made of stretcher bond 230 x 110 x 50 mm
burnt (sintered) clay bricks. The mortar was of M2.5 grade (nominal compression strength no less of
2.5 MPa), and the bricks were of MU10 grade (nominal compression strength no less of 10 MPa), as
specified in Chinese Code for Design of Masonry Structures. From standard material property tests [6-9],
the parallel to grain compression strength of the timber (Douglas Fir) used in this study was 32.9 MPa,
the bending modulus of elasticity of the timber was 10876 MPa. the tested compression strength of the
bricks was 12.4 MPa, and the tested cubic compression strength and the shear strength of the mortar
were 4.82 MPa and 0.20 MPa, respectively.
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2.2 Test setup and measuring scheme

The concrete foundation was fixed on the ground with steel bolts. Two vertical loads of 50 kN,
determined from the typical traditional timber structures in Shanghai, were applied by two loading jacks
on the top of the two columns. The setup of the specimens and the arrangement of the vertical loading
jack and the hydraulic actuator (max loading capacity of 200 kN and a displacement range of +250 mm)
for lateral loading are shown in Figure 5.
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Figure 5: Test setup and measuring scheme

The lateral loading was applied to the timber frames in displacement control by the hydraulic actuator.
The actuator was connected to the timber frame through a steel loading cage and two timber cushion
blocks. To quantify the strength and stiffness degradation incurred by repeated loading, the CUREE
loading protocol [10] was adopted, as shown in Figure 6. According to previous research on comparable
frames [11], the reference displacement 4 was taken as 40 mm.
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Figure 6: Cyclic displacement loading based on CUREE protocol [10]

3 Results

3.1 Test phenomena and primary damage modes

For specimen Fla (Figure 7) , when loaded to + 8mm, the first horizontal crack appeared between
the first brick and the second brick at the bottom of the lower left corner of the brick wall. When the
displacement reached 16 mm, the crack penetrated with width of the wall. When the displacement was
increased to 40 mm, more cracks appeared on the surface of the corner bricks under compression. The
left column foot was raised by about 10 mm, and the column was separated from the brick wall by
about 6 mm. When the displacement reached 60 mm, horizontal and vertical cracks joined together in
the lower left corner. Noticeable out-of-plane deformation was observed. The loading was terminated
as a significant drop of the applied load was observed.

d. Raised column foot /

\ B

[}

of the wall without damage (specimen Fla)

For specimen F1b (Figure 8), its failure mode was similar to Fla. It was mainly reflected in the crack
through the bottom of the infilled wall, and the corner masonry crushed under compression. The
timber frame obviously separated from the infilled wall, and the mortise-tenon joints were pull-out
and damaged.
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Figure 8: Experimental phenomena of the wall without damage (specimen F1b)
For specimen F2a (Figure 9), the first crack also appeared at the bottom of the infilled wall during
+8mm displacement level. The mortise-tenon joint was severely deformed when the displacement
reached + 28mm. Reversed loading to - 28mm, the right timber column foot moved 15mm out of the
plane. The masonry in the lower right corner was completely crushed during the loading cycle of
+40mm. When the load reached - 60mm, the decayed column foot (with reduced cross-section
diameter) exhibited bending failure, and the bearing capacity of the frame specimen dropped ever
since.

c. Slip of column foot | -
\
\ § !.} :

e s S I

Figure 9: Experimental phenomena of the wall with columm foot decay (specimen F2a)
For specimen F2b (Figure 10) , its failure mode is similar to F2a.

d. Out-of-plane deformation
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Figure 10: Experimental phenomena of the wall with columm foot decay (specimen F2b)
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For specimen F3 (Figure 11), similar to the previous specimens, a crack appeared through the bottom
of the brick wall in the early stage of the loading. The bottom of the timber beam was separated from
the brick wall. The mortise-tenon joints showed noticeable pull-out and slippage during the early
loading stage. When loaded to +60mm, the wall showed large out-of-plane displacement. The timber
column was completely separated from the brick wall.

of brick wall

Figure 11: Experimental phenomena of the wall with dry shrinkage in joints (specimen
F3)
For specimen F4 (Figure 12), horizontal cracks still appeared at the bottom of the infilled wall at the
beginning of the loading. With the increase of the load level, more cracks appeared in the masonry
near the preset horizontal crack and propagated rapidly and continuously. Finally, the frame wall was
deemed as damaged by the crushed masonry and mortise-tenon joints.

Figure 12: Experimentafphenomena of the wall with horizontal crack in the masonry
infill (specimen F4)
3.2 Load-displacement hysteretic curves

The load-displacement hysteretic curves of the six specimens are shown in the Figure 13. The shapes
of the hysteretic curves of the six specimens were similar, all of which showed strong nonlinearity and
pinching effect. There are two reasons for the pinching phenomenon. Firstly, the brick masonry
slipped and dislocated near the cracks. The friction between the cracks led the bricks with residual
deformation at unloading. Secondly, the mortise and tenon joints did not restore from the pulling-out
damage with reduced stiffness.
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Figurel3: Load-displacement hysteric curves of the tested walls
3.3 Load-displacement skeleton curve

The load displacement skeleton curves of the frame specimens can be obtained by connecting the peak
points of each primary cycle of the load displacement hysteretic curves of the specimens. The results
are shown in Figure 14.

100
75
50 |
25 |
0 L

E-zs . -=Fla —F1b
=250 | X F2a —F2b
s L ~F3 —F4
-100 1 1 1 1 1

-75 50 -25 0 25 50 75
Lateral displacement (mm)

(kN)

Figure 14: Load-displacement skeleton curves of the tested walls
Comparing the skeleton curves, it can be found that the skeleton curves showed similar trend, and all
can be divided into three stages: the elastic stage, the yield stage and the failure stage. In the elastic
stage, the load-displacement curve is linear elastic. There is no obvious crack in the brick wall and the
timber frame shows no residual deformation. The slope of the skeleton curve in this stage is defined as
the initial stiffness of the specimen. With the increase of the loading, the frame enters the yield stage
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and the slope decreases due to the development of cracks and the plastic deformation of the mortise-
tenon joints. The load-displacement curve become nonlinear. In the failure stage, the infill wall shows
oblique compression failure, and the mortise-tenon joints are pulled out. At further lateral
displacement, the corresponding load ceases to increase or starts to drop, implying the ultimate
capacity of the wall.

4 Conclusion

This paper investigates the seismic performance of partially damaged masonry-timber mixed
structures in China. Six wall specimens with different kinds of damage were tested by cyclic loading.
The failure patterns and the load-displacement hysteretic curves of the wall specimens with different
damage were discussed. It was found that the failure of the timber frame walls with brick masonry
infill was triggered by the diagonal crushing of the masonry, pulling-out of the mortise-tenon joints
and out-of-plane bulging deformation. The hysteretic curves show noticeable pinching effect. The
decay of column foot had little effect on the performance of the wall; the shrinkage of joints reduced
the initial stiffness of the wall, and the horizontal crack in the masonry led to premature separation of
the masonry and impaired the stiffness and the peak load of the framed wall.
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ABSTRACT

Cross-laminated timber (CLT) is a relatively new construction building system based on structural
panels made of several layers of boards stacked crosswise and glued together on their faces [1]. As CLT
panels are light-weight structural elements with high stiffness and strength to bending, compression
and shear, they are an economically competitive building system when compared to traditional options
and therefore, are a suitable candidate for some applications which currently use concrete, masonry and
steel. Given the numerous advantages of building with timber, an increasing number of multi-story CLT
buildings is sprouting around the world. In this work we investigate the hysteretic behaviour of CLT
connections by means of a finite element modelling strategy. The mechanical response of connections
is described with several unidimensional modelling devices along three orthogonal axes. The modelling
process includes important features, such as, stiffness and strength degradation as a function of the
hysteresis loops, among others. At a preliminary development stage, the proposed finite element model
has shown promising results. This is part of an ongoing research.

KEYWORDS: Hysteresis, Connections, Cross-laminated timber, Finite Elements

INTRODUCTION

CLT is a relatively new construction building system. It was developed in Austria and Germany in the
1990s as a product that could take advantage of the amount of wood wasted in timber processing
factories. Among its advantages, we can find its ability to self-protect against fire, its high strength-to-
weight ratio and its fast and efficient on-site installation [2]. Although CLT presents several advantages
as a construction material, its technology is much younger than concrete or steel. In fact, due to the
complexity of wood mechanics, many timber design rules are still based on an empirical background,
resulting in conservative design procedures [3].

Under cyclic loads, CLT shear walls behave rigidly. Here, the main contribution to energy dissipation
comes from the ductile behaviour of steel-timber connections, which prevent potential mechanisms of
brittle failure. Several research works have been carried out in order to capture numerically the
response of metal connectors in the context of timber structures. A popular modelling approach consists
of describing the connections by means of an array of non-linear unidimensional modelling devices, such
as, springs, slides, hooks and gaps, among others. In general, the arrangement of multiple non-linear
springs captures properly the hysteretic behaviour, stiffness degradation and failure of steel-timber
connections with low requirement of computing resources. Therefore, this modelling approach is
adopted in the present study.
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PRELIMINARY RESULTS

In this section we present preliminary results of our computational simulations for experimental tests
carried out on connections subjected to cyclic loads. The connections investigated here correspond to
angle brackets and hold-downs. A displacement-controlled cyclic loading protocol was applied
according to [4].

In order to enhance further the accuracy of the numerical predictions made by the proposed model, we
adopt a standard GA-based optimisation scheme. A summary with different weighted errors for the
dissipated energies for connectors subjected to in-plane shear and vertical tension/compression loads
is presented in Table 1 [5].

Type of Type of Cycle 1 Cycle 2 Cycle 3 Cycle 6 Cycle 9
connection load
Angle In-plane 0.43% 0.24% 1.51% 1.7% 0.33%
bracket shear load
Hold down Vertical 0.09% 0.69% 1.77% 3.22% 4.78%
load
Table 1: Weighted errors between dissipated energies
CONCLUSIONS

A non-linear finite element model was proposed to investigate the hysteretic response of CLT
connections subjected to cyclic loads. Numerical predictions have shown promising results, revealing
the potential predictive capabilities of the proposed model.
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ABSTRACT

Timber degradation is frequently caused by insects, namely wood boring beetles. The assessment of the
structural soundness of the remaining timber is, however, a difficult task. In a previous study, a
correlation among screw withdrawal force and mass loss was established, thus allowing quantification
of the residual strength of anobiid infested timber. However, the method was initially developed in
laboratory and its use for in situ applications is not yet validated. In this paper, we extend the
experimental work using a portable device to measure the in situ screw withdrawal resistance of timber
elements degraded by anobiids. Screw withdrawal tests were performed on sound and artificially
damaged timber samples using two different types of equipment (universal testing machine - lab
environment; portable device - in situ application). Screw withdrawal resistance was correlated with
both density (original and residual) and mass loss and the results obtained using the two types of
equipment were compared. Results show the viability of using the portable device for the in situ
assessment of timber elements degraded by anobiids.

KEYWORDS: Timber structures, anobiid infestation, screw withdrawal, damage assessment.

INTRODUCTION

Timber is known as one of the oldest construction materials and has been widely used in the
construction industry over the centuries. However, knowledge about the biological degradation
processes and their impact on timber structures remains a key challenge towards the preservation of
existing buildings.

Wood is susceptible to biological degradation, which is frequently caused by fungi and insects. While
fungal decay tends to be localized and linked to moisture sources, insect degradation often leads to a
general deterioration of the timber structure [1]. Considering insect infestations in temperate countries,
subterranean termites and old house borers stand out for their ability to cause damage to structures
shortening their service life. Anobiids may also play a major role in the deterioration problems though
the assessment of the structural soundness of the remaining timber is a difficult task and timber
elements are often removed and replaced without real need.

For an adequate intervention plan, it is necessary to correctly assess the level of degradation and its
effects on the behavior of the structure. Therefore, it is urgent to fill the gaps in the existing bibliography
and current normative references about the biological degradation of wooden structures in existing
buildings to serve as the basis for more accurate and reliable decision-making by engineers and
architects.
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Usually, the in situ assessment of the level of degradation of a timber element caused by anobiids is
performed initially by visual inspection, analyzing the quantity and dispersion of the exit holes on the
surface of the wood. However, previous studies demonstrated that surface exit holes are not a good
indicator for the estimation of the level of degradation, and the internal galleries in the element tend to
be higher than indicated by visual inspection [1]. Thus, methods to assess that level of degradation
through screw withdrawal tests were developed [1, 2]. In [1], the method was established by performing
tests on sound and degraded specimens, correlating the results with the residual compressive strength.
Moreover, the method proposed by [2] is based on the correlation between screw withdrawal resistance
and the density loss caused by anobiid infestation. However, these methods were developed in the
laboratory and their use for in situ applications is not yet validated.

This work aims to validate the use of a portable device equipment initially developed to perform pull-
off tests on mortars for the in situ quantification of the level of anobiid degradation of structural timber
elements by comparing results with those obtained in the laboratory. For this, screw withdrawal tests
were performed on both sound and artificially degraded specimens (with t