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Abstract

Considerable progress can be observed within recent years in timber structures. But, the devel-
opment of damage in these structures may cause catastrophic events. Therefore, frequent moni-
toring should be conducted to estimate the health condition of these structures. In this context,
the acoustic emission (AE) is an efficient method for real time monitoring as well as damage
growth in both structural components and laboratory specimens.

In this study, tensile tests in the axial direction were performed on standardized wood
specimens. Three wood species were tested including Douglas fir, silver fir and poplar.
Actually, these woods have close density, but their structures and their mechanical behaviors
are quite different, so conduce to different damage process. Douglas firs are softwoods with a
pronounced distribution of earlywood and latewood, their high strength among softwoods
explains their important application for structural purposes. Silver fir is also softwood and it is
abundant in the Pyrenean region in France, so interested to study for economical reason.
Moreover, its structure is quite different from that of Douglas fir. Finally, poplar wood is a
hardwood and it’s well known as a homogenous wood. This work aims to investigate their
damage process with help of AE sensor. During the test loading data were recorded
simultaneously with the transient AE signals. And then we try to correlate the AE sources to the
damage mechanism in the woods tested.

According to results, the following conclusions can be stated: The AE data recorded from tensile
tests indicate clearly that the scenario from damage initiation, accumulation up to final macro-
scopic failure is quite different from one wood to another one. It depends strongly on their distri-
bution of earlywood and latewood. The forms and the magnitudes of AE activities are directly
related to the annual rings structure. It is shown that the wood with abrupt transition from ear-
lywood to latewood are more emissive than wood with gradual transition. Also, acoustic emission
monitoring allows the early detection of damage and the establishment of damage scenarios.
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1 INTRODUCTION

Due to the increase of ecological awareness, the use of wood in civil engineering structures

like timber bridges has been recently raised. Nevertheless, wood is an anisotropic material
which is organized in a complex hierarchical structure distributed across multiple spatial
scales, from microscopic to macroscopic scale. Hence, a thorough comprehension of the fail-
ure evolution in wood structures is required to avoid critical situations and to maintain safety
standards. Until today, there is a lack of information in literature about tracking back the evo-
lution of wood fracture zone to its origin. Such research should determine the temporal-spatial
occurrence of damage mechanisms and their interactions at different length scales [1].
Regarding this issue, acoustic emission (AE) method should be suitable which is defined as a
transient elastic wave generated by the rapid release of energy. It is shown that the acoustic
emission (AE) method is appropriate for characterizing wood fracture process because it is
sensitive to damage mechanisms at different length scales [1-3]. This technique provides ad-
vantages of early detection of crack initiation [4]. Besides, detailed monitoring of the damage
evolution is allowed by the high time resolution of AE technique.
This paper analyses the damage process of three softwood species based on acoustic emission
signal parameters. Douglas fir (Pseudotsuga Menziesii), silver fir (Abies pectinata) and poplar
(Populus) were tested under tensile loading, the influence of the heterogeneity induced by the
proportion of earlywood and latewood in annual rings on the acoustic emission response has
been discussed.

2 EXPERIMENTAL DETAILS
2.1 Materials and specimens

The materials tested under tensile loading in this study are Douglas fir wood, silver fir
wood and poplar wood. All of them have close density but different structure. Douglas fir has
large growth rings and a sharp definition between the earlywood and latewood. For silver fir
the transition between earlywood and latewood is more gradual. Only narrow bands of thicker
latewood cells divide two regions of wide bands of earlywood. Silver fir structure is consid-
ered like uniform structure compared to Douglas fir structure. Poplar wood has different fea-
tures compared to the two tested softwoods. Notable features for poplar wood are the diffuse
pores in no specific arrangement, marginal parenchyma and nodded rays. The transition be-
tween earlywood and latewood is not distinct with naked eye so it is why poplar is considered
as a homogenous wood.

Tensile specimens with dog-bone shape have been prepared from the three species of wood
with nominal dimensions according to NF B51-017 (350 mm overall length, 100 mm length,
20 mm width and 20 mm thickness in grip section, 90 mm length, 20 mm width and 4 mm
thickness in the calibrated section) (Figure 1). All specimens have the length in longitudinal
direction and the width in radial direction. To prevent crushing on the specimen by the grips,
four tabs in steel of length 60 mm were glued to the ends of the specimen using bicomponent
epoxy resin (ESK-48).
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Figure 1: Tensile specimen and sensors position

2.2  Test conditions

Five specimens were tested for each wood species. The total number was 5x3= 15 samples.
They were conditioned and stored at 20°C and 65% relative humidity before testing. Tensile
tests were performed by using universal test machine MTS© 20M with a load cell calibrated
in the load range of 100kN. In all tests, load was applied parallel to the grain of wood sample
and under displacement control with a constant cross-head speed 2.5mm/min until the speci-
men failed. Strain gauges are used to measure the strain along the longitudinal and the trans-
versal axis for the purpose to determine Young’s modulus and Poisson’s coefficient of the
materials.

2.3 Acoustic emission equipments

Wood is a very heterogeneous and a highly attenuative material. For these reasons, a pre-
liminary study was done to select the suitable sensors for wood materials. In the literature the
sensors used for monitoring damage in wood have resonant frequencies between 150 and 300
kHz [1-5]. But a recent study [2] indicated that in the cases of wood fracture process the max-
imum Power Spectral Density (PSD) defined as the distribution of energy over the frequency,
resided in a low frequency area around 60 kHz. So in order to properly assess the frequency
portion of the signal, resonant frequency of the sensor should be carefully taken into account.
In this context, four types of piezoelectric sensors were tested in order to select the suitable
one: three resonant sensors R15a, R6a and R3a with resonant frequency respectively 150 kHz,
60 kHz and 30 kHz, and one wideband sensor (WD) (frequency band-width between 100 kHz
and 1 MHz) are tested. Results of wideband sensor showed that the frequency of damage in
wood is situated between 30 kHz and 50 kHz (Figure 2). Consequently, R3a and R6a sensors
are the most convenient for wood damage monitoring. In this research work, both of R3a and
R6a sensors were used simultaneously. After analyses of the signals recorded by these sen-
sors, it is found that the R6a sensors gives better results concerning localization of the events.
Therefore we will limit our analyses on the results recorded by R6a sensor in the next parts of
this paper.
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Figure 2: Pic frequency vs amplitude of WD sensor showing the concentration of hits in a frequency range be-
tween 30 kHz and 50 kHz.

Figure 1 schematizes also the positions of AE sensors on the tested specimen. In order to lo-
cate AE events, two R6a sensors were placed on the front side of the tensile specimen one on
the top and another on the bottom of the calibrated section. Sensors were fixed with clamps.
In order to avoid any loss of acoustic signal at the transducer-sample interface, silicone-free
vacuum grease was used to couple the sensors to the surface of specimens. The AE data are
recorded with help of an Euro Physical Acoustics system composed by a PCI8 board. The ac-
quisition is computed by using AEwin/SAMOS software. The analog filter frequency is set up
between 20 and 400 kHz and the acquired signals are preamplified by 40 dB. The environ-
mental noise was filtered using a threshold of 35 dB. The timing parameters, peak definition
time (PDT), hit definition time (HDT) and hit lockout time (HLT) are set at 40, 200 and 300
us, respectively [6].These parameters are verified by Pencil-lead breaks (Hsu-Nielsen source)
[7] before the beginning of tests. The same sources are used to calculate the wave velocities
whose values are given in Tablel. Wave velocity is species dependent. In fact, it increases
with the increasing of raw density of the material [8].

Table 1: Wave velocities and raw densities of wood species

Wood species Wave velocities Raw dengity
(m/s) (Kg/m”~)

Douglas fir 4747 + 560 501 +£22.25

Silver fir 4549 + 164 446 +45.43

Poplar 4345 £ 115 410+ 11.35

3 RESULTS AND DISCUSSIONS

3.1 Mechanical properties from stress stress-strain graph

The fracture stress and the modulus of elasticity for the three woods determined from the
tensile tests are shown in Figure 3. It is shown that the tensile strength of Douglas fir is 65%
greater than that of silver fir, and 8% greater than that of poplar, respectively. These results
are compared with those obtained in reference [9] (Figure 3). Good correlation can be pro-
nounced for Douglas fir, but not for silver fir and poplar wood. The failure stress for three
woods in reference [9] seems following the same variation of their density. But it is not really
the case regarding the measurement on the woods tested in our study. Concerning the
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Young’s modulus, it seems density dependent (Figure 3) since Douglas fir is stiffer than the
two other species. Furthermore, silver fir and poplar have equivalent stiffness (Figure 3) and
close densities (Table 1).

Failure stress o, (MPa) Modulus of elasticity (GPa)

120 25

100 20 o

Douglas fir silverfir Poplar Douglas fir Silver fir Poplar

W Ewperimental results M Literature results M Experimental results M Literature results

Figure 3: Mechanical properties for the three tested wood species

3.2  Failure scenario and damage indication by AE

3.2.1 Douglas fir

The examination of fracture surface of Douglas fir specimens reveals different damage
mechanisms: transverse fracture in earlywood (EW) tracheid, transverse fracture in latewood
tracheid (LW) and the parallel-to-grain crack propagation along the EW/LW interfaces and in
the EW (Figure 4 a-b).
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Figure 4: (a) Failure patterns observed for Douglas fir specimens (b) Failure modes in TD5 fracture surface
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As an example we will focus on TD5 specimen to correlate the AE data with damage mecha-
nisms. Figure 5 shows the evolution of the load and of AE parameters in term of cumulative
AE hits as a function of the testing time. In general, the load/time curve could be decomposed
in three stages based on cumulative AE hits. In the linear deformation part, some emissions
have been observed. In their study [10] suggested that the random AE signals observed in the
elastic deformation stage are the result of the non uniform stress field resulting from non-
homogeneity of wood structure. Actually, reorientations in wood structure are observed,
which lead to adaptation for new conditions of loading [10]. When it entered into the non-
linear deformation part (part 11), the rate of cumulated AE hits increased. This rapid increase
could be attributed to inter-laminar shear in planes of weakness like earlywood/latewood in-
terfaces [8]. In this stage parallel-to grain micro-cracks in EW/LW transition zones are devel-
oped. Then, the specimen entered to the fracture stage (part 11I) which leads to a sharp
increase in cumulative AE hit. As damage in the specimen intensified, macro-cracking took
place and the first visible crack was found at t= 64.3s, herein a sharp drop of the load can be
observed (Figure 5- Point B). A transverse crack in the EW appeared, and then the crack
propagated longitudinally in the EW/LW interfaces. Successively, a second, a third visible
crack across EW occurred at t= 68.2s and at t=69.47s, respectively (Figure 5 — Point C and
Point D), they are accompanied by the longitudinal crack growth or in EW tracheid, or at the
EW/LW interface. Thereafter, the rate of cumulated AE hits increased as the damage contin-
ued to progress until the fourth and final fracture at t=78.1 s (Figure 5- Point E). The several
drops of load indicate that the specimen still had high load-bearing capacity after the first vis-
ible fracture [11].

I I B

14000 3000

12000 L 2500

Ij 1500
I:IE 500

10000

P
o
=]
=]

8000

Force (N)

6000

Cumulated AE hits

[
f=]
[=]
(=]

4000 -

2000

0 20 40 60 80 100
Time (s)

E

Figure 5: Force vs time, cumulative hits vs time and damage scenario of TD5 specimen

Even though the damage process for each Douglas specimen could not be exactly the same, a
typical damage process in Douglas specimen can be proposed. Under tensile loading, the dif-
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ferent stiffness between earlywood (EW) and latewood (LW) generates a shear stress at the
EW/LW interfaces, which is the weakest layer because the density of wood between EW and
LW changes abruptly [12]. Micro-cracks should initiate or at EW/LW interfaces or in EW,
where the strength is much lower than that in LW. Their growth and coalescence conduce to
longitudinal crack propagation. This process is sometimes accompanied by the fibre breaking
in EW [13]. The transverse fracture in EW generates a tensile/flexion coupling effect, which
accentuates even more the fibre breaking in EW. When the crack growth attains EW/LW in-
terfaces levels, under shear stress (mode 1) and peel stress (mode 1), the longitudinal crack
propagation (parallel-to-grain) along EW/LW interfaces will occur. And then, one of the
latewood layers breaks, the rest of specimen cannot support the higher load and final fracture
occurs [13]. On fracture surfaces, the longitudinal crack growth in EW and at EW/LW inter-
faces was evident, and the fiber breaking in EW is so shown stair-shaped.

3.2.2 Silver fir

Silver fir specimens under tensile loading failed usually in brittle manner (Figure 6). Much
less crack propagation parallel-to-grain direction were observed along EW/LW interfaces
or/and in the EW. The fracture surfaces appear more flat and demonstrate simultaneous trans-
verse fracture in earlywood tracheid and in latewood tracheid.
The representative specimen TS4 (Figure 6-b) displays transverse crack that extend entirely
through the sample width across the EW and the LW. Some longitudinal crack propagations
have been also seen along EW/LW interfaces.

Parallel-to-
grain crack in
EWI/LW inter-

faces

Transverse
fracture across
EW and LW

(@) (b)

Figure 6: (a) Failure patterns observed for silver fir specimens (b) Failure modes in TS4 specimen

Figure 7 shows the evolution of the load and of cumulative AE hits as a function of the testing
time for the specimen TS4. Under low load (Part 1), silver fir generated few emissions. In the
second part (Part 1I), the cumulative AE hits increased with the load rise. Emissions in this
stage can be attributed to micro-cracking in cells of earlywood since the structure of wood
with narrow rings consists principally of earlywood tracheid [14]. The brittle fracture across
EW starts with a significant increase in the rate of cumulated AE hits (Part 111). When the EW
is sufficiently damaged, the LW can no longer withstand the applied loads, the final fracture
occurred. Actually the latewood has to be more resistant as in silver fir as the walls of late-
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wood cells are much thicker than those of earlywood cells. Moreover at the last part of the test,
the tensile/flexion coupling due to the transverse crack promotes the longitudinal crack prop-
agation at EW/LW interface.
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Figure 7: Force vs time, cumulative hits vs time and damage scenario of TS4 specimen

In conclusion, silver fir has narrow growth rings, the specimens under tensile loading failed
usually in brittle manner. The micro-cracking initiates firstly in the EW, the development of
the micro-cracks leads to fiber breaking in the EW. When there are enough fibers broken in
the EW, the transverse fracture in the LW occurs. The transverse crack across the section pro-
duces a tensile/flexion coupling effect, which promotes the longitudinal crack propagation at
EW/LW interfaces, under mode | due to peel stress and mode Il due to shear stress.

3.2.3 Popla
r

Poplar is a hardwood and considered as quasi homogeneous material, because no
transition from earlywood (EW) and latewood (LW) can be distinguished. The specimens
shown in Figure 8-a display combination of tension and shear fracture, because the fracture
surface of all specimens runs partially across wood grain and partially inclined to the
grain direction. The specimens TP3 and TP4 display a large part of the shear fracture where
the fracture sur- face is inclined to the fibers. Moreover, more or less longitudinal macro-
cracking was also observed in the specimens.
For the representative specimen TP3 (Figure 8-b), the analysis of the AE cumulative hits dur-
ing tensile test allows to divide the damage process in three parts (Figure 9). Part 1 is charac-
terized by an absence of detectable acoustic emission. Poplar specimen (TP3) starts to
generate acoustic signals at t=22.43s in part 11. Then, the cumulative AE hit increased slightly
with the load increase. At this stage the signals can come from the initiation and development
of micro-cracking across wood cells since they are considered as the main spot of mechanical
weakness in bulk wood specimens. The early stage in part 111 is characterized by a remarkable
increase in cumulative AE hits, herein the damage mechanisms could be the growth of micro-
cracks and the arrest of crack propagation at a vessel level, a mechanism specific to
hardwood. At final fracture of the specimen, the load drops sharply and the cumulative AE
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hits suddenly rises when the visible cracks appeared at t=84.32s (Figure 9-Point B). Acoustic
emission ac- tivity in this stage is mainly attributed to fiber breakage. Actually, in the final
fracture process, under the effect of the stress concentration around the micro-cracks, the
fibers of the wood could be broken, forming cross-grain macro-cracks. In the same time the
growth and the coalescence of theses micro-cracks could also follow the direction parallel-
to-grain due to the shear stress induced by wood structure at fiber/fiber interfaces. When
a cross-grain crack meets a parallel-to-grain crack, their coalescence results in a crack
inclined to the grain direction.
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Figure 8: Failure patterns observed for poplar specimens (b) Failure modes in TP3 specimen
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Figure 9: Force vs time, cumulative hits vs time and damage scenario of TP3 specimen
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Consequently, the damage scenario of the tested poplar wood under tensile loading could be
supposed as following: the damage process is started by micro-cracking in the wood cells.
The growth of micro-cracks can be stopped at a vessel due to hardwood structure. Final frac-
ture of the specimen occurs in a brittle manner. When a packet of fibers are broken simultane-
ously, instable crack propagation can be observed across-to-grain, parallel-to-grain as well as
in the direction inclined to wood grain.

3.3 Comparison AE responses for species tested

The three wood species studied here show in general three stages of AE activity during
tensile loading. But the total cumulative hits are quite different between species. Douglas fir
generates higher total AE signals: more than twice of cumulated AE signals of silver fir and
nine times more than cumulated AE signals of poplar (Figure 10). This investigation agrees
well with the findings in reference [4], which indicated that the higher is the contrast between
early and latewood in annual ring, the higher AE cumulative counts should be expected dur-
ing tensile parallel to grain loading. Moreover the important difference in AE responses be-
tween softwoods (Douglas fir and silver fir) and hardwood (poplar) can be also explained by
the higher energy consumed when the crack propagate in softwood [15]. Furthermore, hard-
wood requires a high stress levels for macro-crack initiation and its structure holds crack ar-
rest components. In fact, vessels in hardwood species can stop the crack propagation [16]: the
crack tends to open the vessel or deviates around the vessel and then stooped (Figure 11). De-
spite the crack arrest, the crack propagates in brittle manner in hardwood species [15]. These
reasons explain why the poplar wood remained silent in early stage of loading and released
less emission hits until the final fracture. Furthermore, wood structure contains radially ori-
ented parenchyma called rays. They provide a mechanically strong structure which inhibits
the crack propagation [17-18]. In fact, the volumetric proportion and the size of rays are dif-
ferent between soft and hardwood. The conifers wood contains around 5-10% of rays while it
is around 10-32% in hardwood [19]. Therefore, the rays could strengthen poplar wood to
crack growths more than the two softwoods (Douglas fir and silver fir) which explains the
small AE signals generated during poplar damage.
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Figure 10: Cumulated AE signals of tested wood species

Figure 11: Crack arrest at a vessel [16]
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4 CONCLUSIONS

In this study, the evolution of damage of three wood species under tensile loading was
monitored by AE. The following conclusions can be stated:

- The magnitudes of AE activities as a function of time are directly related not only to the
annual rings structure, but also to micro and meso-structures of woods. It is shown that the
wood with well-defined growth rings is more emissive than wood with narrow rings and
wood with homogeneous structure. The responses of AE are quite different between soft-
wood and hardwood. More cumulative hits have been obtained during damage process in
softwood than those in hardwood.

- AE is a promising technique for detecting the onset of micro and macro cracking. In fact,
the AE data of tensile tests on three different wood species indicate clearly different sce-
narios from damage initiation and accumulation up to final macroscopic failure.

- There are many parameters that can affect the accuracy of AE monitoring of wood materi-
als such as wood species, load types, geometry ... So, to adapt AE technique to health
monitoring of timber bridges, it is necessary at first to improve AE experimental protocol
on laboratory scale.

- Actually, different parameters, such as forms and the energy of AE activities are worthy to
study in future works in order to correlate different damage mechanisms to AE events.
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Abstract

Methods for monitoring cultural heritages are getting more efficient and scientific with the de-
velopment of technology and equipment. Thus, the monitoring methods currently experienced in
Korea need to be examined from various aspects. In this study, monitoring method by 3D scan
are compared with the method using total station and automatic measurement.

Among the East Asian wooden buildings, which are climate-sensitive such as change of tempera-
ture and humidity, the Geugnakbojeon of Muwi-sa Temple in Gangjin and the Jongmyo
Jeongjeon in Seoul had been monitored. The advantage and disadvantage of each monitoring
method were investigated by comparing the displacement measuring method and by analyzing the
measurement cycle. Through this process, we propose an efficient displacement measuring meth-
od and a cycle with three of each measuring instruments.

Wooden cultural heritage should be monitored by using appropriate equipments depending on
the importance of building and need for identifying periodic displacement. In this study, meas-
urement trends of 3D scan and total station are similar, but 3D scan data analysis result in
matching error can be occurred. Follow-up research is necessary to overcome the limit to sug-
gest a specific measurement since the period of this study was too brief and objects were limited
into few buildings.
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1 INTRODUCTION

National Research Institute of Cultural Heritage has selected 56 samples for monitoring
which are all popular and symbolic among National treasures and treasures in South Ko-
rea.These sites require special management because of damage and aging [2]. Among them,
the wooden cultural heritages show historical characteristics in furniture and roof types ac-
cording to the age of the building and even hint at the environment of the time. However, they
are vulnerable to fire due to the nature of the material and structural problems arising from
some members. These fires are likely to spread to the entire building because the members are
intertwined.

Although the measurements and recording of cultural heritages using 3D scans are being
promoted to research and record cultural assets, studies on the feasibility of using 3D scan
data for monitoring are lacking. Few attempts have been made to use 3D scan data for moni-
toring, and research on the feasibility of using 3D scan data is still insufficient. In this study,
therefore, 3D scanning was compared with existing monitoring methods to derive the ad-
vantages and disadvantages of 3D scanning and to verify the possibility of future develop-
ments.

2 MONITORING METHOD

2.1  Geugnakbojeon of Muwi-sa Temple in Gangjin

2.1.1. Monitoring model

Kangjin Muwi-sa is a temple in Mount Wolchulsan at 1174, Wolha-ri, Seongjeon-myeon,
Gangjin-gun, Jeollanam-do, Republic of Korea. It was founded by Great Monk Wonhyo dur-
ing the Silla Dynasty and has been rebuilt several times. Geugnakbojeon, which was selected
as a monitoring model, was built in 1430 with a floor plan of 3-kans in front and 3 kans on the
side. The single-floor structure is a jusimpo-style gable-roofed building with double eaves [3].
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Figure 1 Measuring position
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2.1.2. Monitoring method

In this study, we installed permanent boundary stones as reference points for displacement
measurement; a total of 92 target points were considered: 23 in the front, 23 in the back, 23 on
the right side, and 23 on the left side around the pillars and changbangs. To analyze the results,
pillar numbers were assigned to them based on the southwest pillar as shown in [Figure 1].

3D scan was performed using Focus 3D x 330 from FARO. The research sequence was as
follows: Install reference points — Install targets for displacement measurement reference
points — 3D scan (first: all objects) — 3D scan (2nd—6th: displacement measurements) — Da-
ta post-processing — Comparison and analysis of displacement data(Table.1).

Table 1: 3D scan plan (Geugnakbojeon of Muwi-sa Temple in Gangjin)

Division

Date

Description
1st 3D scan 2016.08.31 All objects and surrounding environment
2nd 3D scan  2016.09.01 Displacement measurement part (pillar, changbang)
3rd 3D scan 2016.10.25 Displacement measurement part (pillar, changbang)
4th 3D scan 2016.10.26 Displacement measurement part (pillar, changbang)
5th 3D scan 2016.11.22 Displacement measurement part (pillar, changbang)
6th 3D scan 2016.11.23 Displacement measurement part (pillar, changbang)

The total station displacement was measured using FlexLine TS06 plus from Leica. The
research sequence was as follows: Install reference points — Install reflectors for displace-
ment measurement reference points —Total station measurement (first: displacement meas-
urement part)—Total station measurement (an—6th: displacement measurement part)—Data
backup (Excel and CAD interface) — Comparison and analysis of displacement data(Table.2).

Table 2: Total station plan (Geugnakbojeon of Muwi-sa Temple in Gangjin)

Date

Division

Description
Ist total station  2016.09.01  All objects and surrounding environment
2nd total station  2016.10.25  Displacement measurement part (pillar, changbang)
3rd total station  2016.11.22 Displacement measurement part (pillar, changbang)

A two-axis inclinometer was installed to measure the displacement with an automatic
measuring instrument, and the displacement measurement data was created using a data build-
ing program and the general-purpose application Excel. The research sequence was as fol-
lows: Install the measuring instrument and data logger — Acquire data (automatic
measurement) — Compare and analyze displacement data(Table.3).

Table 3: Measuring sensor regularly plan (Geugnakbojeon of Muwi-sa Temple in Gangjin)

Date

Division Description

Install a 2-axis inclinometer
Set the data logger

Perform automatic meas-
urement

Install an automatic measur-
ing instrument
Automatic measurement

2016.10.14

2016.10.14 to 2016.11.30
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2.2 Jongmyo Jeongjeon in Seoul

2.2.1 Monitoring model

Jongmyo Jeongjeon is a building for enshrining ancestral tablets of the kings of the Joseon
Dynasty. Located at 157, Jong-ro, Jongno-gu, Seoul, Republic of Korea, it is the longest sin-
gle building in South Korea. It has single eaves and a gable-roofed style with the shape of the

Chinese character for human being (A) (Figure.2) [4].

Figure 2 Jongmyo Jeongjeon in Seoul

2.2.2  Monitoring method

In this study, the total displacement of the object was measured through a reference with-
out targets installed for displacement measurement in the Jongmyo Jeongjeon, The 3D scan
research method was the same as the one used for the Geugnakbojeon of Muwi-sa Temple in
Gangjin(Table.4).

Table 4: 3D scan plan (Jongmyo Jeongjeon)

Division

Date

Description
1st 3D scan 2016.08.30 All objects and surrounding environment
2nd 3D scan 2016.09.06 Displacement measurement part
3rd 3D scan 2016.09.20 Displacement measurement part
4th 3D scan 2016.10.04 Displacement measurement part
5th 3D scan 2016.10.18 Displacement measurement part
6th 3D scan 2016.11.01 Displacement measurement part
7th 3D scan 2016.11.15 Displacement measurement part
8th 3D scan 2016.11.23 Displacement measurement part
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3  MONITORING ANALYSIS

3.1 Analysis of results according to displacement measuring instrument employed

[Table 5] shows the result obtained by measuring the 12 pillars shown in [Figure 1] 8times.
The left two graph shows the movement of 3D scan, and the right two graph shows the
movement of the total station.

The analysis of the results for the displacement measurements of the 3D scan confirmed
that each pillar showed different behaviors although the directions were similar. To examine
the displacement behaviors in the southwest-northeast direction, pillars 1 and 6 showed dis-
placement behaviors in round trip, pillars 3 and 5 showed displacement behaviors in the
southwest — northeast direction, and pillar 6 showed displacement behaviors in the northeast
— southwest direction. For the southeast—northwest displacement behaviors, pillar 4 showed
displacement behaviors in the southeast — northwest direction and pillars 8 and 9 showed
displacement behaviors in the northwest — southeast direction. Thus, pillars displacement
behaviors appeared in opposite directions.

In the case of total station, pillars 6 and 11 showed displacement behaviors in the south-
west <> northeast directions, and pillars 1, 3, and 9 showed displacement behaviors in the
southwest — northeast direction. Pillar 12 showed displacement behaviors in the northeast —
southwest direction, which is opposite to the direction the displacement behaviors of pillars 1,
3, and 9. Furthermore, pillars 7 and 8 showed displacement behaviors in the southeast «»
northwest directions and pillar 4 showed displacement behaviors in the southeast — north-
west direction(Table.5).

For automatic measurement, two 2-axis inclinometers were installed on pillars 7 and 10 to
measure the displacement values. As a result, the minimum and maximum displacements of
TL_X in the TL_XY values of pillar 7 were -0.002mm and 0.038mm, respectively, which
were both measured on October 18. The minimum and maximum displacements of TL_Y
were -0.026mm on October 15 and 0.012mm on November 1, respectively. The minimum and
maximum displacements of TR_X of pillar 9 were -0.002mm on October 14 and 0.027mm on
October 15, respectively. The minimum and maximum displacements of TR_Y were -
0.026mm on October 18 and 0.012mm on November 1, respectively. Many of the minimum
and maximum displacements occurred on October 18, and the cause for this should be inves-
tigated to determine the existence of any environmental factors.

Table 5: 1°-8" displacements of pillar inclination (3D scan, total station)

1 (Left: 3D scan, Right: Total station) 2 (Left: 3D scan, Right: Total station)
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4 (Left: 3D scan, Right: Total station)

3 (Left: 3D scan, Right: Total station)
; 1
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6 (Left: 3D scan, Right: Total station)
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10 (Left: 3D scan, Right: Total station)

9 (Left: 3D scan, Right: Total station)

11 (Left: 3D scan, Right: Total station)

12 (Left: 3D scan, Right: Total station)

3.2 Displacement analysis using longitudinal section
[Table 6] shows the results obtained by scanning cross section of Jongmyo Jeongjeon

8times.
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As a result of the first 3D scan of Jongmyo Jeongjeon, the measurement value of the pillar
with the largest displacement was 0.46° in the front and 0.6° in the center. A comparison be-
tween the pillar inclinations based on these values showed no overall difference. In particular,
the frontJ)iIIar showed a displacement of 0.4mm in the 1 and 2"! measurements and -0.4mm
in the 2" and 3™ measurements; however, the 38" measurement values were identical to
the value of the first measurement. In the case of the center pillar, the displacement values
ranged from -0.07mm to 0.9mm for the 2™ to 8" measurements(Table.6).

Table 6 15-8" displacements of pillar inclination

7th

3.3 Comprehensive analysis

In the case of automatic measurement, there was a limitation in analyzing the two data val-
ues and the result values, owing to a short research period. However, the pillar displacements
of 3D scan and total station at pillars 5 and 9 showed behaviors in opposite directions. Pillars
2, 11, and 12 showed different types of displacement behaviors, but revealed similar trends in
some iterations. The displacement behaviors of pillars 1, 3, 4, 6, 7, 8, and 10 appeared rela-
tively similar in the southwest to northeast direction.

3D scan enables multilateral examination of the shape information using 3D data, which is
very useful. Total station allows selective measurements of the necessary parts. Furthermore,
automatic measurement offers the advantage of allowing constant measurement and the set-
ting of a measurement period according to the purpose. However, total station provides lim-
ited numerical information. Furthermore, 3D scan takes more time to acquire experts and data.
In the case of automatic measurement, a thorough review and preparation are required since
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the installed instrument is different depending on the data type to be obtained. Both methods
have the disadvantage of high initial cost.

4  CONCLUSION

The displacements of wooden cultural heritages were measured using 3D scan, total station,
and automatic measurement to obtain an efficient displacement measurement. Furthermore, a
reasonable measurement period and a displacement measurement method were proposed by
comparing the advantages and disadvantages of each measuring instrument.

Displacement Measurement results by 3D scanning and total station indicated 7 out of 12
pillars in Geugnakbojeon of Muwi-sa Temple in Gangjin has similar directional movements.
Jongmyo Jeongjeon with 3D scan method had almost no difference on the 1%, 2" 5™ and 6"
measurement, but had 9.8mm of difference on the 4™ and 7™ order. Surely, matching error
point must be concerned enough.

Since the period of study had been too short, with the periodic limit, for suggesting the
compatible way of displacement measurement and analysis period, follow-up study to should
be carried out especially consider efficient term of study, the advantage and disadvantage of
additional part and equipment including participants, expenses concretely.
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Abstract

Ancient timber structure is a common cultural heritage of mankind. How to be aware
of the current working performance, make accurate maintenance plan and evaluate
its residual life has become a common concern of the academic circles. This paper is
a literature review of the development of cumulative damage models and the
combination of these models and residual life prediction of ancient timber structures.

Wood’s experimental data (1951) showed that the mechanical property of timber
would decreases over time. Gerhards(1979) proposed the cumulative damage model
of da/dt=exp(-a+ba(t)/os) that had been widely used around the world. During the
last 30 years, the direction of research was more focused on the effects of
environment based on the previous experimental data.

Most of the research did not take it into consideration that the os in Gerhards s model
is not invariable, it will decrease over time like the description in Madison curve. And
it is advised to perform a much more accurate and detailed test for current research.
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1 INTRODUCTION

China has a long history, during the past five thousand years, timber structure has
been the main form of structures and a symbol of the wisdom and hardworking of our
ancestor. Timber structure has been widely used because of the following advantages:
timber is a kind of material which is convenient to obtain, it has good mechanical
properties and outstanding seismic performance. There are many ancient architectures
has experienced both environment and human destruction thousands of years and
survive. Not only benefit from the form of the structure and carefully renovation, but
also the specialty of timber as a kind of biological materials which has unusual
properties. Nowadays, how to be aware of its current working performance, make
accurate maintenance plan and evaluate its residual life reasonably has became a
common concern of the academic circles. This paper is a literature review of the
development of cumulative damage models and the combination of these models and
residual life prediction of ancient timber structures.

2  EXPERIMENTAL STUDY ON CREEP RUPUTURE OF TIMBER

2.1 The Madison curve

The earliest studies of timber’s cumulative model was the study of creep rupture
of load-duration phenomenon began in the 1950s.

In 1951, Wood[1] published a report on the relationship between the bending
strength and load duration of Douglas fir. Wood's experimental study was began in
1943 and lasted 8 years. The longest loading time of a single specimen was more than
5 years. As a comparison, Wood's tests were divided into two parts: a long-term
loading test and a rapid loading test. In the long-term loading test, the standard
static-bending test of about 5 minutes was first performed and this load was set as the
standard load. Then, 126 specimens divided into 6% and 12% moisture content levels,
respectively, were subjected to constant load ranging from 60% to 95% of the
standard load. The failure time of each specimens was ranging from 6 minutes to
more than 5 years. Unlike the long-term loading test, the rapid loading test was loaded
with a fixed rate until the specimens were destroyed. Then the failure time was
recording ranging from 1 second to 100 sec. The experimental bending strength of the
testing specimens was 0% to 40% higher than the standard one. In addition, there was
a compared test of impact loading. It was found that when the failure time was 0.015
seconds, the experimental bending strength of the specimen was 75% higher the
standard strength.

The original intention of this study was to explore the design strength of the timber
structure with different designing life. It is found that the bending strength of the
long-term loading specimens is much lower than that of the specimens under standard
tests. Wood then integrates the results of the two sets of experiments and obtain the
curve shown in Figure 1.
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Figure 1: Madison curve

As it was shown in Figure 1, the bending strength of the specimens obtained by the
rapid loading tests were higher than that of the long-term loading tests. The
expression of the fitting curve is shown in equation (1), which is also called the
Madison curve.

108.4

Y= "S0ess
o

+18.3 )

Based on the experimental results, Wood proposed the earliest cumulative damage
model, as in formula (2):
‘;—‘f =A(r-1,)" &)
In the formula, 7 is the ratio of the applied loads divided by the short term ultimate
stress; 7y is a threshold below which the damage is assumed not to accumulate.
Barrett and Foschi (1978) used the experimental data of Wood’s, and proposed

two kinds of cumulative damage model [2], as shown in the following formula (3) and

(4):

da .

E:a(a—ao)ba o >0, (3)
d—a=0 o<o0,

dt
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i{—‘::a(a—ao)b +Aa o >0, 4)
d_a=0 o <0,
dt

o. 1s the damage state variable defined as zero in the undamaged state and unity at
failure; o is the applied load and 6y is a threshold stress below which the damage rate
is zero; 4, a, b, ¢ are constants based on the experimental data.

2.2 Gerhard’s Cumulative Damage Model

From 1963 to 1974, Gerhards researched the strength of Hawaiian eucalyptus,
white fir, Nepal alder, Western hemlock, black eucalyptus and southern pine[3]~[8].
And then he proposed the Gerhards cumulative damage model [9], as in formula (5):

da
— =exp[—a+

s

o is the same as in formula (4); oy is the static strength; o(?) is the applied load; a
and b are constants.

In 1987, Gerhards conducted a further study of the model, he analyzed the effects
of different ramp loads and constant loads on the damage model [10], and then
discussed the parameters [11].

Gerhards has a wide range of research on the properties of timber, his cumulative
damage model has been widely used by academics, and many studies have been
improved on the basis of his cumulative damage model.

3 ENVIRONMENTAL EFFECTS ON CUMULATIVE DAMAGE MODEL

3.1 Effect of temperature and moisture content

Timber is exposed to the environment in the practical application. Its performance
is affected by the ambient temperature and humidity, fungal corrosion, termite erosion
and other environmental factors. The environmental impact was not considered to be
in the cumulative damage model until 1990s.

Schniewind considered the cycle environmental impact of timber structure, he
found that the environmental factors did shortened the failure time of timber under
constant load [12]. Then, based on Gerhards cumulative damage model, Schniewind
(1989~1991) improved the model under different constant temperature, cycle
temperature and different relative humidity [13]~[15], and proposed the following
formulas (6)~(8):

CZ—? =exp[-A+Bo +C(r -1)] (6)

7 is the ratio of the actual temperature divided by the standard temperature as in the
test; 4, B, and C are parameters based on the test.
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Aq, =é{exp[—AvLBa+CkTAtl.]—exp[—A+Ba]} (7)
a(t) = ZAal.
i=l1

k. 1s the rate of the changing temperature in one cycle. Other parameters are the
same with formula (6).

cil_az exp(~A+Bo +Co+Da’) )
t

w=(M-M,)/M,

M is for the actual moisture content of timber; M, is the standard moisture content
as in the test; Other parameters are the same with formula (6).

3.2 Effect of fungi

The effects of fungi were mainly on reducing the strength and the effective cross
section of timber, and this study was carried out first by Liese and Stamer in 1943 as
shown in Figure 2. It shows the strength of timber that had different species of fungi
was changing over time.

120 ¢ I .
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100 &\ vaporaria S
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- \\ —— Dry rot/ Merulius
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40 [ R
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Figure 2: The strength of timber changing over time under the effect of fungi

Kuilen considered the reduction of the cross section of the timber and the
reduction of the strength of o, in Gerhards cumulative damage model[16][17]. g, will
reduce over time, as shown in formula (7):

F;; (t) = .f;,O .Arem + ﬁ,O,dec .Adec ( 7)

F. o 1s the initial compressive strength of timber; F. g 4. 1s the compressive strength
for the decayed part; A,., is the area of the effective cross section and Ag. is the
decayed cross sectional area.
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4 TIMBER’S STRENGTH UNDER LONG-TERM LOADING IN CHINESE
CODE

Chinese code [18][19] describe the strength of timber under long time loading with
Long-term Strength, as in Figure (3).

F (N/mm™}

Figure 3: Long-term Strength in Chinese code

The ratio of the Long-term Strength and the impact strength of the timber varies
depending on the species and mechanical properties of different kind of trees. The
general values are shown in Table 1.

Table 1. The general value of Long-term (parallel-to-grain) Strength in Chinese code

Compressive strength 0.5~0.9 Tensile strength 0.5

Bending strength 0.5~0.64 Shearing strength 0.5~0.55

As an example, Chinese code gives the relationship between strength and time of pine
in Table 2. The impact strength is measured under impact load.

Table 2. Relationship between strength and time (parallel-to-grain)

Strength Impact Strength The percentage of impact strength under the following days

type (%) 1 10 100 1000 10000
Compressive 100 78.5 72.5 66.2 60.2 54.2
Bending 100 78.6 72.6 66.8 60.9 55.0
Shearing 100 73.2 66.0 58.5 51.2 43.8

With different designing life, the designing strength has been adjusted as in Table 3.

Table 3. Adjustment coefficient of the designing strength of timber arranging from the flowing years

. - Adjustment coefficient
Designing service life (Years) —
Strength values Modulus of elasticity
5 1.1 1.1
25 1.05 1.05
50 1.0 1.0
100 and above 0.9 0.9
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S CONCLUSION

e The earliest studies of cumulative damage model were based on experimental
data. Wood’s and Gerhards’s experimental data made a great contribution to the
studies of this researching area. Until now, part of the studies are still based on
their data.

e During the last 30 years, especially after 2000, the direction of research is more
focused on the effects of environment, such as temperature and humidity, fungal
corrosion, termite erosion and other environmental factors. How to simulate the
damage process of timber under environmental effect accounted for a large
proportion.

e Although the consideration of environmental effect has been comprehensive,
there are still aspect should be taken into consideration. For example, the F.y in
formula (7) is not invariable, it will decrease over time like the description in
Madison curve. So the value of £,,(¢) in formula (7) is not conservative.

e Experimental research should be performed. The experimental data from Wood
or Gerhards that has been widely used has been long ago. It is necessary to
perform a much more accurate and detailed test for the current research of
cumulative damage model.
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Abstract

Old timber structures are characterized by the complexity of structural elements and joints.
The understanding of the basic working principles of the structural elements and joints is of
basic importance for the definition of the load-carrying capacity and stiffness of the whole
structure. Comprehensive and detailed information regarding design rules for the assessment
and characterization of the carpentry joints are missing in the current scientific literature.

The paper presents experimental results on the behavior of the Jupiter joint (stop-splayed un-
dersquinted & tabled with key joint), one among the most diffused elongation scarf joints. The
tests are done on specimens with a specific geometry with inclination of the connecting sur-
faces of o = 60° and p = 5° [Fig. 3]. Experimental in-plane and out-of-plane tests are pro-
posed. The joint is loaded under external actions of pure compression, pure bending and
combined compressive and bending stress. The failure modes and the qualitative influence of
the geometry on the load-carrying capacity of the joint are described in detail. The paper
concludes with the quantitative evaluation of the load-carrying capacity along both the strong
and weak axis of the joint, expressed in min values, and represented in a N-M interaction dia-
gram (pairs of normal force N and bending moment M).

The paper contains useful upgrades in the evaluation of carpentry connections’ mechanical

properties, more specifically in the field of the scarf joints. Useful pieces of information for
the structural analysis of traditional timber constructional systems are presented.
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1 INTRODUCTION

Timber historical buildings are diffused in many regions of the world. They are essential to
the landscape of cities and countries, and constitute a precious example of both tangible and
intangible historical heritage. For this reason, their maintenance and restoration is of basic
importance. Nevertheless, historical buildings deserve particular attention at the moment of
the intervention. In fact, old timber structures are characterized by the complexity of structural
elements and joints. The understanding of the basic principles under which the structure
works, is of basic importance for the definition of the correct restoration and strengthening
work.

The carpentry structures and the joinery techniques are the result of a long-term process of
evolution along the centuries and present a variety of constructional techniques that signifi-
cantly vary according to regional building traditions. More than 600 different geometries of
carpentry joints are known, and there are so many constructive techniques than cultures. Ac-
cording to the task they have to fulfill in the timber structure, the joints can be divided in dif-
ferent categories: lengthening, bearing, framing, angle and oblique shouldered joints. Among
the most diffuse lengthening joint, the stop-splayed undersquinted and tabled with key scarf
joint, also called Jupiter joint, has the function to enlarge the beams and other timbers along
their longitudinal direction.

In the present paper, the load-bearing behavior and deformation behavior of the Jupiter
joint carpentry connection, as found in historical wooden structures, is investigated.

1.1 Goals
The main aims pursued in the present paper are:

e Experimental evaluation of the load-carrying capacity of the Jupiter joint under
combined compressive and bending action.

e Evaluation of the in-plane and out-of-plane behavior of the Jupiter joint under
combined compressive and bending action.

o Representation of the experimental load-carrying capacity with a N-M interaction
diagram (diagram that describes the interaction between normal force N and bend-
ing moment M).

e Evaluation of the failure modes for both the in-plane and out-of plane load direc-
tions.

e Quantification of the rotational stiffness’ values to use in both the practice and
structural analysis simulation.

1.2 Methodology

The adopted methodology is the scientific method. It consists of developed theories, sys-
tematic tests, measurements, observations, and modification of the initially adopted hypothe-
ses. The adopted approach in this paper is experimental. The work consists of static in-plane
and out-of-plane tests on scaled timber beams. The tests were carried out during the period
April 2015 - July 2016, in the LHT Laboratory for wooden technology of the Faculty Build-
ing and Preserving in the HAWK Hildesheim (University of applied sciences), Germany.
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2 MATERIAL AND METHODS

2.1 Equipment

The used machinery is Walter+Bai ag. (for forces up to Fcmax = 250 kKN and F; max = 160 kN)
controlled by a desktop computer with software Proteus. The equipment consists in the com-
bination of two subsystems, two hydraulic jacks, one for vertical and the other for the hori-
zontal loads. The Piston | is used for the application of axial forces (Fappiied = Fi) and the
Piston 11 for the application of bending moment (Fappiied = Fui) (See equation (2) for the relation
between applied force F; and moment M). The force is exerted on the test specimens by
means of movable cross-heads fixed to the frame. The head of the Piston Il is provided with a
head for the application of bending moment to the specimens.

2.2 Procedures

The procedure 2 tests (P2) follow a mixed force-controlled and displacement-controlled
mode procedure. The P2 is described by the separate and consecutive loading of specimens by
the Piston I and Piston Il on the specimen’s strong axis (Figure 1). The load F, increases with
force-controlled mode up to the chosen value of Fraget; afterwards, the Fy; with displacement-
controlled mode is applied until the specimen’s failure. During the loading the forces F, and
Fi and the correspondent pistons displacements w, and wy, are measured. The relation among
F, force and the normal force (N) is defined in the equation (1). The one among the applied Fy,
force and the bending moment (M) by the equation (2).

FiZ Fuz
D
- F G
IF H - 8 = c ey Ny, ®
e A =
Foz| L a 2h M| Fu2
455
500
1190

Figure 1: P2 tests asset for the application of compressive and bending force on the strong axis.
All the dimensions are expressed in [mm]

"

Fu2
F G

{* e S | S

Fu2 r L a J L 2h ] M | Fuw2
L 455 J

500

1180

Figure 2: P3 tests asset for the application of compressive and bending force on the weak axis.
All the dimensions are expressed in [mm]
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The procedure 3 tests (P3) follow a mixed force-controlled and displacement-controlled
mode procedure. The P3 is analogous to the Procedure 2, but the specimens are turned 90°
and tested along the weak axis (Figure 2). The relation among F, force and the normal force
(N) is defined in the following equation (1). The one among the applied Fy, force and the
bending moment (M) by the equation (2).

N=F, [kN] 1)
M :%a [kN -mm] 2

Where:

(3)

a=405mm for P1 P2
a=390mm for P3

2.3 Specimens

The specimens are prepared from artificially dried solid timber beams of length 650 cm
with a cross-section of b = 60 mm, h = 140 mm. The wood specie is spruce (Picea abies),
timber strength class C24. The specimens are stored at a temperature of 20° C with relative
humidity of 65%.

The specimen 6 (S6) is prepared for the analysis of the Jupiter joint along the strong and
weak axis (Figure 3). The specimen surfaces are inclined of o = 60° and g = 5°. The joint is
provided with a square-cut key.

The specimens’ preparation consists of two different montages in the machinery according
to the below described procedures.

(b=60,

140

—h

Figure 3: Specimen S6. Specimen used for the tests of the Jupiter joint. All the dimensions are in [mm]
3 TESTS

3.1 Strong axis tests

In Figure 4 are pictured the N-M interaction curves (interaction between the normal force
N and the bending moment M) for the Jupiter joint (stop-splayed undersquinted and tabled
with key scarf joint). The curves are the interpretation of the individual performed test results
[1]. The strong axis tests are represented in colored results, while the weak axis tests are in
bolt. The red line represents the strong axis’ load-bearing interaction curve. The specimens
are S6, performed with P2. The violet line describes the weak axis’ load-bearing interaction
curve. All the tests specimen are S6, and performed with P3.
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Figure 4: N-M interaction diagram for the Jupiter joint along the strong and weak axis

3.1.1 Failure modes (FM)
The failure modes observed in the weak axis’ tests are mainly three, and are described as:

e FM Il. Shear/tension perpendicular to the grain failure in the point B
e FM Il Combined shear/tension perpendicular to the grain failure in the points B and C

e FM V. Shear failure in the BB’’C’H prism.

T _
Vz-Fee, s0-Fz2,1 80
Ver-V2  —> verified!
Figure 5: FM I1. Shear/ tension perpendicular to the grains failure, active forces
D F3.0
F

Figure 6: FM V Shear failure in the BB’’C’H prism, active forces
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FM 11 FM IV FM Il + FM V

(...)

(b) © (d)

Figure 7: Failure mode of specimens of Jupiter joint, in-plane testing: (a): Specimen J60 5 S F76 M a = 60° =
5°19/07/2016 compression force. (b): Specimen J60 5 S F65 M o = 60° 3 =5° 19/07/2016 compression force. (c):
Specimen J60 5 S F19 M a = 60° 3 =5° 19/07/2016 compression and bending force. (d): Specimen J60 5 S FO a =
60° B =5°18/07/2016 pure bending

For all the specimens loaded along the strong axis, the main failure modes are the FM 11
and the combination of FM Il and FM V. The failure modes are resumed in the Figure 7.

Referring to the Figure 6, the FM V is the shear failure in the lower timber piece’s
BB’’C’H prism, for the whole depth b of the beam, and FM 11 happens in the lower timber
piece along the fibers in correspondence of the point B, also for the whole depth b of the beam.
It follows a more detailed description of the active forces on the surfaces that cause the fai-
lure.
FM 1I: The plain mechanism of fracture FM Il on the compression and tension side is ex-
plained in the Figure 5. The failure is due to the contemporary action of the forces v, and v, :

Vo =Fgg 100~ F2 100
_ (4)
Vg 2V, — failure
FM V: The shear failure is present both on the tensile and compressed side. The shear mecha-
nism develops on the B'K shear plane. According to Figure 6, the shear force F, ; is dependent

on theF;;, and the F,, ,. The shear force acting on the shear plane B'K is:

Fv,s = FS,J_,O - FT3,J_,0 (5)
The section is verified when:
F 3
= <R, 6
b-B'K ( )
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where: F,. = pre - compression force; Fy.., = resultant force on the B'C" surface due to
the external load, perpendicular to the surface; F.;, = resultant force on the table 3 (T3 = sur-
face B'C") of the joint, perpendicular to the surface; F,, = resultant force on the face DC due
to the external applied load, perpendicular to the surface; and Fr3 | o =Fgce 10+ Fpeo-

3.2 Weak axis tests

The N-M interaction curve for the stop-splayed undersquinted and tabled with key scarf
joint loaded along the weak axis is represented by the violet curve in Figure 4.

3.2.1 Failure modes
The observed weak axis’s failure modes are mainly three and are following described:
e FM Il. Shear/tension perpendicular to the grain failure in the point B
e FM Ill. Combined shear/tension perpendicular to the grain failure in the points B and C
e FM V. Shear failure in the BB’C’HBB’’C’H prism.

According to the upper specimen in the Figure 10, the compression side is characterized by
points A, H, B, B’, B”’, C*, C*’, C, K, D; while the tension side is characterized by the points
A,H,B,B’,B”’,C’,C”, C, D. For the specimens loaded along the weak axis the prevalent
failure modes are the FM I, followed by the FM V. The failure modes in the compression
side are reported in Figure 9, and the ones observed in the tension side are in Figure 8.

The FM V is the shear failure in the lower timber piece’s BB’’C’HBB’’C’H prism (Figure
10). The FM 1II happens in the upper timber piece’s point B. The FM 111 is considered as sec-
ondary and due to the presence of the imperfections in the wood. It follows a more detailed
description of the active forces on the surfaces that cause the failures, basing on test results
and some basic equilibrium rules. The problem of the failure is very complicated because it
implies some internal kinematic mechanisms that are explained in Figure 10 and brings both
to the FM Il and FM V.

FM I1: Referring to Figure 10 and Figure 11, the FM 11 is explained through some three
dimensional diagrams that consider the variation of the forces in the cross—section and the rel-
ative developed kinematic mechanisms. Here:

a) Because of F;, 4, force, the grains in B are tensile-stressed in the upward direction.

b) Because of F, 4, on the tension side, the fibers in B are tensile-stressed in the down-
ward direction.

c) Because of F;, 4 and F, , o forces, the clockwise torque Mgpc g~ forms along the lon-
gitudinal direction of the compression side. The torque brings to the additional compression
of the facing AB and BB" surfaces on the compressed side.

d) The force F,, 4, on the tension side, together with the F, , 4, on the compression side,
bring to the formation of the anticlockwise torque Mgngn. The torque brings to the torsion of
the specimen along the neutral axis that causes a non-homogeneous distribution of the com-
pression force in the squint ABAB (Figure 11).

Because of the kinematic mechanisms above descripted in a), b), ¢), d), the FM 11 develops
both in B, on the compression side, and in B, on the tension side.
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FM I FM I FM 1V FM Il + FMV FMV

() (..)

(@) (b) © (d)

Figure 8: Failure mode on the tension side of specimens of Jupiter joint; out-of-plane tests: (a): Specimen
J60 5 w_F50 M a=60°p=5°21/07/2016 compression and tension stress. (b): Specimen J60 5 w_F55 M a = 60°
B=15°21/07/2016 compression and tension stress. (¢): Specimen J60 5 w F12 M a=60° = 5°21/07/2016, com-

pression and tension stress. (d): Specimen J60 5 w _F25 M o =60° 3 =15°21/07/2016

compression and tension stress

FM I FM I FM 1 FMIV| FMII+FM IV FMV

(..)

(d)

Figure 9: Failure modes on the compression side of specimens of Jupiter joint; out-of-plane tests: (a): Specimen
J60 5 w_F50 M a=60°p=5°21/07/2016 compression and tension stress. (b): Specimen J60 5 w_F55 M a = 60°

B =15°21/07/2016 compression and tension stress. (¢) Specimen J60 5 w _F38 M o =60° =15°21/07/2016, com-

pression and tension stress. (d): Specimen J60 5 w F12 M o= 60° B =5° 21/07/2016 compression and tension stress
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Frz,1,0=FpcotFcs", 10 Fese,1,0

Figure 10: Upper specimen: three dimensional representation of the Jupiter joints” specimen (loaded on the
weak axis). Lower specimen: Complex mechanisms of transmission of the forces in the BB”’C’HBB’’C’H prism

Figure 11: Detail of the forces in the BB’C’HBB’’C’H prism and relative developed kinematic mechanisms

FM V: The shear failure is present both on the compressed and on the tension side. The
shear mechanism develops even though on different shear planes.

Tension side: the shear plane B'K . The shear failure can also verify on the tension side, on
the fibers in B'K, because of the compression on cD (specimen J60 5 w_F12, Figure 8 - ¢ ).

Compression side: the shear force acting on the shear plane c'H is described in
equation (7) and depends on equation (8).

Fv,z = FZ,L,O - FTZ,L,O (7)
Fra.i0=Fpeot Feci0 (8)

where: F..;., = resultant force on the c'B" surface due to the external load, perpendicular
to the surface; F;,, = resultant force on the table 2 (T2 = surface c'B") of the joint, perpen-
dicular to the surface; F, , = resultant force on the face AB due to the external applied load.
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The section is verified when:

F 2
= <R, 9
b-C'H ©)

Referring to Figure 11, the mechanism is further completed with some observations about
the kinematic mechanisms in the third dimension. Because of both different resultant forces at
the two compression and tension side, the anticlockwise torque MB’’B’BB’’ forms on the
shear plane (transversal direction).

As an example that demonstrates the failure mechanisms in the beam, some images from
the tests of the failure of the specimen J60_5_w_FO0 [12] are proposed in the Figure 12:

(a) The upper timber part is rotated respect to the lower timber part due to the torque
MBHBH that creates a torsion along the beam’s axis.

(b) The internal kinematic mechanisms (torque MBHC’B’”) causes a rotation that brings to
the further compression of the segment BB' on the tension side and (c) the segment AB on the
compression side. The key is a further fixed point that establish a horizontal rotation axis that
causes the torsion of the upper respect to the lower part.

(@) (b)

Figure 12: FM Il on the specimen J60_5 w_FO0 (a) Rotation of the upper to le lover side. The right part is
compressed, the left is tensile-stressed. (b) Tension side. The segment BB’ is further compressed. (¢) Compression
side. The segment BA is further compressed

4 EVALUATION OF THE ROTATIONAL STIFFNESS

Referring to Figure 13, the calculation of the rotational stiffness k, in equation (15), is
done according to the ultimate values of applied load and the displacements of the corre-
spondent piston Py,. The calculation is performed as follows.

e =0.405m (10)
M, = (11)
Upy (My) (12)
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Oldeq) = arctg(t}%} (13)

Ordeq) * 7

14
180° (14)

e[rad] =

K, = v (15)

Fu,u/2 Fuu/2
| - l

. Ue2

1./2

Figure 13: Scheme of the rotational stiffness of the hinge

The reference value of rotational stiffness for the Jupiter joint along both the strong and
the weak axis is considered the rotational stiffness obtained in the pure bending tests, calcu-
lated according to equation (15). The tests of reference are the one performed in vertical posi-
tion with the testing machine 2. The equation (16) gives a resume of the experimental values
of rotational stiffness in the Jupiter joint for the strong and weak axis.

K@Y exp =663 (strong  axis)

(16)
Kz oy = 262 (weak  axis)

5. GENERAL CONCLUSIONS ON THE JUPITER JOINT

5.1. Load-carrying capacity

The comparison of the tests of the Jupiter joint leads to the followings conclusions:

1. The load-carrying capacity of the Jupiter joint along both the strong and weak axis is
the same for the specimens loaded in pure compression and in pure bending.

2. In pure compression, the test specimen loaded on the weak axis showed a smaller ulti-
mate strength [Fu] respect to the one loaded on the strong axis. The reason of this dif-
ference in the load-carrying capacity of the specimen can rely in the specimen
manufacturing, the timber’s specific lower properties, and finally in the test asset.

3. The presence of imperfections in the test asset is a more significant factor for the spe-
cimen loaded on the weak axis; here, the minimum imperfection can really affect the
test results.

5.2. Failure modes

The FM I1. shear/tension perpendicular to the grain failure in the point B is the most recur-
rent, both on the weak and in the strong axis’ tests. The basic reason of the failure is the same
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concluded and calculated for the halved undersquinted scarf joint [12]; nevertheless, in the
Jupiter joint the problem is more complex because of the presence of more factors:

1. the presence of imperfections (that affect the weak axis more than the strong axis);

2. the pre-compression Fy of the key;

3. the entity of both the angle o of the squint and B of the splayed surface;

4. the internal friction (not considered in the present section of the work);

Furthermore, the FM V is dependent on the length of the shear segment C'H . The bigger is
the surface of the shear plane (longer shear segment), the bigger is the load-carrying capacity
of the specimen.
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Abstract

Wood is a natural material has been widely used throughout history in structural elements. The
degradation of the material and mainly the deformation, related to serviceability limit states, are
often the main reasons to assess existing structures.

For this purpose, the results obtained from visual inspection are combined with information from
NDT and/or SDT methods, such as stress wave or ultrasound, thermography, screw withdrawal
or drilling resistance. Stress wave testing methods are often used for prediction of timber ele-
ments’ stiffness. However, timber’s variability significantly affects the reliability of NDT/SDT
capacity to predict their mechanical behaviour since these methods only provide information
about the outer layers of the timber members. For a more reliable prediction assessment, one
should acknowledge the spatial variability of timber’s mechanical properties, especially consid-
ering the gross cross-section.

In this study, it was analysed the capacity of an indirect sonic stress wave method to predict the
modulus of elasticity of a timber member, taking into consideration its cross-sectional spatial
variability. The results show that the application of the new procedure provided a significantly
increased capacity of prediction of the static modulus of elasticity (r> = 0.91-0.94) compared to
the application of current ultrasonic measurements carried out on the surface of the specimens
(r* between 0.72-0.73).
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1 INTRODUCTION

Timber is a natural material often found in structural elements of historical constructions,
given its good mechanical properties (e.g. the high strength/weight ratio). In these cases, tim-
ber inspection constitutes a crucial support decision tool regarding efficient repair or strength-
ening solutions, thus ensuring the safety of the structure [1]. Reliable tools for assessing
mechanical behaviour of timber members are specially needed in the case of old timber struc-
tures where no information is available on wood species and mechanical properties.

Currently, assessment of timber structures is carried out by visual inspection to evaluate
the condition of the structure (i.e. structural system, structural defects, deformation of timber
members, signs of deterioration); the loading conditions (i.e. deviation from intended use that
can result in overloading); the additions to the original structure and their effect on the origi-
nal structural system; the quality of timber (knots, cracks, slope of grain, etc) and allocation of
visual strength grade and consequent characteristic values or a strength class; and the location
of critical areas for further inspection [2].

Frequently, the results obtained from visual inspection are combined with information
from NDT and/or SDT methods, such as stress wave or ultrasound, thermography, screw
withdrawal or drilling resistance [1].

Regarding the assessment of mechanical properties, stress waves are generally applied ei-
ther using sonic or ultrasonic frequencies. Non-destructive testing (NDT) methods are used to
predict the dynamic modulus of elasticity being affected by several factors such as moisture
content, wood species and growth ring orientation [3]. Usually, stress wave testing is con-
ducted in one or more surfaces of the member over an area showing no defects. The possibil-
ity of extrapolating the clear wood modulus of elasticity to the entire element is supported by
the fact that the modulus of elasticity is mainly affected by the basic quality of a structural
member and is less affected by local defects [4]. Stress wave testing onsite is based on an in-
direct method where the transducers are placed in the same surface. For this reason, only the
outer layers of the timber members are tested. However, wood is an anisotropic material
showing high variability in physical and mechanical properties in a same section and along its
length [5].

The objective of this paper is to analyse the possibility of assessing the variation of bend-
ing modulus of elasticity across the cross section of structural timber members using a stress-
wave semi-destructive method.

2 EXPERIMENTAL WORK

A sample of 30 clear wood pieces of Maritime pine (Pinus Pinaster Ait.) was used in this
study. These test pieces (TP) had a size of 550 x 160 x 90 mm?® and were divided into 2
groups of 15 samples (A and B) each according to growth ring curvature in the cross section.
In sample A the growth rings are parallel to the larger longitudinal surface of the test pieces,
whereas in sample B, the growth rings make an angle (of around 45°) with the same surface
(Fig. 1). These pieces were tested using stress waves, ultrasound and core-drilling.
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Samples A Samples B

Figure 1. The two types of test pieces (A and B) differentiated regarding the orientation of the growth rings in
the cross section.

In each test piece, four stress wave measurements were carried out at different depths using
a Fakopp Microsecond Timer equipment. The stress wave time-of-flight was determined by
placing the transducers in the same surface (indirect method) (Fig. 2). The measurements
were made in both edges of the specimen. For each edge, the first reading was made in the
external layer by a spike penetration of approximately 10 mm. The transducers were placed
43 cm apart and were driven into the wood at an angle of ~45° (Fig. 2a). After the first read-
ings, a larger hole was produced with a depth equal to the penetration of the spike using a drill
bit diameter of 7.5 mm. In this case, the transducers were placed 40 cm apart. The diameter of
the internal passage hole allowed the spike to be driven into the next 10 mm of wood, avoid-
ing in the first 10 mm any contact between the spike and wood.

b)
Figure 2. a) Stress wave test; b) Ultrasound test

After stress waves measurements, ultrasound waves were generated using a PUNDIT plus
equipment with two 54 KHz transducers. Coupling between the probes and timber’s surface
was achieved by means of a mineral gel. A one-shot impulse transmission was applied. The
probes were placed 40 cm apart (minimum distance between probes perimeter) at the upper
edge of the test specimens. Only one surface was tested and a compression spring placed on
top of each transducer was used to maintain a constant pressure all over the tests (Fig. 2b).

The TOF was used along with the distance to predict the stress wave velocity parallel to
the grain (v). The dynamic modulus of elasticity (Eqyn) Was obtained from Eq. (1), using the
average value of the density obtained from two wood cores taken in the vicinity of the trans-
ducers as density (p) estimation.

Egyn=v2p (NIm?) 1)
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After performing this first stage, the pieces were cut to obtain 5 small clear wood speci-
mens (SCWS) from each test piece. These pieces had a size of 20x20x550 mm?® and were test-
ed in static bending to obtain the static modulus of elasticity.

The bending modulus of elasticity (Er,) was determined according to static three-point load
bending tests carried out according to the ISO 3133 standard [6]. The three-point bending test
was accomplished with a span of 300 mm.

Density was determined over: the test pieces prior to being cut into small clear bending
specimens (prp); the small clear specimens (oscws); and, two wood cores taken near the ends of
the specimen (ocore). The data are reported in Table 1. The density was determined based on
the ratio of mass to volume at particular moisture content.

Table 1. Density of test pieces (TP), small clear wood specimens (SCWS) and wood cores (WC).

Test pieces (TP) Small clear specimens (SCWS) Wood cores (WC)
Density Density Density
Number of Number of Number of
Type : (kg/m?) Type : (kg/m®) Type : (kg/m®)
Specimens |\ 7 Cov (%) SPECIMENS 1 \tean / CoV/ (%) SPECIMENS | \ean / CoV (%)
A 15 675.7 (11.7) A 75 663.2 (14.4) A 150 657.9 (14.8)
B 15 653.8 (11.6) B 75 634.32(153) | B 150 632.6 (15.3)

The moisture content was determined using the small clear wood specimens and the wood
cores (Table 2). The samples were weighed and then placed in an oven at 103+2 °C until a
mass variation of less than 0.1% in an interval of 2 hours is reached [7].

Table 2. Moisture content of small clear wood specimens (SCWS) and wood cores (WC).

Small clear specimens (SCWS) Wood cores (WC)
Tvpe Number of | Moisture content (%) | 1. e Number of | Moisture content (%)
yp specimens Mean / CoV (%) yp specimens Mean / CoV (%)
A 75 13.4(2.0) A 150 13.4(2.9)
B 75 13.4(4.2) B 150 13.5(4.7)

All the wood specimens was conditioned and tested inside a room with controlled tempera-
ture (20£2 °C) and relative humidity (65+5%).

3 RESULTS AND DISCUSSION

The mean and the variability of the reference properties (fn, Em and o) in the cross-
section obtained from the small clear specimens cut at different locations inside specimens A
and B are indicated in Table 3. A noticeable higher variability is found for modulus of elastic-
ity than for density or strength. The variability found for density shows the importance of tak-
en it into consideration when making predictions of the dynamic modulus of elasticity
(equation 3) and in consequence of the static modulus of elasticity. Bending strength since is
the property more connected to the presence of defects the result (very low variability) was
expected given the fact that the results were obtained in clear wood specimens.
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Table 3. Variability in the cross section measured by the coefficient of variation (mean, max and min) observed
for each specimens A and B.

Test pieces Reference properties
Coefficients of variation .
Bending
Density Modulus of elasticity Strength
Mean (%) 6.9 15.8 0.1
A Max (%) 14.2 35.1 0.3
Min (%) 1.9 7.3 0.0
Mean (%) 6.4 12.2 0.1
B Max (%) 11.9 24.8 0.2
Min (%) 2.2 4.7 0.0

The accuracy in the determination of the dynamic modulus of elasticity is influenced by
the prediction of density, a property that varies along the cross section and the length of the
element. A comparison is made with the density obtained from the initial test pieces and with
that obtained from each small clear wood specimen (Fig. 3). The density information provided
by two wood cores provides, on average, a good prediction of the overall density of the test
pieces (i.e. a high correlation). This result is in accordance with previous works [8].

1000

® TP density vs wood core density

800

O TP density vs small specimens

o
=]
S

pre=0.978 x py
?=0.95

n=30

p-value = 1.85E-23

pTP (kgim®)
B
8

N
=]
S

pre = 0.9594 x prore
?=0.67

n=230

p-value = 1.83E-08

0 200 400 600 800 1000
Predictor (psc OF pore) (kg/m®)

Figure 3. Prediction of TP density using as predictors the density obtained from the wood cores (ocore) and that
from the small clear wood specimens (o).

No significant difference is noted between the results obtained for each type of test piece
(A and B) when tested using either the ultrasound or the sonic test method. Nevertheless, the
sonic method results in a higher coefficient of determination when comparing the results in
the same test pieces. The better capacity of the sonic method to predict the overall modulus of
the elasticity made at different depths of the element is clear (Fig. 4). The result was con-
sistent in both types of test pieces showing a coefficient of determination of ~0.70 and ~0.90
between the static and the ultrasonic or sonic dynamic modulus, respectively.

345



Morales-Conde, M* Jesus and Saporiti Machado, José

25000 . . 25000 T T
En= 10687 x Egpaonic~ 77.805 TP A En=1.233 % Eggnonic — 1518.2 TP B
#=0.94 =091
20000 tn=15 20000 +-n=15
p-value = 2.24E-09 / p-value = 3.26E-08 v
Ao L~ | sffo o1
~ 15000 I 5 ~ 15000
£ (o) o g
E ° E ]
é 10000 Z 10000 O 0
E = /efo
R En = 06388 X Egmatpuonc + 25552 ) " | En= 09417 B 19534
5000 F=072 1 5000 - =073 '
n=15 n=15
p-value = 7.09E-05 p-value = 5.25E-05
0 L 0 1

0 5000 10000 15000 20000 25000 0 5000 10000 15000 20000 25000
2
E 4y, (N/mm’) E 4y (N/mm’)
‘ # Sonic O Ultrasonic | # Sonic O Ultrasonic ‘

Figure 4. Correlation for the two types of specimens tested (A and B) between Egy, and Ep,.

The closer relationship obtained using the sonic method at different depths is also shown in
Fig. 5. This figure compares the variation of the modulus of elasticity along the cross section
for the different specimens and densities obtained directly from testing small clear wood spec-
imens, and indirectly using sonic waves. As can be noted, in most cases a correlation exists
between the dynamic modulus of elasticity (dynamic MOE) and the static modulus of elastici-
ty (static MOE) obtained for the small clear specimens in each TP, A and B.
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Figure 5. Cross-sectional variation of modulus of elasticity shown by specimen type A and B. For each TP spec-
imen, five measurements are shown corresponding with the five small clear specimens obtained.

4  CONCLUSIONS

Timber’s variability significantly affects the reliability of NDT/SDT capacity to predict its
mechanical behaviour. This variability is high on timber members given the current gross sec-
tion used and justify the present study which objective was to assess the capacity of a proce-
dure based on an insertion of sonic probes at different depths into a piece of timber to obtain a
better prediction of the static modulus of elasticity. The method was compared to the results
obtained using a current indirect ultrasonic testing method. The application of the new proce-
dure resulted in significantly increased capacity of prediction of the static modulus of elastici-
ty (r* between 0.94 and 0.91, depending on the type of test piece tested) compared to the
application of current ultrasonic measurements carried out on the surface of the specimens (r?
between 0.72-0.73).
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Abstract

Today, more and more timber structures (especially glulam structures) are used in civil engineer-
ing in respect of sustainable development and thanks to their competitive costs. However, the du-
rability problem limits their development. Degradations related to excessive moisture content
(MC) or to the wetting/drying cycles were observed and can lead to severe structural damages. In
order to promote the use of wood in construction, infrastructure supervisors have expressed their
need on continuous monitoring techniques of wood MC. However, no information exists in litera-
ture regarding the MC monitoring inside the lamellas of glulam.

In the light of this observation, we propose to transform glulam into “smart material”’ by embed-
ding the MC monitoring system between the lamellas, on taking into account the major con-
straints of fabrication of this material (the small glue line thickness, the important bonding
pressure, etc.). To achieve this, we have selected two families of methods: the electrical methods
and the ultrasonic method. The former are based on resistive/capacitive measurements and the
latter consists in the analysis of ultrasonic wave propagation in the material. 4 measurement con-
figurations were identified for the electrical measurements using pin-type or surface-type sensors.
Regarding the ultrasonic measurements, 2 configurations were proposed and tests were realized
with two families of piezoelectric film sensors (PVDF (Polyvinylidene fluoride) and MFC (Macro
Fiber Composite)).

Our results showed that it is possible to conduct electrical/ultrasonic measurements in wood with
the proposed measurement configurations. The influence of bonding pressure and sensor distance
was also investigated. Future study should be continued to investigate the feasibility of applying
these identified measurement configurations for the local MC monitoring in the lamellas of glu-
lam beams.
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1 INTRODUCTION

Today, more and more glulam structures are used in building and civil engineering due to
new challenges imposed by sustainable development. However, the problem of durability is a
limiting factor for the development of these structures [1]. Pathologies such as cracks,
delaminations or slots, as well as fungal or insect attacks have been observed. The majority of
them can be attributed either to excessive moisture content (MC) (> 22%) or to the wet-
ting/drying cycles in the material [2]. In order to promote the use of wood in construction, in-
frastructure supervisors have expressed their need on continuous monitoring techniques of
wood MC.

A multitude number of techniques are reported to be able to measure the MC in wood [3,4].
However, a great number of them cannot respond to the constraints of continuous monitoring
in engineering structures. According to our bibliographic research, two families of methods
have the potential to be employed in long-term MC monitoring of glulam structures: the elec-
trical methods (resistive/capacitive) [5,6] and the ultrasonic method [7].

Concerning the electrical methods, several studies have shown the possibilities of using
different types of sensors for the continuous MC monitoring in wood [8]. With regard to the
resistive method, it concerns the use of “pin-type electrodes” inserted in wood [5]. Regarding
the capacitive method, it concerns the use of “surface electrodes” with two parallel metallic
plates on the outer surfaces of wood [4].

Regarding the ultrasonic method, no studies exist in literature regarding sensors which can
allow the continuous MC monitoring in wood. This might be explained by the fact that the
conventional ultrasonic transducers are not compact enough to be permanently integrated in
structures for long-term monitoring due to their size and cost [9]. Even though, referable in-
formation exists concerning structural health monitoring (SHM) using piezoelectric sensors.
There exist two families of piezoelectric film sensors which are capable to be integrated in
structures with relative moderate costs: the PVDF (Polyvinylidene fluoride) which is a pie-
zoelectric polymer film; the MFC (Macro-fiber composite) which is composite with piezoe-
lectric fibers integrated in an epoxy matrix [10].

According to studies cited above, no existing solutions allow the internal and local MC
monitoring in the lamellas of glulam, which is essential to improve the structure durability.
Given the industrial fabrication process of glulam [11], the major constraints for sensor inte-
gration are the small glue line thickness (0.3 mm) and the bonding pressure (10 bars).

In the light of these observations, we propose to transform the glulam into “smart material”
by embedding MC monitoring systems in order to perform internal and local MC measure-
ment in the lamellas. To achieve this, we have identified 4 measurement configurations for
the electrical methods and 2 measurement configurations for the ultrasonic method. The ob-
jectives of this study are: 1) to verify the feasibility of conducting electrical/ultrasonic meas-
urements in wood using the proposed measurement configurations; 2) to verify the influence
of bonding pressure on sensor performance; 3) to investigate the influence of sensor distance
on measured physical quantities.

2 MATERIAL AND METHODS
2.1. Electrical measurements

2.1.1. Measurement configurations
Four measurement configurations using different electrode set-ups were identified in this
study (Figure 1). The specimens were prepared with Douglas fir because it is extensively used
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in construction. The Configuration 1 is a simple measurement configuration with stainless
screws driven directly into the wood. However, loss of electrical contact between the elec-
trodes and wood may arise due to the shrinkage and swelling of wood [5]. As a result, the
Configuration 2 with conductive glue between the screws and wood was proposed to guaran-
tee better electrical connection confronted with wood dimensional changes. It can also offer
good repeatability for the measurements thanks to the mechanized drilling process and the
precise dosage of glue. Furthermore, a similar configuration (Configuration 3) using directly
the copper cables (stripped at the end) to conduct electrical measurement was also identified.
At last, the Configuration 4 using copper patches (@50 mm, total thickness: 0.065 mm) was
achieved because it is simple to realize in the glulam fabrication line and no additional ma-
chining is required. Moreover, it allows conducting both the resistive and capacitive meas-
urements [3].

a) Configuration 1
Coated copper cable 2 ' 2 1 d)
i Configuration 4A
Stainless screw— m //
! (a8}
-20 - 40 -
100 e
b)
Configuration 2 !
Coated copper cable
— i / 9h .
Isolating glue
. ™
Conductive glue — _ m / \
Stainless screw —|
E 20 i ) ' Copper patches  Coated copper cables
- 100 -
e) Configuration 4B
© Configuration 3 B
Coated copper cable : //
Isolating glue —] f :
Conductive glue — m 3
| o -
30 ] T QN )

k 100 -

Figure 1: Measurement configurations: a) Configuration 1; b) Configuration 2; c) Configuration 3; d) Configu-
ration 4A,; e) Configuration 4B

2.1.2. Measurement devices

The electrical resistances were measured with a Giga-Ohmmeter developed at laboratory
for specimens of all configurations. On the other hand, the capacitive measurements were on-
ly conducted on specimens of Configuration 4, with a LCR meter (GW INSTEK LCR-816).
The frequency range of the LCR meter is from 100 Hz to 2 kHz. The frequency is fixed at 2
kHz in this study because according to James [12] who has realized the capacitive measure-
ments at 4 different frequencies (0.2 kHz, 1kHz, 10 kHz, 100 kHz), the sensibility for MC
monitoring increases with increasing frequency.

2.1.3. Investigation of the influence of bonding pressure and sensor distance

After the set-up of the sensors, solid wood specimens were prepared as described as fol-
lows. For the Configurations 2 and 3, the rest void in the top holes was filled with polyure-
thane glue used for glulam bonding. For the Configuration 4, a thin layer of polyurethane glue
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was applied on the patches to create electrical isolation and to prevent the patches from peel-
ing off when moistening.

In order to investigate the influence of bonding pressure on sensor performance, glulam
specimens were also prepared for each configuration. They were fabricated using a hydraulic
press on setting the bonding pressure at 10 bars during 24 h. One more lamella (33 mm in
thickness) was glued for the Configurations 1, 2 and 3 on the screwing/drilling side; two more
lamellas (16.5 mm in thickness) were glued for the Configuration 4 on the two sides where
patches were struck. In the end, it is important to point out that 5 identical specimens (for both
solid wood and glulam specimens) were prepared for each configuration.

Furthermore, in order to verify the influence of sensor distance on MC measurements,
specimens were prepared with two different electrode spacings (Figure 1).

2.2. Ultrasonic measurements

2.2.1. Tested piezoelectric film sensors and acquisition system

It was decided to test two families of piezoelectric film sensors: the PVDF and the MFC.
As for the PVDF family, 3 models with different connection technologies and active areas
were chosen: FLDT1, DT1-052K and DT2-052K (TE Connectivity Corporation). The former
one has flexible leads while the latter two are connected to the cables by the penetrative eye-
lets. The total thickness of the 3 models is 0.21 mm and the thickness of the active area is
52 um. The active area of the FLDT1 and DT1-052K is 41x12 mm? and that of the DT2-
052K is 73x12 mm?. Regarding the MFC family, two models working on two different vibra-
tion modes [13] were chosen: M4010 and M2814 (Smart Material Corporation). The thick-
ness of both models is 0.3 mm. The M4010 works on d33 effect and it has an active area of
40x10 mm? while the M2814 works on d31 effect and it has an active area of 28x14 mm?>.
The d33 and d31 are respectively the longitudinal and transverse piezoelectric coefficients,
which means that the direction of deformation are respectively parallel (d33 effect) or perpen-
dicular (d31 effect) to the direction of electric field [13].

The acquisition system is presented in Figure 2. The ultrasonic signal is generated with the
help of a waveform generator (Agilent 33120A). It is connected to an amplifier (Amplifier
Research Model 75A250A) and then the emitting sensor. The received ultrasonic signal is
firstly amplified by a preamplifier at 40 dB (Sofranel 5660B) and it then arrives at an oscillo-
scope (Agilent DSO-X 2002A).

Agilent 33120A
Arbitrary Waveform

Amplifier Research
Model 75A250A

Emitting sensor

Generator
Agilent v
DSO-X 2002A Sofranel 5.6.608 Receiving sensor
. Preamplifier
Oscilloscope

Figure 2: Acquisition System of ultrasonic measurements
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2.2.2. Sensibility characterization of piezoelectric film sensors

As a first step, all the sensors were tested in 2 measurement configurations as presented in
Figure 3. In the Configuration 5 (Transmission in the lamella), the propagation of waves
through the thickness of one lamella is studied; in the Configuration 6 (Transmission at inter-
face) the propagation of waves in the fiber direction of wood is analyzed. 3 Douglas fir planks
of 500x90x33 mm?® (Longitudinal (L)*Tangential (T)*Radial(R)) were used in this study. A
10-bar pressure was assured by a clamping equipment based on screw-assembly principle
(Figure 4). A conventional piezoelectric sensor (R15a, MISTRAS Group) was also used in
this study. It was selected because it presents good sensitivity in the range from 50 kHz to
400 kHz with a resonant frequency at 150 kHz. Firstly, tests of sweep frequency were carried
out using R15a as emitter and a piezoelectric film sensor as receiver in the frequency range
from 50 kHz to 400 kHz. Secondly, tests were conducted in the same condition but with the
piezoelectric film as emitter and with the R15a as receiver. For these tests, modulated har-
monic signals were used in order to make sure that the sensors generate and respond to acous-
tic waves with frequencies corresponding to the excitation electrical signals. The RMS (root
mean square) amplitude was used to compare the performance of each sensor.

-

Configuration 5 Configuration 6
e S~ Piezoelectric film sensor ‘

Figure 3: Measurement configurations of ultrasonic method: a) Configuration 5: Transmission in the lamella; b)
Configuration 6: Transmission at interface

R15a sensor

Figure 4: Clamping equipment for the ultrasonic measurements

2.2.3. Investigation of the optimal frequency

Following the first step, the piezoelectric film sensor presenting the best performance was
tested in the 2 measurement configurations (Figure 5) in order to investigate the optimal fre-
quency when two piezoelectric film sensors were used. Tests of sweep frequency were con-
ducted with modulated harmonic signals in the frequency range from 50 kHz to 400 kHz. The
RMS amplitude was used as an indicator of sensor performance. Once the optimal frequency
was determined, test was then realized with impulse signal in order to calculate the ultrasonic
propagation velocity using the equation below:

V=D/t 1)
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where V is the ultrasonic velocity (m/s), D is the propagation distance (m) and t is the TOF
(time of flight) (s).

The impulse signal was used in order to have a clear separation of emitting and receiving
signals.

———

Figure 5: Test with 2 piezoelectric film sensors: a) Transmission in the lamella; b) Transmission at interface

2.2.4. Investigation of the influence of bonding pressure and sensor distance

In order to investigate the influence of bonding pressure on sensor performance, test was
realized with experimental set-ups determined in previous step but without exerting extra
pressure.

Furthermore, tests were conducted in order to investigate the influence of sensor distance.
Regarding the in-situ monitoring of glulam structures, since the lamella thickness is standard-
ized, it is only possible to position sensors with different distances in the length direction. As
a result, there is no need to conduct this test for the Configuration 5. Regarding the Configura-
tion 6, tests were realized by approaching two piezoelectric film sensors 50 mm each time un-
til the distance left between sensors is comparable to the sensor dimension (50 mm in length).

3 RESULTS AND DISCUSSION
3.1. Electrical measurements

3.1.1. Feasibility of electrical measurements in wood

The implementation of different measurement configurations was firstly achieved on solid
wood specimens. The measurements at initial state (10% in MC) on these specimens have
shown the possibility to realize the electrical measurements in wood. As for the resistive
measurements, it was found that electrical resistance is in the order of 10° Q for the Configu-
rations 1, 2 and 3 and 10*° Q for the Configuration 4 (Figure 6). These values are in the same
order of magnitude with information available in literature [14,15]. The different values ob-
tained can be attributed to the different shapes of the electrodes (Configurations 1, 2 and 3:
pin-type electrodes; Configuration 4: surface electrodes) and also to the fact that measure-
ments were conducted in different wood orthotropic directions (Configurations 1, 2 and 3:
Longitudinal direction; Configuration 4: Tangential direction) [3]. Regarding the capacitive
measurements, the values of capacitance measured (Figure 7) were also in the same order of
magnitude with information available in literature using similar frequency [16]. In our study,
the capacitance measured on the 33 mm thick specimen is 3.1 pF on average while it is 5.0 pF
by extrapolating the results of James at 1 kHz [16]. The difference can be explained by the
different frequencies used since our results were measured at 2 kHz.
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3.1.2. Influence of bonding pressure

Regarding the Configurations 1, 2 and 3, no difference on electrical resistance was ob-
served between solid wood and glulam specimens (Figure 6). It can be explained by the fact
that the bonding pressure was not directly applied on the sensors so that the condition of elec-
trical connection between the electrodes and wood was not changed by the pressure. As for
the Configuration 4, the resistance was observed to be reduced by 5.2 times (calculated with
resistance in Q) on average (Figure 6) and the capacitance was observed to have increased by
1.3 times on average (Figure 7). These observations can be attributed to the fact that the effec-
tive contact area between wood and sensors has increased due to the application of the bond-
ing pressure, leading to a lower resistance [17] and higher capacitance measured [18].

3.1.3. Influence of distance between sensors

Regarding the resistive measurements, no E40mm W20mm
difference was observed on resistance meas-
ured using sensors of different spacings. For
the Configurations 1, 2 and 3 (Figure 8), this
observation was also made by other authors
and can be explained by the fact that the
contactresistance associated with
wood/electrode interface contributes to the
majority of the total resistance measured so
that the distance between electrodes does not
influence the resistance measured in the case  Figyre 8: Comparison between results of electrical re-

of pin-type electrodes [3]. sistance measured with different sensor distances (Glu-
lam specimens)
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Logarithm of electrical resistance

Configurationl  Configuration2  Configuration 3

Concerning the Configuration 4 (Figure 9), this observation can be related to the surface
roughness which can cause smaller effective contact area, leading to higher resistance meas-
ured compared to the theory, i.e. the contact resistance [17]. As a result, in view of the small
thickness of our specimens, we could not observe the influence of sensor distance.

On the other hand, it was observed that the capacitance measured on the 16.5 mm thick
specimens is on average 1.8 times of that of the 33 mm thick specimens (Figure 10). This ob-
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servation can be explained by the theoretical equation which shows that the material capaci-
tance is doubled if the material thickness is halved [3]:
A
C =gz, - ?)
where C is the capacitance (F), & is absolute permittivity of vacuum (= 8,854*10™2 Fem™),
er 1S the dielectric constant which determines some kind of ability to store electrical charge, A
is the area of the plates (m?) and d is the distance (m) between them.
Our results do not show an exact two-fold relationship. It can be related to the heterogenei-
ty of wood material and can also be explained by the existence of contact capacitance associ-
ated with wood/electrode interface [18].
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Figure 9: Comparison between results of electrical re- Figure 10: Comparison between results of capacitance
sistance measured with different sensor distances (Con- ~ measured with different sensor distances (Configuration
figuration 4) 4)

3.2. Ultrasonic measurements

3.2.1. Sensibility characterization of piezoelectric film sensors

The results of the sensibility characterization for the MFC M4010 and the PVDF FLDT1
are presented in Figure 11 and Figure 12. The results of the MFC M2814, PVDF DT1-052K
and DT2-052K are not included in the figure because their responses are not sufficient enough
to conduct ultrasonic measurement in wood. For the MFC M2814, the weaker response com-
pared to the M4010 can be related to their different working modes: the d31 effect used by
the M2814 is weaker than the d33 effect used by the M4010 [13]. The difference in responses
among the PVDF sensors might be attributed to their different connection technologies. The
metallic connection of DT1-052K and DT2-052K have penetrated the protective coating. As a
result, the sensor response might have been influenced by the parasitic electromagnetic sig-
nals in the environment captured by the exposed metallic connection. On the other hand, the
connection of FLDT1 is non-penetrative (flexible circuit), thus the response is less affected by
the parasitic electromagnetic signals.
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Figure 11: Sensitivity curves when piezoelectric film sensors are used as receiver: a) in Configura-
tion 5(Transmission in the lamella); b) in Configuration 6(Transmission at interface)

The Figure 11 shows the sensitivity curves when piezoelectric film sensors are used as re-
ceiver (R15a is the emitter). It can be seen that MFC M4010 exhibits almost the same receiv-
ing performance in the two measurement configurations while the PVDF FLDT1 functions
only in transmission in the lamella (Configuration 5). The curves present maximum peaks at
150 kHz because it is the resonant frequency of the R15a sensor.
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Figure 12: Sensitivity curves of when piezoelectric film sensors are used as emitter: a) in Configura-
tion 5(Transmission in the lamella); b) in Configuration 6(Transmission at interface)

The Figure 12 presents the sensitivity curves when piezoelectric film sensors are used as
emitter (R15a is the receiver). It can be observed that the emitting performance of MFC
M4010 is greater when it is used for transmission at interface (Figure 12b) than for transmis-
sion in the lamella (Figure 12a). The PVDF FLDT1 works in transmission in the lamella
(Figure 12a) but not in transmission at interface (Figure 12b). The curves present maximum
peaks at 150 kHz because it is the resonant frequency of the R15a sensor.

It can be concluded that when conducting measurements in transmission at interface, MFC
M4010 presents better performance both in emission (Figure 11b) and in reception (Figure
12b) than PVDF FLDT1 from 50 kHz to 400 kHz. When conducting measurements in trans-
mission in the lamella, MFC M4010 exhibits better performance in reception than PVDF
FLDT1 from 50 kHz to 400 kHz (Figure 11a). Regarding the performance in emission, al-
though the highest amplitude is obtained by PVDF FLDT1 at around 150 kHz (Figure 12a),
the performance of MFC M4010 can still be considered better since its characteristic curve is
more wideband in the range from 50 kHz to 400 kHz. As a result, in the following step, the
test was realised with two MFC M4010 sensors.
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3.2.2. Investigation of the optimal frequency

Following the previous step, frequency sweep test was conducted with 2 MFC M4010 sen-
sors in both measurement configurations (Figure 5). The objective is to find out the optimal
frequency when two MFC M4010 sensors are used. Results showed that the highest amplitude
is obtained at 60 kHz for both configurations (Figure 13). Considering the fact that consider-
able attenuation will happen when wood increases in MC [19], a better signal strength is de-
sired to guarantee the feasibility of ultrasonic measurement in high MC. As a result, 60 kHz
was used for the measurement of ultrasonic velocities in the following study in both meas-
urement configurations.
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Figure 13: Test of frequency sweep with 2 MFC M4010 sensors: a) in Configuration 5(Transmission in the la-
mella); b) in Configuration 6(Transmission at interface)

3.2.3. Influence of bonding pressure

Tests were then conducted at 60 kHz with two MFC M4010 sensors using impulse signal
to compare the sensor response with or without the pressure of 10 bars. It was found that the
pressure can improve the facility of TOF measurement since the amplitude is increased. An
example is given in Figure 14 which presents the result of Configuration 6. In the figure, the
response without pressure is multiplied by 10. The explanation for this observation is that the
pressure has improved the acoustic coupling between wood and sensors.
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Figure 15: Ultrasonic velocity measured with different

Figure 14: Comparison of results between measurement .
sensor distances

without extra pressure and with a pressure of 10 bars
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3.2.4. Influence of distance between sensors

In order to investigate the influence of sensor distance, tests were realized in transmission
at interface at 60 kHz with two MFC M4010 sensors by approaching them 50 mm each time.
The results are presented in Figure 15. The velocities are in the same order of magnitude with
information available in literature concerning the longitudinal velocity [19]. It can be ob-
served that the ultrasonic velocity remains almost stable as a function of distance between
sensors, except for the small distances (84 and 134 mm). This difference can be explained by
the fact that at these distances (from center to center of sensors), the length of wood left be-
tween sensors (44 and 94 mm) is comparable with the sensor dimension (50 mm in length).
As a result, we could not have a clear separation of emitting and receiving signals, which is
important for a precise measurement of ultrasonic velocity. As a result, it is better to not re-
duce the sensor distance smaller than 184 mm in order to have a clear separation of emitting
and receiving signals for a precise measurement of ultrasonic velocity.

4  CONCLUSIONS

In order to extend the service life of glulam structures, it is necessary to embed MC meas-
urement systems in the lamellas because it is more precise and furthermore it can provide a
link between the MC (or wetting/drying cycles) and the durability of the structures in order to
inform the infrastructure supervisors as early as possible with the potential risk of damage so
that appropriate maintenance operations can be made in advance. As a result, within this
framework, 4 measurements configurations using electrical methods and 2 configurations us-
ing ultrasonic method were tested in this study.

4.1. Electrical measurements

Results showed that it is possible to conduct electrical measurements in wood with the
proposed configurations. On the other hand, it was found that when surface electrodes were
used (Configuration 4), the glulam specimens exhibit lower electrical resistance and higher
capacitance compared to the solid wood specimens. At last, with the decreasing sensor dis-
tance, no influence was observed for the resistive measurements and the capacitance was
found to have increased.

4.2. Ultrasonic measurements

The performance of 5 piezoelectric film sensors from 2 families (PVDF and MFC) was
tested in this study in two measurement configurations. It turned out that the MFC M4010
presents the best performance in both emission and reception. The optimal frequency for the
measurement of ultrasonic velocity using two M4010 sensors was found to be 60 kHz. On the
other hand, the M4010 was observed to be able to resist the pressure of 10 bars, and in fact the
signal amplitude can be improved thanks to the pressure. At last, measurements were con-
ducted with different sensor distances and it turned out that the ultrasonic velocity remains
almost stable except for distances comparable with the sensor length.

Future study should be continued to investigate the feasibility using the 4 electrical config-
urations and the 2 ultrasonic configurations to monitor the MC variation in glulam specimens.
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Abstract

Ancient Tibetan buildings, some of which have been assessed as the world's cultural heritage, are
of high historical and cultural value.

These existing ancient Tibetan buildings, subjected to earthquake, environmental and operational
loading, have been built at several hundred years or even a thousand years ago. Because of the
effect of natural external forces such as corrosion and the degradation of the properties of
structural materials, the bearing capacity and stability of the structural component decreased.
There are even serious damage that threaten the safety of structures. Structural health
monitoring, as a effective method, can obtain structural response in real time to learn current
condition of them. A long-term monitoring system has been installed in a typical ancient Tibetan
timber building, which is located in Tibet, China, to collect data on strains and temperatures of
the structural components (columns, beams and connections) since September 2012.

This paper will present the first analyses and interpretation from the monitoring, mainly focusing
on collected data of columns and beam-column connections.
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1 INTRODUCTION

Ancient Tibetan buildings, some of which are listed as world cultural heritage, were built
at several hundred years or even a thousand years ago. These structures are subjected to
earthquake, environmental and operational loading as well as material deterioration and they
have experienced large environmental changes in last few centuries, both bearing capacity and
stability of these structures have decreased. At present, most historic Tibetan buildings appear
to different degree damage[l]and some of them even collapsed. There are serious safety
problems in some ancient Tibetan buildings, and many structures have been maintained for
several times. Thanks to highly value of history, culture, art and science of these ancient
Tibetan architectures, it is very important to assess the condition of these historic structures in
operational environments to protect them. However, because of the remoteness of Tibet, there
is little literature on Tibetan structures. Most existing researches focus on the architectural art
and construction technology and a few are on the mechanics and material properties of
Tibetan structures. Jiang et al. [2]summarized the damage situation of Potala Palace before its
first maintenance and detailed the construction mode and structure characteristics of Potala
Palace. Yang et al.[1] studied the basic mechanical properties of Tibetan timber structures,
concluding the physical material parameters, the law of degradation of wood, and the
mechanical properties and failure modes of beam-column joint. On the other hand, because of
the structural complexity of ancient Tibetan buildings, it will be a long time to understand the
structural performance fully.

Structural health monitoring(SHM) is a very important method for realizing the structural
behavior in real time based on feedback information from the structure during its service life,
in terms of response and performance under operational and environmental loadings[3]. SHM
method is therefore applicable to historic Tibetan buildings to obtain current behavior of these
structures under operational condition. This method is widely used in modern engineering
such as bridges, buildings etc.previously. In recent years, some ancient structures have been
also installed SHM system to monitor the stresses, strains and deflections etc. of structures.
Shi Y.L. presented a study on distributed optical fiber monitoring for platform of Donghua
Gate in the Forbidden City, Beijing and obtained successfully data in two years to analyze
totally the deformation and leakage of wall[4]. Wei D.M. et al. analyzed the primary reasons
and fundamental features of emergence and development of the existing damage of Yingxian
Wood Pagoda based on monitoring strain data[5]. Recently, non-destructive(NDT)
monitoring methods are developed for monitoring structural information. N.P. van Dijk et al.
[6] measured displacement of a Vasa ship with laser-assisted total stations.

Wooden structure of an typical ancient Tibetan building has been installed SHM for
mainly monitoring the strain and relative deformation of elements(beams, columns,
connections) as well as temperatures around sensors. This paper will describe the SHM and
analyze the structural behavior based on collected data preliminarily.

2  OVERVIEW OF THE ANCIENT BUILDING

2.1 Structural characteristics

Ancient Tibetan buildings, differing from other historic architecture, have unique
characteristics. Typical Tibetan heritage buildings consist of many rooms, and each room is
an independent structural unit with traditional framework within it and full height walls on
two opposite sides. The framework within room all consist of wooden components including
beams, columns, queti (typical beam - column joint in Tibetan buildings) concluding
Gongmu and Dianmu, rafters except special floor system made of Agatu(a type of local soil
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mixture that is commonly used in Tibet for floor slab construction), pebbles and clay, while
walls refer to the thick walls made of bricks and stones. A sketch on the layout of typical
ancient Tibetan building is shown in Figure 1.

o L 5% = =2 ) T 1

Figure 1: Typical ancient Tibetan building[7]

Figure 2 shows the components layout of wooden framework, which is column, Ludou,
Dianmu, Gongmu and beam from bottom to top. Dianmu and Gongmu constitute distinctive
beam-column connection, called ‘Que Ti’ , which is the key component of ancient Tibetan
timber buildings to transfer shear, compression and bending loads from beam to column[8].
Quiti is not only decorative, but also helps for improving the bearing capacity and stability of
beam-column connection because of its large sizes of section and length.

Floor ____,li‘loor system
column
g ", Upper column base

Beam —
Gongmu ——

Dianmu

Column base

Figure 2: Typical Tibetan timber frame and floor arrangement[7]

Mortise-tenon connection is adopted between one beam and another, and other elements
are arranged directly layer by layer, positioned with the dowel only. Figure 3 detailed the
layout of beam-column connection. The connections in frame system can be considered as
semi-rigid joints[7], which makes the connection between components not close enough and
results relative displacement between components easily.

Mortise-tenon

Figure 3: Detail view of typical beam-column connection
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2.2 Main damage

Ancient Tibetan building, subjected to earthquake, environmental and operational loading,
have experienced exchanging environment more than several hundred years or even a
thousand years. Many historic Tibetan buildings appear to damage in different degree. In
addition, wood are the materials of components of historic Tibetan buildings except stone
wall and special floor, and degradation of wood is an irreversible process[9]caused by
mechanical, environmental or biological agents (bacteria, fungi and insects), because of the
biological nature of the material. In recent years, the growing increasing of tourists also
aggravate the structural damage. Figure 4 shows the actual damage form of timber structure of
ancient Tibetan building, mainly focusing on following form: (a) components(column, beam,
Queti) crack; (b) beams deflect excessively; (c) columns torsion; and (d) beam-column
connection strongly skew distortion.

Figure 4: Main damage form of timber structure of ancient Tibetan building. (a)beam cracks; (b) beam deflects
excessively; (c¢) columns torsion; and (d) beam-column connection strongly skew distortion.

3 SYSTEM OF SHM

3.1 The monitored building

The long-term monitoring system has been installed in a typical Tibetan heritage building
in the city of Lhasa, and it has a history of 1300 years. The building complex is on top of a
hill with a height of 117m and 13 levels in total including three levels of underground
basement. There are many exhibition rooms in the building, and some of them are opened to
the public[7].Wooden framework of the monitored building is constructed of Tibetan Populus
cathayana. Previous study [1] found that the physical and mechanical properties of Tibetan
Populus cathayana have degraded greatly after hundreds of years. The existing building,
maintained several times, have different degree damages of most components.

3.2 Structural monitoring system

The data monitoring system composes of three subsystems, namely, sensor subsystem, data
acquisition and transmission subsystem, and the data management and analysis subsystem.
The sensor subsystem consists of more than 350 optical fiber grating strain sensors installed at
different locations of the building[7]. Each sensor can collect the strain of components
response between two elements as well as the temperature reading around the sensor. It has to
be pointed out that all measurements are related to the first measurement and they are all
relative to this starting point. Locations for the sensors have been selected with the following
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criteria: (a) positions that are known to be significant in load transfer within the structure; (b)
positions that are significantly affected by the crowd load; and (c) positions that are critical to
the structure, that is, damage around the location will lead to large deformation of the
structure[7]. All sensors started to collect data at Sep.18th, 2012. The strain and temperature
were collected once every hour, and there are 24 strain readings and 24 temperature readings
in 1 day from one sensor.

This paper mainly looks at the collected data of Xida Palace, a chamber in the building.
The sensor placement of it is shown in Figure 5. The box represents two sensors on column
in-plane and out-of-plane and a corresponding arrow represents a sensor on pointing beam.
The circle represents two sensors on column in-plane and out-of-plane and a corresponding
arrow represents a torsion sensor that one end is installed on Gongmu and the other end is
installed on Dianmu or beam. The sensors installed on columns located the middle of the
member. The beam sensors are installed at the bottom of the member. The torsion sensor,
installed on beam-column connection(queti), measure the relative deformation between

Gongmu and Dianmu or beam. Labels C1 to C44 are for the columns
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Figure 5: The sensor placement in Xida palace

4 DATA ANALYSIS

4.1 Strain of column

The strain of structure is resulted by thermal and moisture effect, crowd load, and snow
load in winter season. Figure 6 shows strain time history for sensors of column C1. The data
are collected four years from Sep.18th, 2012 to Sep.18th 2016. It can be seen that the strain
variations of column C1, both in-plane and out-of-plane, increase firstly, followed by decrease
and go back to the initial value almost in the first year. The strain variations show good
periodicity with the year. However, the strain variations of column C1 in-plane is different
from out-of-plane, which means the column is not axially loaded. Because of the special
construction of ancient Tibetan building, Column C1 is not connected to its corresponding
upper column and not strictly aligned with it. Thus, loads from upper column are usually
eccentric. In addition, the upper structure of Xida palace is corridor, and the loads from upper
floor are also eccentric. Moreover, there is a beam above the column on the south side but no

beam on the north side, which lead to eccentricity loading on column out-of-plane. For these
reasons, the column is in a complex state of stress.
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Figure 6: Strain time history for sensors of column C1 in four years

Most sensors of column show the similar behavior, but significant difference can be
detected from column C26. Figure 7 gives the strain time history of sensors installed on
column C26. In this case, the strain variation of column C26 in-plane increased firstly in a
short period of time and decreased always until Feb. 2013, then increased to the initial
position basically at the end of the year. While the strain variation of column C26 out-of-
plane increased firstly until Feb. 2013, then decreased to the initial position basically at the
end of the year. Looking at the evolution of strain measurements along following three years,
two sensors also show totally opposite variation, which means tension in one side and
pressure in another side of column simultaneously. From four years collected data, it can be
concluded that strain variations roughly follow the yearly cycle and measurements can be
broadly defined as periodic.
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Figure 7: Strain time history for sensors of column C26 in four years

4.2 Relative deformation of connection

366



The analysis of the long-term structural health monitoring of a typical ancient Tibetan building

Joints are often one of the weakest points in a timber structure as they cause the loss of
perfect continuity in the structure, resulting in a reduction of the global strength [10]. From a
mechanical point of view, the resistance and the durability of ancient Tibetan timber
structures are mainly dependent on the design of the connections between the elements,
namely, beam-column connection, column base connection, and Dougong connection. The
behavior of column base connection is very hard to monitor in a full-scale structure and only a
few Dougong connections in the monitored building. Therefore, there are just beam-column
connections installed sensors in the monitored building. Depending on the complexity and
present damage situation of the structure, the relative deformation is measured through the
strain sensor between Queti(Gongmu and Dianmu).Figure 8 shows the strain and temperature
increments of Queti connected to column C26 in four years. It is noted that the trends of strain
variation and temperature variation are very similar with a correlation coefficient of 0.915.

The relation between stain and relative deformation can expressed as following:

A=¢g-1 (1)
where A, ¢, [ represent the relative deformation value, strain variation value, and the gauge
length of sensor, respectively. From four years data of torsion sensor, the maximum strain
increment is 983.4 u¢ , and the gauge length of sensor is 150mm, according to equation 1, the

maximum relative deformation is 0.148mm that is a very small value.

Figure 8 also shows that the strain variation is periodic and almost come back to the initial
value at the end of each year, which means basically no residual deformation is observed in
Queti in four years under current operational condition.
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Figure 8: Strain and temperature variations of Queti connected to column C26 in four years

5 CONCLUSIONS

Structural health monitoring method is applicable to ancient Tibetan buildings, with
distinctive and complicated structural characteristics, different degree damages, as well as
little understanding of it. This paper described a typical historic Tibetan building installed
sensors and analyzed the strain and temperature response based on collected data from Xida
palace in this building. Major observations of this research are as follows:

1.The strain variations of column are periodic and basically come to the initial value at end
of each year; the strain variations of column in-plane is different from out-of-plane, which
means the column is compressed eccentrically; and the behavior of each column is different.
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2.The trends of strain variation and temperature variation are very similar with a
correlation coefficient of 0.915; the maximum relative deformations in Queti connected to
column C26 and all columns are 0.148mm and 0.220mm respectively, which inclines the
relative deformation is very small in four years; and there is basically no residual deformation
existed in beam-column connection in Xida palace.
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Abstract

The Cross-Laminated Timber (CLT) panel is a relatively new construction product that has
earned wide use in the construction industry, mostly for new constructions. The crosswise build-
up of the CLT panel means that it has both high in-plane and flexural characteristics, making the
CLT panel useful in a multitude of applications. A relatively new application is strengthening of
traditional buildings where the CLT panel can be used as both vertical and horizontal elements,
with and without any remaining load-bearing structure. In addition, the ability of the CLT panel
to redistribute stresses around openings and notches makes it especially suitable for complex ge-
ometries with many interrelating constructive element, which often is the case in older traditional
buildings.

The research presented in this paper is part of a larger research projects aiming to analyze the
applicability of slim CLT panels for strengthening of traditional buildings that require a high
strength and stiffness in combination with flexibility in use. The project contains three main
phases, 1) verification of the in-plane shear characteristics of slim CLT panels, 2) development of
a flexible and robust in-plane shear connection system for slim CLT panels and 3) verification of
flexural characteristics and connection systems with and without openings. This paper reports on
experimental results from the first phase.

The shear stiffness of 12 specimens of five layers CLT panels where tested in a newly developed
direct shear test method. The test method is composed of a pinned steel frame where rectangular
CLT panels of 600x600 mm are placed. The CLT panels are bolted at the edge and then a com-
pressive force is applied at the corner to create a field of pure shear stress. The results from the
test shows promising results with high in-plane shear stiffness of relatively thin CLT panels.
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1 INTRODUCTION

In historical or - more generally - existing structures, retrofit systems conventionally are in
concrete or in steel. More recently, the use of timber has been proposed as an alternative “dry”
and sustainable solution with interesting results in compatibility, reversibility, and/or recover-
ability of the intervention. The use of timber slabs for the refurbishment of the flexural behav-
ior of existing timber beams has been proposed by Riggio et al. [1], creating a T-beam
composite section, where the original timber behaves like a web, and a new element, placed
on the floors upper side and connected to the existing beam, works as a flange. Cross-
laminated timber panels (CLT) can be an interesting product used as “timber slab” in retrofit-
ting techniques, because they have both flexural and in-plane stiffness. Therefore, CLT panels
can also be used as bracing systems in order to stabilize a building against horizontal shear
forces caused by earthquakes while giving the building lower additional masses than in the
case of steel and concrete.

This concept has been proposed and adopted for the in-plane stiffening of both horizontal
and vertical bracing systems in existing buildings. The first case was investigated by Branco
et al. [2], among others, who proposed rigid connections with inclined screws between the
slab and the beam. Five full-scale timber floors were subjected to in-plane monotonic tests,
including one un-strengthened reference floor. As illustrated in Figure 1a, the flexibility of the
lateral connection system between the CLT panels is also crucial to characterize the global in-
plane behavior of the timber diaphragm.

Other Authors, for example Sustersic and Dujic [3], have proposed retrofitting systems
employing CLT panels to stabilize a building against horizontal shear forces. These retrofit-
ting methods could be applied both in masonry and concrete frame building. For masonry
shear walls the CLT panel acts like a new outer jacket applied externally to the existing ma-
sonry walls, fixed to them with a special connections. The same technique can be applied to
the infill masonry in concrete frames or, better, the masonry panels can be completely substi-
tuted by the new CLT walls (see Figure 1b).

Connection with
existing structure

a)

Figure 1: Possibility to retrofit with CLT panels as a) horizontal timber diaphragms, or b) as masonry shear
walls (Illustrations from www.promolegno.it).

In all these application it is crucial to assess the in-plane stiffness of the CLT bracing sys-
tem, which depends on the in-plane stiffness of the CLT panels itself, and on the in-plane
connection system between the panels. The project contains three main phases:

1. verification of the in-plane shear characteristics of slim CLT panels;
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2. development of a flexible and robust in-plane shear connection system for slim CLT
panels, and;

3. verification of flexural characteristics and connection systems with and without opening.

This paper reports on the first experimental results from the first phase, where the shear
stiffness of 12 specimens of five-layered CLT panels where tested in a newly developed direct
shear test method.

2 CLT IN-PLANE SHEAR STRENGTH & STIFFNESS

The shear stresses in the CLT panel can be expressed by a Representative Volume Element
(RVE), representing the intersection between orthogonal boards through the thickness of the
panel [4; 5]. The stress state of the RVE represents the global stress pattern of the whole CLT
element. By assuming no influence from finite number of layers, no edge gluing, and equal
board layer widths and thicknesses, it is possible to further detail the stress state of the RVE
by defining a Representative VVolume Sub Element (RVSE) that represents the intersection of
two orthogonally glued boards (Figure 2).

RVE RVSE

Figure 2: In-plane shear stresses in the CLT panel expressed as a Representative Volume Element (RVE)
and a Representative Volume Sub-Element (RVSE). Illustration from [6].

Through the expression of the CLT panel in the representative elements RVE and RVSE
(Figure 2), three failure mechanisms can be defined; gross shear failure, net shear failure, and
torsional shear failure (Figure 3). Gross shear failure considers a constant distribution of shear
stresses over the whole cross section of the panel, which means that shear failure parallel to
the grain may occur in all layers. In order for this mechanism to take place, it is necessary that
the shear stresses can be transferred between adjacent boards by edge gluing and that no
cracks exists between the layers. A commonly agreed upon value of the gross shear strength is
in between 3.5 and 4.0 MPa.

Figure 3: Internal stresses in the RVSE element resulting of net and torsional shear. Illustration from [6].
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If there is a gap between the boards, or if the boards are put side by side without gluing, the
shear stresses are transferred through the cross section of each board and the glued interface
between the layers. In this case, the failure is perpendicular to grain, called "net" shear (Figure
3) since only the layers orthogonal to the direction of the applied shears force is considered. In
the literature, there is no common agreement on the “net” shear strength. For torsion mecha-
nism (Figure 3), the shear stress is transferred via the glued interface between layers. A char-
acteristic value of 2.5 MPa is a commonly used value for torsional shear even though these
values are based on tests of single glued interfaces and not full scale models [7].

2.1 Testing methods for CLT in-plane stiffness

Two, in principle, different approaches have been presented to this date; small-scale tests
and full scale panel tests [6]. Small-scale tests are used to verify only parts of the mechanisms
that can occur in CLT elements. However, by doing so the system effects that are present in
CLT will not be accounted for. In Figure 4, three typical small-scale test setups are depicted.
Jobstl et al. (2004) [7] presented an experimental setup consisting of two orthogonally glued
boards (Figure 4a). The boards are then loaded in a torsion. Through tests it was concluded
that the strength and stiffness of orthogonally glued boards are higher than for rolling shear
and lower than for shear parallel to the grain
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a) b) c)

Figure 4: a) Torsion test setup of Jobstl et al. (2004) [7]. b) shear test setup of Jobstl et al. (2008) [8]. )
Shear test setup of Brandner et al. (2013) [9]. All illustration from [6].

Jobstl et al. (2008) [8] describe a test procedure (Figure 4b) to verify the lamella board’s
shear strength perpendicular to the grain. The setup consisted of a three board wide element
that is loaded vertically such that the shear force is transferred through two shear planes per-
pendicular to the grain in the horizontal board. Brandner et al. (2013) [9] presented a test con-
figuration consisting of a single shear plane that is obtained by rotating two parallel lamella
by 14 degrees, such that the shear force is transferred through the perpendicular board (Figure
4c). Combined failure of shear perpendicular and torsion was identified. From the tests, it was
concluded that the shear strength from this setup is somewhat overestimated. The other ap-
proach is to test a larger parts of the full CLT panel (Figure 5).

Bogensperger et al. (2007) [10] presented a test setup consisting of two side by side hinged
steel frames, each containing a CLT element that are connected to the rig with glued-in steel
plates (Figure 4a). The force is applied through the steel plates along the narrow side of the
outer boards. The test specimens failed close to the load introduction and the authors therefore
suggested the application of a correction factor based on FE analysis. Andreolli et al. (2014)
[11] presented a test procedure in which a square CLT element placed in steel brackets is
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loaded in compression in two opposing corners (Figure 5b). To account for the combined
shear and compression stresses in the tested specimens, a correction factor was suggested.
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Figure 5: Test setups of a) Bogensperger et al. (2007) [10], b) Andreolli et al. (2014) [11], c) Gagnon et al.
(2014) [12], and d) Brandner et al. (2015) [13]. All illustration from [6].

Gagnon et al. (2014) [12] presented a test method which is a modified version of a three-
point beam bending test (Figure 5¢). The tested specimen is cut into the shape of a beam, rein-
forced with LVL strips in the top and bottom to avoid bending failure. From the tests, the
shear strength can be evaluated based solely on geometrical considerations. Brandner et al.
(2015) [13] proposes a test setup based on a diagonally cut strip of CLT that is tested under
compression (Figure 5d). Even though preparing the test specimens are not straight forward,
the authors conclude that the test procedure demonstrate functional and operational efficiency
and yields reliable shear failures, and suggested that this test setup is implemented in the EN
16351 standard [14].

2.2  Direct shear test procedure

Tests on single nodes does not provide information on the stiffness of the CLT panel, and
although it is useful to know the capacities for different failure modes, it is not clear if the
values are representative for the complete CLT panel [11]. In addition, none of the test meth-
ods that are published today is able to isolate the in-plane shear stress. Consequently, the re-
sults have to be modified by correction factors that might lead to reservations in the validity
of the results [6]. Therefore, a direct shear test procedure is looked for that is able to isolate
the in-plane shear stress so that the shear strength and stiffness can be directly evaluated.
Vecchio et al. [15], in their process of verifying the modified compression-field theory for
reinforced concrete, proposed a direct shear test procedure.

The testing rig [15] had the possibility to apply any combination of membrane shear, com-
pression and tension by coupling hydraulic jacks to shear keys that was cast into the edges of
the concrete specimen and anchored with shear studs. As this kind of anchoring is not appli-
cable for CLT, a method with continuous bonding along the edge to a hinged steel frame was
proposed in [6]. The suggested method aims to deform a panel directly into a parallelogram
through the edge bonds to a hinged steel frame. The combined forces applied through the
edge bond will apply “pure” membrane shear forces to the tested element, which can be visu-
alized by Mohr’s circle (Figure 6) as only shear stresses T are generated when the idealized
element is turned 45 and the compression and tension stress along the diagonal are equal.
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Figure 6: Mohr’s circle and 45 degree rotated element. Illustration from [6].

3 TEST DESCRIPTION

The aim of the performed tests is twofold; 1) assess the applicability of the new test proce-
dure for direct evaluation of shear stiffness, and 2) evaluate the stiffness of the CLT panels
loaded with pure in plane shear. The test was conducted in the elastic field and consisted of
the compression of a square panel rotated 45 degrees. The timber specimen was inserted in a
specifically built steel frame (Figure 7) that was hinged at the four corners and the specimen
was cut in a circular shape at the corners (Figure 8) to obtain the desired distribution of load.
As the timber specimen is not in contact with the corners of the frame, the compression load
from the press was transferred to the specimen only on the edge of the panel, which then, at
least in theory (Figure 6), implies a pure shear field in the middle of the panel.

Force applied on
top hinge

Steel frame hinged
in all 4 corners

Constant bond to
steel rig along all
4 CLT edges

Reaction force L——
on bottom hinge

Figure 7: Proposed setup of the direct shear test procedure.
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3.1 Materials and method

A total of 12 square CLT elements were tested (Figure 8). The CLT panel has five layers
of 20 mm board thickness giving a total panel thickness of 100 mm. All of the board in each
of the 12 tested specimens where made out of C24 strength graded spruce. Each specimen
were precut using in a CNC machine to give the right geometry (600 by 600 mm), placement
(10 per side) and size of bolt holes (12 mm) as well as the circular cut-out of the corners (40
mm radius). The bolts used was also 12 mm in diameter, which means that the tolerances ob-
tained from CNC manufacturing was critical. The steel frame for transferring the load to the
specimen consisted of 8 L-shaped profiles with 10 aligned holes on one side and two rings at
the ends in order to assemble the frame using one bolt at each corner (Figure 7).

Number of specimens 12
Dimension [mm)] 600
Thickness [mm] 100
Number of Layers 5
Board width [mm] 120
Board thickness [mm] 20
Edge bonding No
Holes diameter[mm] 12
Corner radius [mm] 40
Strength class C24

Figure 8: Specimen geometry and material data.

The CLT panel was first placed on top of one side of the steel frame and then the other side
of the steel frame was placed on top before the four bolts at the corners were inserted to hold
the frame together. A total of 40 bolts with washers were then placed in the predrilled holes
and tightened so as to assure a continuous contact and load transfer between the steel frame
and the timber specimen. Every specimen was loaded in four cycles in the linear elastic range
(i.e. 65-150 kN) through a constant displacement of 3 mm/min. During every loading cycle,
the applied load was measured by the load cell and displacement was measured by displace-
ment gauges mounted in a cross shape on each side of the CLT element to measure vertical
and horizontal displacements in the core of the specimen. The core was evaluated as 0.4 times
the length of the side as was suggested by Andreolli et al. (2014) [11].

4 RESULTS AND ANALYSIS

An example of the force-displacement diagram for one of the tested specimens is illustrat-
ed in Figure 9. The displacements are in this case evaluated based on the average of the meas-
ured displacement from both sides of the specimen. The behavior of the specimen in the load
range is clearly linear. For each specimen, a stiffness was evaluated as the least squares re-
gression line slope with R? > 0.99. The first cycle was always excluded since it was consid-
ered as adjustment for the specimen so only cycle 2-3-4.
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Figure 9: Example of a load-displacement curve for one of the tested specimens.

The shear modulus G for each specimen as presented in Table 1 was evaluated as G =7 /y
where 7 is the shear stress in the element and y is the shear strain. The shear stresses were con-
sidered constant in the core section (0.4 times the panel length) of the panel. The shear strain y
was evaluated using the cosine rule in the core region of the specimen with each side a =

0,4 - I, diagonal d = v/2a, and A is the change in length (Figure 10):
(d —A)? =a%?+ a? — 2a?cos(90 —y)
Considering small displacements (cos(90 — y) = siny; A? = 0) gives:
Tt F 04 0,4

G=—=—- =K-
Y A 2 Lot 2- Lot

where K is the stiffness value evaluated from the test results (Figure 9). The evaluated
shear modulus for each of the 12 tested specimens is presented in Table 1.
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Figure 10: Notations for the evaluation of shear strain y in the core of the specimen.
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Table 1: Calculated shear modulus for each of the tested specimen.

Specimen G [MPa]
1 558,2
2 543,1
3 590,4
4 535,4
5 544,8
6 566,5
7 574,7
8 565,8
9 568,2
10 556,4
11 517,8
12 513,7
Avg. [MPa] 552,9
St. Dev [MPa] 22,9
COV [%] 4,13

4.1 Discussion

The value of in plane shear stiffness obtained from the experiments is now compared with
some existing formulas and other experiments analyzed during the literature review. The most
used formula is the one proposed by Bogensperger [4]:

Go

1+6apg_pir (5)2

Gee =

where apg_g;r IS @ correctional function depending on the number of layers, in this case for 5
layers:

-0,7941
aFE_F]T‘S - 0,4‘253 ) (E)

With this formula the value obtained would be G = 533,2 MPa. From the experimental
campaign presented the value G¢; = 552,9MPa was obtained which is in line with the Bo-
gensperger formula. Three other experimental values are considered in Table 2 based on
Dujic [16], Andreolli [11] and Brandner [7].

These values are compared with the value of G modulus obtained from the experiments
presented in this paper. From the comparison it can be seen that the G modulus result is
aligned with other values present in literature, so G = 550 MPa is a realistic value.

Table 2: Comparison with values from literature.

Geit [MPa]
Dujic [16] 500
Andreolli [11] 550
Brandner [7] 540
Experimental 553
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5 CONCLUSIONS AND FUTURE WORK

The research presented in this paper is part of a larger research projects aiming to analyses
the applicability of slim CLT panels for strengthening of traditional buildings that require a
high strength and stiffness in combination with flexibility in use. The first goal of the research
was to assess the in-plane stiffness of CLT panels by means of a new general direct shear test
method, than can generate a stress state of pure shear within the specimen to be tested. The
method proved to be effective and to give experimental results in terms of CLT in-plane stiff-
ness consistent with other methods proposed in literature.

The CLT in-plane stiffness is not per se sufficient to characterize the in-plane stiffness of
existing floor diaphragms refurbished with the described technique, because other deflection
contributions related to the connection system between slab and floor and between CLT pan-
els can be more relevant. To this purpose the second stage of this research will be dedicate to
the assessment of stiffness of the connection system described in Figure 11, at the present un-
der investigation at the timber laboratory of the Norwegian University of Life Science.

Figure 11: Test on connection between CLT panels.
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Abstract

The Cathedral of Ica, Peru, is one of the buildings involved in the ongoing “Seismic Retrofitting
Project: Assessment of Prototype Buildings (SRP)”, initiative of the Getty Conservation Institute
(GCI). The complex historical building is composed of two sub-structures — an external masonry
envelope and an internal timber structure — and was heavily damaged by earthquakes experi-
enced in 2007 and 2009. The aim of this work is the seismic assessment of the structure in its cur-
rent condition and the proposal of an effective strengthening to reduce its vulnerabilities.

A model of the representative bay of Ica Cathedral is first constructed in SAP 2000 software. The
structural performance of the representative bay is investigated by performing linear elastic
analysis under different loading conditions. Advanced modelling of the entire structure of Ica Ca-
thedral is carried out in Midas FX+ for DIANA. Nonlinear behaviour is assumed for the different
types of masonry, while isotropic homogeneous and linear behaviour is adopted for timber. Non-
linear static under gravity loading, mass proportional pushover and time history analyses are
performed to study the interaction of the timber structure with the masonry envelope. The model
is validated by comparing the existing damage observed in-situ with the numerical results and
the safety assessment of the building is carried out.

After the main vulnerabilities of the structure have been identified, a global strengthening of the

structure is proposed guaranteeing the principles of minimum intervention and reversibility, as
well as the use of technologies that are easy to implement in future projects.
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1 INTRODUCTION

Half-timber constructions emerged as a fairly recurring typology in Peru during the His-
panic Viceroyalty and the early Republic periods (16™-19" century), with the application of
the so-called quincha technique. Used even before the Incan empire, after the Spanish con-
quest the quincha technique was developed technologically and widely diffused in Peru to
erect both monumental and vernacular buildings [1, 2]. It was only after the destructive earth-
quakes that occurred in Peru in 1868 and in 1908 that the Peruvian state banned the use of
adobe and quincha for urban housing and recommended constructions in brick, masonry and
reinforced concrete. However, these half-timber constructions continued to be still very much
in use in the rural areas and they still form a large percentage of the total number of Peruvian
buildings [3].

Today, these half-timber structures represent an important part of the historical heritage of
Peru. However, they are at a high risk of being irrevocably lost and damaged because of sev-
eral reasons, importantly earthquakes. Typically classified as unreinforced masonry (URM)
structures, under seismic action their structural response is characterized by the formation of
isolated parts that suddenly collapse as rigid blocks. On the other hand, the collapse of quin-
cha timber frames is usually due to insufficient structural performance and significant state of
decay of the timber connections. The combination of masonry and quincha techniques used
for these constructions adds considerable complexity at any attempt to characterise their glob-
al response.

Being representative of ecclesial buildings in coastal cities during the Viceroyalty of Peru,
the Cathedral of Ica was selected by the Getty Conservation Institute (GCI) for the Seismic
Retrofitting Project (SRP). Using the Cathedral of Ica as a prototype building, a methodology
that can be applied to carry out the safety assessment and to develop efficient strengthening
techniques for similar constructions is presented in this paper. A deep insight into the main
features responsible for the intrinsic complexity that characterises the structure is first pre-
sented according to the information provided by the GCI [4] and additional knowledge de-
rived from an experimental campaign carried out by the University of Minho [5]. The material
properties are assumed considering the extensive laboratory testing campaign conducted by
the Pontifical Catholic University of Peru (PUPC) [6] and the dynamic identification tests car-
ried out in-situ by the University of Minho [5]. Afterwards, advanced numerical modelling
and structural analysis are performed considering partial and global models to carry out the
safety assessment in its current condition. Finally, a global strengthening of the structure is
proposed and implemented in the numerical model to verify its efficiency.

2 DESCRIPTION OF THE STRUCTURE

Located at the corner of an urban block in the historic centre of Ica, the Cathedral has a
rectangular plan of 22.5 x 48.5 m? following the Jesuit typology established by the Church of
the Gesu in Rome (Figure 1): an atrium; a main nave; two side aisles; a transept; and an altar
flanked by two chapels on its lateral sides. A series of spaces, including a sacristy and offices,
is located to its western side, while it is adjacent to a concrete portico to the south.

The Cathedral can be divided structurally into two main sub-structures: an external mason-
ry envelope and an internal timber frame. The masonry structure consists mainly of the front
facade, two bell towers, the lateral walls and the back fagade. The 21 m long Neoclassical
front facade is made of fired brick masonry in lime mortar, with a thickness ranging from 2.25
m at the base to approximately 0.60 m at the top. The 20 m high bell towers are composed of
timber frames that rest on fired brick bases, each approximately 3.80 x 3.80 m? in plan. The
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lateral walls are of adobe masonry, over a base course of fired brick and rubble stone masonry.
Their thickness range between 1.0 m and 2.0 m and their total height is about 6.75 m.

The internal timber structure is composed of a series of pillars, pilasters — i.e. engaged pil-
lars — and piers which support a system of longitudinal and transversal beams, that in turn car-
ry a complex vaulted roofing system. These timber members are made of cedar
(Cedrelaodorata), sapele (Entandrophagmasp) or huarango (Prosopissp). The pillars and the
pilasters are composed of numerous posts, which are braced by means of horizontal and diag-
onal elements and are wrapped with flattened cane reeds (casia chancada). The vaulted roof-
ing system includes a main umbrella dome, barrel vaults and small domes. In particular, the
barrel vaults covering the central nave are characterized by lunettes corresponding to the loca-
tion of the windows in the upper nave walls. In general, the domes are composed of ribs and
two ring beams located at the top and at the bottom, while the barrel vaults are constructed by
a system of principal and secondary arches composed of several timber elements made of
nailed planks. Cana chancada and cane reeds finished with layers of mud plaster (casia brava)
cover the intrados and the extrados of the vaulted roofing frame respectively. Layers of fired
brick masonry and sand, lime and cement mortar cover the flat wooden ceiling, which sur-
rounds the small domes lying above the lateral aisles.

Figure 1: Ica Cathedral: (a) front fagade; (b) main nave; (c) overall structural scheme

The structural parts composing the representative bay, studied in detail in Section 4, are
shown in Figure 2. Each pillar is composed of eight posts and a huarango tree trunk located in
the central part, while each pilaster consists of four posts. These posts are connected to the
system of beams and to the bracing elements by means of mortise and tenon, half-lap and
nailed joints. The lunettes of the barrel vault are composed of timber members connected
mainly by means of mortise and tenon joints which are different in dimension and layout for
each connection. In particular, the beams located at the top of the lunettes are characterized by
multiple mortise holes to receive the tenons of the secondary arches of the barrel vault and the
lunettes’ ribs.
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Figure 2: The representative bay: (a) barrel vaults with lunettes; (b) aisle dome; (c) pillar; (d) pilaster; (e) struc-
tural scheme

3 MATERIAL PROPERTIES

3.1 Timber

The density and the mean value of modulus of elasticity of existing timber — i.e. huarango,
cedar and sapele — were assumed on the basis of the experimental results obtained by PUCP.
It should be mentioned that, in order to take into account the weight of the quincha covering
layers, an increase in the density value was assumed for the timber sub-structure by calculat-
ing an equivalent specific weight assigned to the timber elements carrying them [7]. The
strengthening timber members presented in Section 6.1 were assumed made of tornillo
(Cedrelinga catenaeformi). The density and the mean value of the modulus of elasticity of
tornillo were assumed according to the recommended values provided for the corresponding
structural wood class in the Peruvian Code [8]. A summary of the material properties adopted
for the different wood species is presented in Table 1.

All the timber elements were assumed to have isotropic homogeneous and linear elastic
behaviour in the numerical models, except for the connecting elements between the two sub-
structures, as discussed in Section 6.2. The von Mises criterion was applied to them, assuming
a yield stress equal to the lower value of axial capacity. In order to evaluate the von Mises
yield stress, to carry out the verifications for the representative bay (Section 4.3) and for the
strengthening elements (Section 6.3), the load-carrying capacities were assumed considering
the classification into the structural classes recommended by the Peruvian Code [8]. In partic-
ular, huarango was evaluated corresponding to Class A, sapele and cedar to Class B, and
tornillo to Class C. Further details can be found in [7].

Table 1: Density and modulus of elasticity adopted for the different wood species.

Properties Huarango  Cedar  Sapele  Tornillo
Density [kg/m°] 1040 380 490 550
Modulus of Elasticity [MPa] 16900 9380 8610 8826
Poisson’s ratio [] 0.30 0.30 0.30 0.30
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3.2 Masonry

The material properties of existing masonry — i.e. rubble stone, fired brick and adobe —
were primarily derived from bibliographic resources and national technical building standards
[7], considering also the results of the experimental campaign performed by PUCP [6]. It
should be mentioned that the modulus of elasticity of the different masonries was updated ac-
cording to the results obtained from the model updating which was performed on the basis of
dynamic identification tests. Please refer to [7].

According to the strengthening proposal (Section 6.1), new brick masonry was suggested
to substitute the existing masonry in selected parts. The new brick masonry was assumed to
be made of brick units similar to the existing bricks from Ica Cathedral and a new sand lime
mortar. The compression strength of the new brick masonry was derived from the compres-
sion tests performed by PUPC on brick wallets constructed using fired brick units from the
Hotel EI Comercio, another prototype building from the SRP project. The tensile strength, the
modulus of elasticity and the fracture energy were assumed on the basis of existing literature
[7]. A summary of the material properties adopted for the different types of masonry is pre-
sented in Table 2.

In order to simulate the mechanical behaviour of masonry, the Total Strain Rotating Crack
(TSCR) material model, that is available in DIANA software [9], was used in this study. In
particular, for all typologies of masonry, the tensile and the compression softening of masonry
were defined by an exponential curve and a predefined parabolic curve.

Table 2: Material properties adopted for the different types of masonry.

: . . Rubble New Fired
Properties Adobe Fired Brick Stone Brick
Specific weight [KN/m?] 19 19 19 19
Modulus of Elasticity [MPa] 220* 850* 720* 1200
Poisson’s ratio [] 0.20 0.20 0.20 0.20
Compressive strength [MPa] 0.46 1.70 1.00 6.00
Tensile strength [MPa] 0.05 0.10 0.06 0.25
Fracture energy (compression) 1.00 350 150 12.40
[N/mm]

Fracture energy (tension) [N/mm] 0.01 0.01 0.01 0.02

*Value obtained from model updating
4 THE REPRESENTATIVE BAY

4.1 Numerical model

As an initial step towards understanding the global behaviour of the structure, a 3D finite
element (FE) model of a representative bay was first constructed in SAP 2000 software [10].
Figure 3a presents the FE model of the representative bay, composed of 1136 nodes and 1344
Frame elements. Translational displacements were restrained at the base of posts and the tim-
ber joints were modelled as hinges or rigid connections according to the mechanical behav-
iour of the timber joints present in the representative bay. Moreover, suitable restraints were
applied in terms of horizontal displacement and rotation, defined by the symmetry of the
structure. It should be noted that the representative bay was assumed to be self-supported and
no restraint was assumed in correspondence to the connection with the longitudinal masonry
walls in this model.
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4.2  Parametric analysis

Parametric analyses were first carried out by applying self-weight and mass proportional
lateral load (representative of the seismic action) in the transversal direction of the numerical
model in order to evaluate the relative importance of the various joints to the global behaviour
of the representative bay. The reference model described in Section 4.1 was compared to sev-
eral models differing only by the assumptions made for specific sets of timber connections [7].
The structural response of the representative bay was investigated in terms of structural stiff-
ness defined as the slope from load-displacement diagrams. In particular, the control node was
assumed at the top of the lunette, where the maximum lateral displacement was observed. Ac-
cording to the obtained results, the timber joints of the barrel vault with lunettes have the most
significant influence on the structural behaviour of the representative bay under transversal
lateral loading (Figure 3b), whereas the pillars stiffness are rather insensitive the connections
of their timber elements.

(@ (b)
Figure 3: The model of the representative bay: (a) FE mesh in SAP 2000 software; (b) critical timber joints

4.3 Compliance with Eurocode 5

The capacity of sustaining vertical and horizontal actions was investigated by performing
linear elastic analyses on the model of the representative bay, and the compliance with the
various criteria specified by the Eurocode 5 [11] was evaluated both for Serviceability Limit
State (SLS) and Ultimate Limit State (ULS).

Global verifications were carried out on all the straight elements of the representative bay
for SLS under self-weight (G) and live load (Q), and for ULS under vertical load (1.35G) and
under earthquake load combination (G+E). In particular, a value of 0.50 kN/m? was adopted
for the live load (Q) since access to the roofing system was assumed only for maintenance,
while the seismic action (E) was considered by applying mass proportional lateral loading af-
ter having introduced the self-weight (G). In addition to global verifications, local verifica-
tions for ULS were carried out on the mortise and tenon connections of the beams at the top
of the lunettes as they are thought to be the main reason of the collapse of the roofing system
of Ica Cathedral during the 2007 Pisco earthquake.

On the basis of the results obtained for SLS, the values of displacement which occurred in
the beams at the top of the lunettes and those close to the masonry were slightly higher than
the limit values calculated for instantaneous and final deflections according to Eurocode 5
[11]. However, existing historical timber structures often show high values of deformation
without affecting significantly their usage. As regards the global and local verifications for
ULS, they were satisfied for all the timber members under vertical load, while the beams at
the top of the lunettes and their connections were not verified under earthquake load combina-
tion.
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5 COMBINED MODEL

5.1 Numerical model

In order to investigate the interaction between the two sub-structures and its effect on the
global response of Ica Cathedral, a 3D FE model of the entire structure was constructed in
Midas FX+ Version 3.3.0 Customized Pre/Post processor for DIANA software [9]. The FE
mesh of the combined model was composed of 96,340 nodes in total.

The masonry envelope of the Cathedral was included in the numerical model by using 3D
isoparametric solid linear four-noded (TE12L) elements. The effect of the cloister adjacent to
the building was included in the numerical model by using one-noded translation spring
dashpot (SP1TR) elements along the entire length of the southern lateral wall. Full connec-
tivity was assumed between intersecting walls, horizontal layers of different masonries and
the elements composing the bell towers. As regards boundary conditions, translational dis-
placements were restrained at the base of the model of the masonry envelope. For the internal
timber frame, all the structural parts were modelled by using class—I beam two-noded (L13BE)
elements with shear deformation. The base of the posts composing the timber structure was
pinned, while rigid connection was assumed for all the timber joints, given the need to simpli-
fy the model.

A crucial aspect was the definition of the connections existing between the two sub-
structures, for which little information was available [4]. Connections between the two sub-
structures were assumed to exist between: (1) the wooden beams in the upper part of the main
entrance and the fired brick facade and the lateral longitudinal masonry walls; (2) the trans-
versal wooden beams of the bays and the lateral longitudinal masonry walls; and (3) the
wooden beams supporting the barrel vaults of the chapels and altar and the masonry walls.
These connections were modelled by merging the nodes of class—I beam elements with those
of 3D isoparametric solid linear elements and restraining their torsional rotation degree of
freedom to avoid compatibility problems.

5.2 Nonlinear static analysis

In order to assess the seismic capacity of the whole structure of Ica Cathedral, nonlinear
static (pushover) analyses were performed by applying a mass proportional approach, after
having introduced the self-weight. According to the results obtained from the nonlinear static
analysis under self-weight, the highest values of displacement were observed for the barrel
vaults and the main dome, ranging from 1.0 cm to 2.0 cm, and no cracking was observed
throughout the masonry envelope.

Consequently, the lateral load was applied in the XX- (longitudinal) and YY- (trans-
versal) directions of the model, considering the absence of any adjoining structures in these
directions. The lateral load-carrying capacity was assessed from load-displacement curves,
which were obtained assuming the nodes exhibiting high displacement in the direction of the
applied load as control points, and was compared to the peak ground acceleration (PGA) pro-
vided in the Peruvian Code [12], or the ultimate state. According to the results obtained from
the pushover analysis in the XX- direction, the maximum lateral load-carrying capacity was
calculated with a value of 0.45¢g and the failure mechanism in the masonry envelope was iden-
tified as the out-of-plane failure of both the front fagade and the bell towers. When the lateral
load was applied in the Y'Y— direction, the maximum lateral load-carrying capacity was calcu-
lated to be a value of 0.28g and the failure mechanism consisted of the out-of-plane failure of
the northern lateral wall. It should be mentioned that these values of lateral load-carrying ca-
pacities were found 25% higher than those obtained for the only masonry envelope, implying
that the connection between the two sub-structures has a significant influence on the global
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behaviour of the structure [7]. However, the seismic capacity of the combined model calculat-
ed when the lateral load was applied in the YY- direction was considerably lower than the
PGA (0.459).

5.3  Nonlinear dynamic analysis

Nonlinear dynamic analysis (time-history) analysis was carried out on the combined
model mainly to validate it with respect to damage observed in-situ due to past seismic activi-
ty — particularly, the MW 7.9-8.0 Pisco earthquake in 2007 and a later seismic event in 2009,
both of which greatly damaged the structure — and to compare the obtained results with those
derived from nonlinear static analyses.

The time history analysis was performed on the combined model considering Rayleigh
viscous damping. The Rayleigh damping parameters for the structure were calculated by con-
sidering all the natural modes of vibration until 80% mass participation was reached. Implicit
time step integration using the Hilber-Hughes-Taylor method, also so-called o method, was
used to perform this analysis, adopting a value for a equal to —0.1 and a time step At equal to
0.0045s. The seismic input was simulated by means of two artificial accelerograms, applied in
two orthogonal directions to each other (XX and YY). These accelerograms were generated
on the basis of the elastic response spectrum provided by the Peruvian Code [12] for the re-
gion of Ica, using the software SeismoArtif v2.1 [13]. More details can be found in [7].

A plot of scan of the maximum principal strains that occurred in the history of the ap-
plied loading showed that the model underwent severe damage. Critical cracking present in
the structure after the earthquakes, such as parallel cracking in the adobe masonry of the
northern lateral wall, diagonal cracks in the front fagade and separation cracks at the base of
the pediment were reproduced by this analysis, confirming the validity of the model. Addi-
tionally, damage similar to the failure mechanisms predicted by the pushover analysis was
observed. It should be mentioned that the nonlinear dynamic analysis also reproduced cracks
existing currently in the structure which were not obtained from pushover analyses, where the
lateral load was applied monotonically, increased up until the failure and in only one direction
(Figure 4).
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Figure 4: Correlation of cracks observed in the numerical model and in-situ: (a) crack survey after the 2007
Pisco earthquake [4]; (b) crack pattern from pushover analysis in the XX— direction and (c) crack pattern from
time history analysis

6 STRENGTHENED MODEL

6.1  Strengthening proposal

The safety assessment of the whole structure of Ica Cathedral pointed out the need to
strengthen the most vulnerable regions, i.e. the northern lateral wall of the Cathedral as well
as other out-of-plane mechanisms. Based on the criteria recommended by [14], strengthening
measures were kept to the minimum necessary to guarantee safety, durability and the least
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damage to the historic fabric. Moreover, the design methodology included the state of the art
research being performed by GCI and PUCP on traditional, low tech yet highly effective
methods that have been historically used for the retrofitting Peruvian structures.

The strengthening proposal for the Cathedral included: (1) replacing of existing mason-
ry with new brick masonry in selected parts to ensure limited long-term deterioration; (2) steel
anchoring systems to address the out-of-plane mechanism of the front fagade; (3) timber an-
choring systems to connect the internal timber frame more strongly with the external masonry
envelope; and (4) a timber collar beam to address the out-of-plane mechanism of the wall at
the north-western corner. A brief overview of the timber anchoring systems and the collar
beam proposed for the structure is presented in this paper (Figure 5). More details regarding
the other suggested strengthening techniques can be found in [15].

The timber anchoring systems are embedded in new brick columns and are composed
of: (1) three lower levels of anchors with a cross-section of 75 x 75 mm?, which are connected
to the posts of the quincha pilasters; and (2) an upper level of anchors with a cross-section of
150 x 150 mm?, which are connected to the transversal beams of the internal timber structure.
In order to improve the resisting mechanism, the timber anchoring systems located at the up-
permost level are also embedded in adobe masonry for a length of 70 cm and have vertical
keys embedded downward for a length of about 60 cm. The frame of the collar beam is com-
posed of longitudinal and transversal timber elements with a cross-section of 150 x 150 mm?.
All the strengthening timber members are connected by means of half-lap joints with pegs to
each other and to the internal timber structure.
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Figure 5: Timber strengthening systems: (a) anchors at the lower levels (red); (b) anchors at the upper level (red)
and the timber collar beam (blue); (c) detail of the anchors at the lower levels (left) and at the upper level (right)

6.2  Numerical model

Based on the hypotheses assumed for the combined model and the strengthening pro-
posal, a 3D FE model of the strengthened structure was constructed in Midas FX+ Version
3.3.0 Customized Pre/Post processor for DIANA software [9], as shown in Figure 6. Addi-
tionally, the timber anchoring systems as well as the elements composing the collar beam
were modelled by using class—I beam two-noded elements which were fully embedded in the
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masonry. Flat shell three-noded (T15SH) elements were used to model the steel plates of the
anchoring system on the front facade. The elements connecting the fully embedded class—I
beam elements with the class—I beam elements modelling the internal timber structure were
modelled by using enhanced truss two-noded (L6TRU) elements and applying the von Mises
criterion. As discussed in [15], this modelling hypothesis was made to assume a more con-
servative scenario when a lateral load was applied to the structure. In order to allow a better
comparison, the combined model described in Section 5.1 was updated using enhanced truss
elements for the connecting elements between the two sub-structures, and it will be referred in
this paper as the unstrengthened model of the structure.

(a) (b)
Figure 6: Strengthened model: (a) FE mesh in Midas FX+ for DIANA; (b) detail of the embedded elements

6.3 Nonlinear static analysis

The efficiency of the proposed strengthening was mainly evaluated comparing the re-
sults obtained for the strengthened model (SM) and unstrengthened model (UM) under mass
proportional lateral load in the XX- and YY- directions. Moreover, verifications of all the
timber strengthening elements were carried out to validate the assumption made on their line-
ar elastic behaviour considering the internal forces which occurred when the strengthened
model was subjected to a lateral load equal to the PGA.

In the XX— direction, the maximum lateral load that could be applied to UM was 0.39g,
while a maximum capacity of 0.45g was calculated for SM. Compared to the out-of-plane
mechanism of the front fagade and the bell towers observed for UM, the failure mechanism of
SM was identified as the out-of-plane mechanism of only the southern bell tower. In the YY-—
direction, the maximum lateral load was calculated as a value of 0.25g for UM, while a lateral
load higher than 0.45g could be applied to SM. While the out-of-plane mechanism of the
northern lateral wall was observed for UM, a progressive flexural failure of the north-western
corner was identified for SM (Figure 7).

For both the analysed directions, the highest values of internal forces throughout the
strengthened model under the lateral load of 0.45g occurred in the elements corresponding to
the elements of the collar beam. While the verifications were satisfied for the strengthening
timber elements when a lateral load of 0.45g was applied in the XX— direction, when this lat-
eral load was applied in the other direction the elements of the collar beam were subjected to
tensile axial forces and shear which were higher than the corresponding capacities. Therefore,
the behaviour of the structure was investigated adopting a higher wood structural class (Class
B) for the strengthening timber elements. Although no relevant difference was observed in
terms of capacity curve and internal forces in the timber strengthening elements, the load-
carrying capacities obtained for a wood species classified as Class B are much higher than
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those obtained considering Class C and the verifications were satisfied for all the strengthen-
ing timber elements.
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Figure 7: Pushover analysis in the YY— direction: (a) load-displacement diagram. Control node at the top of the
northern lateral wall; (b) failure mechanisms in terms of maximum principal strains observed for the strength-
ened and unstrengthened models

7 CONCLUSIONS

This paper presented the safety assessment and the seismic retrofitting of the Cathedral
Ica, a complex half-timber structure built during the Viceroyalty period in Peru by applying
the quincha technique. Within the Seismic Retrofitting Project (SRP), initiative of the Getty
Conservation Institute (GCI), a multidisciplinary approach was applied with an organization
in steps which are similar to those used in medicine: condition survey (anamnesis), identifica-
tion of causes and decay (diagnosis), choice of remedial measures (therapy) and control of the
efficiency of the interventions (controls). In such a scenario, a full understanding of the struc-
tural behaviour was essential and it was performed by means of several numerical models
which were created on the basis of geometric surveys, laboratory and in-situ tests.

A single representative bay was first studied by performing linear elastic analysis under
different loading conditions and verifying the compliance with the various criteria specified
by Eurocode 5. Under seismic action, the verifications were not satisfied for the beams at the
top of the lunettes and their connections. Subsequently, the structural behaviour of the whole
Cathedral was investigated performing nonlinear static and dynamic analyses, and the lower
bound capacity of the structure was found much lower that the PGA recommended by the Pe-
ruvian Code for the region of Ica. Therefore, strengthening measures were proposed to ad-
dress the most vulnerable parts of the structure guaranteeing minimal and compatible
interventions. The results obtained from the nonlinear static analysis performed on the model
implementing the strengthening showed an improved global seismic behaviour of the struc-
ture, with a significant reduction of the out-of-plane vulnerabilities and higher capacities.
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Abstract

In new and existing buildings, it is important that floors are sufficiently strong and stiff in
plane. A possibility is to connect a concrete topping to the flexural elements of the floor.
When retrofitting existing building, timber—concrete composite structures are often used to
combine acoustic separation and thermal insulation with increased stiffness and load-
carrying capacity.

The use of inclined screws to connect the existing timber beam with the concrete topping rep-
resents a promising solution to maximize the slip modulus. This paper investigates the me-
chanical behavior of such a type of timber—concrete connection. 10+10 pushout tests have
been carried out at the Laboratory of the Department of Civil, Building and Environmental
Engineering of the University of L’Aquila. Each specimen consisted of a timber block con-
nected to two concrete slabs by means of two inclined screws per side. To reproduce the tim-
ber flooring used in real practice as permanent formwork for the placement of the concrete
topping, an OSB layer was introduced between the timber block and the concrete slabs of the
specimens. Two different OSB thicknesses and screw lengths were investigated. Screws meas-
uring 8 mm in diameter and produced by Rothoblaas were used.

Experimental results were statistically assessed to compute the mean slip moduli and the
characteristic values of the shear strength. An extension of the original European Yielding
Model has been proposed to include the effect of interlayer flooring between timber beams
and concrete slab connected by inclined screw. An accurate estimation of the characteristic
shear strength was obtained for the actual failure mode observed during the tests.
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1 INTRODUCTION

1.1 State of the art

Timber-concrete composite structures (TCCs) have become widely used in construction

due to improvement in mechanical behavior and ease of assembly. TCCs are often used for
upgrading of existing floors to mitigate problems resulting from excessive vibrations and de-
flections, to improve acoustic separation and thermal insulation, and to attain a rigid dia-
phragm in seismic areas. TCCs are also used in new construction, in order to obtained im-
improved acoustic separation and thermal comfort, to reduce the weight (dead load) and to
reduce costs. The advantage of using TCCs is to exploit the combined action of two different
materials that contribute together to resist to external stresses. Replacing the structurally inef-
fective cracked part of concrete (non-resisting in tension) with timber leads to a fully resisting
section. A typical configuration of a TCC includes a lower timber element (principally loaded
in tension), a concrete topping (mainly loaded in compression) and a connection system
(mainly subjected to shear stresses).
In some cases, a timber flooring is interposed between the concrete topping and the timber
beams: it corresponds either to the permanent formwork used for the placement of the con-
crete slab in the case of a new building, or to the pre-existing timber flooring when retrofitting
and existing timber-only floor.

The most common connection system is represented by metal fasteners, which have the
advantage of being readily available off-the-shelf and easily installed. The mechanical proper-
ties and geometrical configuration of shear connectors affect the mechanical behavior of the
TCCs due to the inherent flexibility of this connection system. The fasteners (e.g. screws) can
be placed either perpendicular to the timber-concrete interface, or inclined. Using screws in-
clined at 45° has been proved to result in higher values of stiffness and load-carrying capaci-
ties compared to those placed perpendicularly. For a given geometrical and loading condition,
this leads to a reduced number of fasteners needed 0-0.

The load-carrying capacity of timber-to-timber joints using inclined screw connectors can
be determined using the yielding theory (Johansen yielding theory) which assumes plasticity
in both the wood and the fastener. K. W. Johansen first applied the theory of plasticity to
dowel-type connectors in wood arranged perpendicular to the interlayer. Those design criteria
for the single connector now form the basis for the design of nailed and screwed timber-to-
timber joints given in the Eurocode 5 0. In accordance with the Eurocode 5, the load-carrying
capacity can be calculated by combined two effects: the “dowel effect” which depends on the
bending resistance of the screw and the embedding resistance of the wood; and the “rope ef-
fect”, which depends on the tensile resistance of the screw and on the presence of friction be-
tween at the concrete-timber interlayer. This model can also be applied to timber-to-steel and
timber-to-concrete connections. In order to obtain the load-carrying capacity of timber-to-
concrete connection with inclined screws, which are principally loaded in tension, the Euro-
code 5 theory has to be extended, by taking into the account the withdrawal capacity of fas-
tener and friction between contact interfaces of connected members. Due to the lack of
adequate method concerning the case of inclined screws, it [7] is recommended that load car-
rying capacity of inclined screws are derived from experimental test according to 0.

In 0, Kavaliauskas et al. proposed to adopt the Johansen’s yielding theory as a method to
predict the load-carrying capacity of timber-to-concrete joints when the timber element bears
directly to the concrete topping and threaded screws are used as inclined connectors. Accord-
ing to this method, the ultimate load-carrying capacity of a single connector is assumed to
correspond to the condition such that either the stress in the wood attains the embedding
strength, or plasticization is attained in both wood and metal dowel. In order to determine the
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load-carrying capacity, the kinematical possible failure modes are determined. The screw
length embedded in the concrete part of connection was assumed to be rigidly fixed and so to
remain undeformed. In the present paper, an extension of the aforementioned model has been
developed, referring to an alternative timber to concrete connection configuration in which a
non-structural interlayer (e.g. an OSB panel) is interposed between the timber beam and the
concrete topping.

2 EXPERIMENTAL PROGRAMME

2.1 Experimental setup

Push-out tests were carried-out at the Laboratory for Structure and Material Testing of the
Department of Civil, Architectural-Construction and Environmental Engineering, at the Uni-
versity of L’Aquila. Rothoblass Srl provided the specimens and commissioned the tests. Two
sets of specimens of timber-to-concrete connections (named CLC8240 and CLC8160 respec-
tively) were tested in push-out configuration under short-term loading. Each set of specimen
consisted of ten samples, produced with the same materials in accordance to the geometrical
configurations shown in Oand in Orespectively. Each sample consists of a central timber ele-
ment (glue laminated pine, strength class Gl24h) connected to two adjacent concrete slabs
(strength class C25/30) by means of two 45° inclined full threaded screws per side (0. Be-
tween the timber element and the concrete slabs an OSB flooring panel was interposed, meas-
uring 22 mm in thickness for specimens type CL8160 and 44 mm for specimens type
CLC8240 respectively.

......
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Figure 1: Geometry of a full threaded screw (measures in mm)
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Figure 2: Typical dimensions of specimen clc8240 (measures in mm)
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Figure 3: Typical dimensions of specimen clc8160 (measures in mm)

The specimens were placed under the loading machine and the push-out test procedure was
followed in accordance with the standard O: the load was increased to 0,4 Fest (maximum es-
timated load, estimated on the basis of past experience, or based on preliminary tests) and
maintained for 30 s, then reduced to 0,1 Fest and also maintained for 30 s, thereafter the load
was increased until the deformation of 15 mm was achieved. In order to assess the relative
slip between timber and concrete, four displacement piezoelectric transducers were placed at
the four corners of the sample and the average of the four measurements was taken. Tension
rods were used in the upper and lower part of each sample to prevent elements separation dur-
ing the test (Figure 4).

Figure 4: Photo of a sample during the push-out test

2.2 Results

A load — displacement (slip) curve was obtained for each sample, where the peak value
represents the ultimate load (Figure 5).

specimen CLC8240 specimen CLC8160

N

[

0 5 10 15
displacement (mm) displacement (mm)

load (KN)

load (

S~ .

Figure 5: Load-displacement (slip) curves
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According to 0, characteristic values of the load-carrying capacity F, per specimen were
calculated assuming a log-normal distribution: these values are shown in Table 1.

Specimen CLC8240 Specimen CLC8160
Fu,max 19,083 kN Fu,max 13,974 kN
I:u,min 14,682 kN I:u,min 9,086 kN
Fu,mean value 17,255 kN I:u,meatn value 11,860 kN
Fuk 14,535 kN Fuk 8,962 kN
Sy 0,08 Sy 0,129

Table 1: Calculation of characteristic values of load-carrying capacity per connector

At the end of the push-out tests, the concrete slabs did not show any evident crack, but ver-
tical displacement at interface between timber and concrete slab resulting in timber crushing,
as shown in Figure 7. Specifically, two combined failure modes were observed: the ultimate
load-carrying capacity was reached when the timber crushed at the interface with the screw,
and the screw exceeded its withdrawal capacity. In all cases, no plastic hinges appeared along
the screws length.

Figure 7: Evidence of the failure mode: no hinges formed along the embedded screw length into concrete.

3 MECHANICAL MODEL FOR STRENGTH PREDICTION

In this section the Johansen’s yielding theory is adopted to predict the ultimate load for
timber-to-concrete joints using self-tapping threaded connectors screwed at an angle into the
wood, as done in 0. The ultimate load-carrying capacity of a single connector is assumed to
correspond with the condition where either the stress in the wood attains the plastic value (the
embedding strength) or the plastic failure is attained in both the wood and the dowel. In order
to determine the load-carrying capacity for a specific connector geometrical configuration, the
possible kinematical failure modes are first determined. The screw in the concrete part of
connection is assumed to be rigidly fixed and so to remain undeformed.

Unlike 0, in the present study timber and concrete are considered not in direct contact, but
separated by an OSB flooring (see Figures 2-3). Thus, a different, proper model is required to
determine the (modified) load-carrying capacity and possible additional failure modes. In
general the OSB flooring has mechanical properties different from timber, and depending on
that it can contribute more or less significantly to the whole system capacity. However, in this
study, the mechanical analysis is performed by referring only to the following limit cases:
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e Limitcase 1: OSB modeled as fully resisting and, therefore, as an extension of the
timber;

e Limit case 2: OSB modelled as a fully non-resisting material and, thus, as an empty
gap between timber and concrete.

Limit case 1 refers to the case of a high quality OSB (comparable to timber) fully connect-
ed to the timber. Limit case 2 occurs when either a low quality OSB is used (and therefore its
strength contribution can be neglected) or the OSB is not connected to both the timber ele-
ment and the concrete topping, and thus it can freely move with respect to both timber and
concrete. The load-carrying capacity calculated according to limit case 2 conservative.

3.1 Failure modes

The initial geometrical configuration of the system is described by the screw diameter d,
the screw inclination angle a with respect to the timber-concrete interlayer, the screw length |
(with t = [ sin a representing the horizontal projection) and the length s inserted in the OSB.
The quantity t, = s sin a denotes the horizontal projection of the length s, which also signi-
fies the OSB thickness.
By referring to timber-concrete joints with inclined screws, schematics of the kinematically
possible failure modes, together with the internal forces and the plastic hinges occurring in the
screw length, are displayed in Figure 8 and 9 for the limit cases 1 and 2, respectively.

Figure 9: Failure Modes (Limit case 2)
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In the second limit case, Figure 9,0 modes I, 11,111 are similar to the failure modes deter-
mined in 0. In Mode I the ultimate load-carrying capacity is reached when the wood yields
plastically along the screw and attains the embedding strength f,. Mode I1I is attained when the
embedment stresses are distributed over the length of the screw so that a plastic hinge at the
interface between timber and OSB is formed and the screw rotates as a stiff member in the
wood. Such failure mode is possible if the embedded length (I — s) of the fastener in wood is
enough to enable the plastic hinge formation in the screw. Mode [11 failure occurs when the
embedding stresses are distributed over a length x; (t; signifying its horizontal projection) of
the screw, forming an additional plastic hinge. Modes IV, V, VI can only occur when a gap is
considered. Mode IV is similar to Mode I1, but the plastic hinge is formed at the interface be-
tween concrete and OSB. Mode V is similar to Mode 111, but also in this case the plastic hinge
is formed at the interface between concrete and OSB. Finally, Mode VI is an extension of
Mode V, where the second hinge is located at the timber-OSB interface.

In the first limit case, Figure 8, modes I, 11, 111 are the same failure modes determined in O,
where timber and concrete are in contact; the only difference is that the screw is not complete-
ly inserted in the timber, but it is in part also inserted in the OSB.

Each failure mode can be determined by imposing the equilibrium of a system of forces
given by the fastener withdrawal strength f,,., the timber embedding strength f},, and the fas-
tener yield moment M,,. In the limit case 1 also the friction force uF, at the concrete-OSB in-
terface (with u signifying the friction coefficient and F, the axial compression force) must be
considered.

3.2 Formulas derivation

The ultimate load-carrying capacity E! (where the superscript h = I, 11,111 for the limit
case land h = 1,11,111,1V,V, VI for the limit case 2) for each failure mode is here determined
by using the Principle of the Virtual Work. The theorem states that the virtual work spent by a
system of balanced, active f and restraint r, forces is zero for each kinematically admissible
virtual field of displacements du and restraint displacements Js:

Le=fT6u+1r"6s=0 vV (6u,ds) 1)
The Principle of Virtual Work can be applied as described in the following section.
3.2.1. Application of the principle of virtual work to Mode 11

Figure 10 displays the (virtual) kinematic problem corresponding to the (real) static prob-
lem shown in Figure 9.

Figure 10: Virtual kinematic problem of Mode 11
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It can be obtained by the superposition of the rigid vertical translation mode of the timber
(with displacement du) and of the rigid rotation mode of the screw around the plastic hinge
(with rotation angle §¢), which produce the relative displacement field su(x) between timber
and screw.

By applying the principle of the virtual work:

L, = Fl'6u — (My&p + [7 " su (x)dx + f;l‘s f2 ou(dx) =0 v (©6u,69) (2)

where:

ousina
Sulx) = <6ucos a— 6<px>

_ faxd> _ (faxd>
fi=(a) 7= (U
the equilibrium equations are derived by collecting all terms in egn (2) for any du and 6,
and then by imposing they are equal to zero.

(3)

(eqn1)éu + (eqn2)6¢p =0 v (6u, 5¢) 4)
In particular, eqn2 = 0 expresses the rotation equilibrium, from which eqgn (5) is derived for

x;.
_ Gty ([ 2Msing?. .
= ﬁsina( 1+ dfh(t—t5)2> ( )

Then, eqnl = 0 expresses the translation equilibrium, from which, by substituting egn (5),
the ultimate load-carrying capacity E! is found (eqn (6)).

EM =df,,(t —t,) cota + df,,(t — t,) (—1 +ﬁ\[m> (6)
afn(t—ts)

3.2.2. Load-carrying capacity equations

The equations of ultimate load-carrying capacity for each failure mode in the limit cases 1
and 2 can be derived similarly to the procedure detailed before, see respectively eqgns (7-9)
and egns (10-15).

Limit case 1
E! =dft(u+cota) +df,t(1 — ucota) (7
FI' = dfat(u + cota) + dfyt(1 — pcota) (-1 + \/5,/1 + %) ®)
EM = df, t(u+ cota) + 2(1 — pcota)y dfnM sina ©)

Limit case 2
F! =dfax(t — t) cota + dfy (t — t5) (10)
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FM = df, (t — t;) cota + df,(t — t,) <—1+«/§ /1+:;”h(st—ift“)22> (11)

FM = df,, (t — t;) cota + 24/ AfnM sina (12)

v _ _ _ 2M sin a2 t2+t2 13
ElV = df,(t —t;) cota + df,(t + ts)< 1+ \/E\/dfh(t—ts)z + dfh(ms)z) (13)

BV —df, (t —t)) cota + dfyt, [ =1+ |[2En 4 (14)
u dfnts

2M sin a?

EVT = df,,(t —t) cota + (15)

N

where the characteristic withdrawal capacity [N] at an angle a to the grain according to the
Eurocode 5 0 should be taken as:

_Nef faxkdlef kg
Fax,k,Rk " 1,2 cos?a+ sin2a (16)
with:
fax,k = 0,52 d-o° le_;)'l p2.8 (17)

d is the outer diameter measured on the threaded part [mm];
Lo is the pointside penetration length of the threaded part minus one screw diameter [mm];
. is the effective number of screws (in our case equal to the actual number of screws, n);
k; = min. {d{B ;

fax k 1s the characteristic withdrawal strength perpendicular to the grain [N/mm?].

The characteristic embedding strength [N/mm?] according to Eurocode 5 0 should be taken
as:

frk = 0,082 p, %3 (18)

The characteristic values of the yield moment [Nmm] according to Eurocode 5 0 should be
taken as:

Myre = 0,3 fy d*° (19)

where f,, is the tensile strength of the screw [N/mm?].

It should be noted that the presence of the withdrawal strength f,, in this system of equa-
tions is justified when a significant axial displacement component affects the screw, due to its
inclination. The problem may become inconsistent for small values of inclinations o, for
which the timber is not likely to yield for withdrawal.

3.3 Analytical-experimental comparison

A first comparison between the experimental value of the load-carrying capacity of the
connection, and those resulting from the aforementioned equations for limit case 2, shows that
the mechanical model is unable to predict the correct failure mode. In Table 20 results are
shown for the specimen CLC8160.
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Theoretically, the connection failure mode should be Mode V characterized by two plastic
hinges in the fastener. However, the tests show that no plastic hinge could be developed in the
fastener at the interface between timber and concrete, which means a failure Mode 1.

Calculated values
Experimental MODE | MODE Il MODE III MODE IV | MODE V MODE VI
Value
8,962 kN 8,509 kN 5,795 kN 4,550 kN 4,810 kN 3,895 kN 3,896 kN

Table 2: Analytical-experimental comparison

3.4 Parametric study

The dependency of the ultimate load upon the geometrical configuration and the dimen-
sions of the connector has been investigated using the aforementioned analytical solutions.
The first study (Figure 11) explores the dependency of the load-carrying capacity upon the
screw inclination «. In limit case 1, a friction coefficient u = 0.4 is considered.
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Figure 11: Variation of the load-carrying capacity with the screw’s inclination. a) Limit case 1, b) Limit case 2

The following remarks can be done:
e in Limit case 1, the predicted values of the load-carrying capacity are less conserva-
tive compared to Limit case 2;
e in Limit case 1, the load-carrying capacity of the connection reaches a maximum
when the screw is arranged at an angle of 50°;
e in Limit case 2, the load-carrying capacity of the connection decreases with the in-

clination of the screw, except for Mode | when it reaches a maximum at an angle of
50°.

Figure 12 shows the variation of the load-carrying capacity of an inclined screw (a=45°)
with the non-dimensional t,/t ratio, and with a friction coefficient ¢ = 0.4 (Limit case 1). By
incrementing the thickness of the OSB panel (gap), the ultimate load decreases and tends to
zero when the penetration length of the threaded part in the timber element is null. When this
ratio is equal to zero, and no gap is considered in the model, the ultimate load is maximum
and the failure modes are reduced to three: the model tends towards Limit case 1. When the
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t,/t ratio goes to one and no connection between timber and concrete is considered, then the
load-carrying capacity is null.
15
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Figure 12: Variation of the load-carrying capacity with the ts/t ratio

Figure 13 displays the variation of the load-carrying capacity of an inclined screw (a=45°)
with the non-dimensional d/t ratio assuming a friction coefficient p=0.4 (Limit case 1). By
increasing the outer diameter measured on the threaded part, the ultimate load increases. In
this case, the thickness of the OSB panel (gap) has been assumed equal to the experimental
configuration in Limit case 2, and null in Limit case 1.
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Figure 13: Variation of load-carrying capacity with the d/t ratio: a) Limit case 1; b) Limit case 2

4 CONCLUSIONS

In this paper a mechanical model for calculating the load-carrying capacity of inclined
screw was proposed, according to the Johansen’s theory. In order to validate the analytic for-
mulations, push-out tests were performed. Furthermore, parametric studies have shown how
the ultimate load varies depending upon the geometrical configuration and dimensions of the
connector.

In all investigations, the influence of the withdrawal and embedding strengths was found to
be significant. An estimated value of the withdrawal and embedding strengths of screws were
used for computing the theoretical value, according to the Eurocode 5. Although the theoreti-
cal ultimate load of the connection is close to the experimental one, the failure mode differs.
Theoretically the connection failure mode should be characterized by two plastic hinges oc-
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curring in the fastener, but the tests showed that no plastic hinge developed in the fastener at
the interface between timber and concrete, meaning a failure Mode I.

Better predictions of the load-carrying capacity of timber-to-concrete connections with in-
clined screws would require a previous identification of the actual mechanical properties of
the timber and the screws (withdrawal and embedding strengths) using appropriate experi-
mental tests.
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Abstract

In Norway, the architectural heritage is comprised mainly of wooden buildings. Besides the stave
churches and log timber houses, the third largest group of wooden medieval structures in Norway
is the surviving roofs of stone churches. In the Trondelag region of Norway, five stone churches
still preserve wooden roofs dating from the period c. AD 1140 — AD 1350.

Veernes church is one of these buildings, and has the largest roof span amongst them. The roof
over the choir section in Vernes church dates back to AD 1140 and the nave roof back to AD
1191. During the middle ages, timber structures represented the most advanced construction
techniques. Their characteristics were influenced by both local traditions and material
availability. Gaining knowledge about the techniques used in the construction of historic
structures is of paramount value towards the devel- opment of restoration and renovation of
buildings.

The present work discusses results from a study on Vernes Church focusing on the assessment of
the structural performance of the two-dimensional structure and plans investigations of the
possible three-dimensional effect of the timber roof. A computational model of the church’s
structure was developed to better understand the behaviour of the two-dimensional roof
structure. Future work will focus on experimental investigation of tim- ber dowelled connections,
and aim to increase the knowledge on three-dimensional effects of this kind of structures.
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1 INTRODUCTION

Historical timber roof trusses are often complex systems; attics of many churches, cathedrals,
castles and medieval halls hide timber roofs. They are an important cultural heritage, being
bearers of information from a period of which direct sources of information are scarce. During
the middle ages, timber roof trusses represented the most advanced construction technique of
the time. Their characteristics were influenced by local traditions, available materials, and con-
struction techniques. Wooden structures were built by carpenters and craftsmen using methods
based on experience.

In Norway, an important group of wooden medieval structures is the surviving roofs of stone
churches. These structures testify the great craftsmanship of medieval carpenters. They have a
remarkable cultural and technical value, but unfortunately, detailed investigations and assess-
ments have not been carried out so far.

Misunderstanding of the structural behaviour can lead to an incorrect intervention that may
change the overall distribution of the stresses with severe consequences for the building, caus-
ing additional problems. The purpose of the rehabilitation work is not only to assess the stability
of the structure and ensure its safety, but it is also a way to preserve and transmit the cultural
heritage of historical construction systems to the future,[1].

A correct understanding of the behaviour and the reliability level of the structure is important
to avoid unnecessary and visually disturbing changes of the construction. Regarding the struc-
tural aspect of historic structure, it is easier to find papers and works about masonry structures
than timber structures or the interaction between timber and masonry. Courtenay [2] investi-
gated the behaviour of the interaction between roof and masonry wall and Heyman the effect
of the deflection under wind load,[3, 4]. Mainstone focused on different types of buildings and
in particular in masonry structure, such as Hagia Sophia in Istanbul and the dome of St. Peter
in Rome,[5-7]. More recently Morris et al. used modern computer tools and the finite element
method (FEM) to analyse the Westminster Hall in London,[8]. They pointed out the importance
of the FEM in historical and technical exploration. Sandin, Olsson, and Thelin conducted re-
search on the structural analysis of historic timber structures defining mechanical pattern and
performing finite element analysis (FEA) on case studies of old Swedish churches,[9].

2 MOVITATION

The first aim of this paper is to test a methodology for analysing historic timber structures
in order to evaluate if the structure satisfy today’s reliability level design. The second aim is to
study the design principles of the Trendelag family of churches. This group of churches has an
inestimable heritage value, in particular Varnes church that is almost 900 years old. The origi-
nal wooden structure is still standing. The last aim is to lay the foundation for further steps to
understand the global three-dimensional behaviour of the roof structure involving both the
trusses and the stiffening effect of the outer roof.

3 THE TRONDELAG FAMILY OF CHURCHES

The surviving roof of stone churches make up the third largest group of medieval wooden
building structures in Norway, after Stave Churches and timber houses. A Ph.D. thesis carried
out by Ola Storsletten recorded that, among approximately 150 stone churches dating from the
period between 1030 to 1537, only 17 original roof designs survived partly or entirely. Traces
and remains of surviving medieval roof designs are also known in further four churches,[10].

The Trendelag family of churches is dated between 1100 and 1350. In its pure form, it is
represented by five structures. The main five churches of this family are located in Trendelag
(Fig. 1), but it is possible to find similarities in other churches in the central part of Norway and
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also in Sweden. Today’s Norway borders do not correspond to the borders of the Norwegian
Kingdom during the middle ages. The kingdom of Norway extent comprised part of the current
Sweden and this had a direct impact on the work of medieval timber churches.

Trendelag Region

Figure 1: Trendelag family of churches.1)Selbu Church, 2)Vernes Church, 3)Alstadhaug Church, 4)Hustad
Church, 5)Mere Church. (Derivative work of “Relief map of Norway”, www.maps-of-europe.net licensed under
CCBY-SA3.0)

The starting period of the construction activity is associated with the introduction of the tithe
in the first decades of the 1100s and the ending with the Black Death in 1349-50,[11]. The
design of trusses remains strikingly uniform throughout this period. It is only after the plague
that noticeable changes occurred in the structures, in the form of more advanced timber con-
nections. In medieval times, timber trusses were used in several types of buildings: bridges,
relatively large rooms, halls, castles or boathouse. With regarding to churches from 1100-1350,
the preserved and documented examples are limited. This type of churches has wooden roof
structures whose task is to cover a relatively large room while taking into account natural con-
ditions such as rain, snow and wind. The Norwegian stone church is a result of foreign influence.

The stone churches construction in 1200s Norway is influenced by the gothic roof trusses
present in masonry churches in England and on the Continent. The carpentry in medieval stone
buildings, in Norway, represents a continuation of an existing building construction technique
and the local crafts tradition. Previously, trusses might have been of a simpler kind.

Before Christianity arrived, masonry of stone laid in the mortar was comparatively unknown
in Norway, but since this was the common material for churches in Europe, it was not long time
before the first stone churches were erected on Norwegian soil. They were built at the same
time as the Stave Churches, and some are dated as far back as before the reign of Olav Kyrre
(1066-93). During the 12th Century, numerous large and small stone churches and monasteries
were erected all over the country, and many of the churches are still standing. Those in Western
Norway and Trendelag derive mostly from the Anglo-Romanesque type. Outside the core area,
there is no longer a clear dominance of this type even though some roof trusses in Sweden and
other areas of centre Norway have many similarities to Trendelag churches.

The Trendelag type is named after the area of distribution. Within this area, the five main
stone churches were built during the period 1100-1350, and they are preserved with original
wooden roofs from that period. Today Selbu church is located in Ser-Trendelag while Vearnes,
Alstadhaug, Hustad and Mare churches are in Nord-Trendelag. Although the dimensions of
the churches vary, each of them consists of a rectangular nave and a narrower chancel. The
oldest building of this group of churches is Varnes Church, of which the chancel roof has been
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dated from ca. 1140 through dendrochronological dating. The youngest nave structure is in
Mere church, dating from ca. 1199. At least two generations of artisans have worked on the
construction of these stone churches.

Selbu Church Varnes Church Mare Church

Figure 2: Examples of Trendelag roof trusses. Selbu church, Vernes church, Mere church.

The key feature of the Trendelag type frames is the superposition system of rafters and collar
beams that form a sort of "grid", with many connection points. This characteristic makes the
structure stiff in the upper part. Another hallmark of the Trendelag type churches is the distance
between the principal rafter and the secondary rafter. The distance between these two elements
is in some way proportional to the span. The cross sections of principal rafters, secondary rafters,
and collar beams are different either within the same church and from church to church. All
roof constructions consist of a roof truss that in principle forms a rigid triangular framework.
The structure is the trademark of the Trendelag-type. Three of the roofs are shown in Fig. 2.

Vearnes church is discussed more in detail (see Figs. 5-7). The typical angle of the main
rafters in the Trendelag churches is approximately 54° (only in Alstadhaug is lower). In the
bottom part of the frame, there is a pair of wooden wall plates embedded in the masonry that
runs longitudinally along the entire length of the wall. The outer wall plate is connected with
the main rafter while the inner one supports the lower strut and the sole piece. These elements
have a considerable size; they are rectangular or square shaped and have a section where the
edges vary between 15 cm and 20 cm. The two wall plates are connected by sole piece. The
collar beams are always present, usually located at the middle height of the frame or above.

4 VARNES CHURCH

4.1 Assessment

Vearnes church is one of the largest and best preserved Norwegian medieval churches with
western tower, nave, chancel and sacristy from the middle ages. The church is oriented with the
choir to the east. The choir of Varnes Church has been dated from ca. 1141 through dendro-
chronological dating while the nave has been dated from ca. 1191,[12]. The timber roof struc-
ture of the nave is substantially preserved. The church was renovated in 1960. Drawings of the
original construction have been made by Erlin Gjone, [13], but none structural assessments or
documentations of changes for the work done. The drawings presented in this article are derived
from this work and the visual survey carried out.
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Figure 3: Methodology of Assesment.

The church has a stone structure with a continuous foundation and a timber pitched roof
constituted by 21 trusses as shown in Fig. 4. All the elements are made of pine, [12]. The lon-
gitudinal system is composed by 5 parallel purlins that connect the main rafters and run along
all longitudinal length. In the structure the secondary members, the struts, and the collar beams
cross each other as shown in Fig. 5.

.l -"-l:l"l

—_—

I e B B o )

Figure 4: Section and plan of Varnes Church.

411



Filippo Frontini, Jan Siem, and Dag Nilsen

The structure is approximately 14.1 m wide; the angle of the roof is approximately 54°. The
structure consists of the main rafters, secondary rafters, wall plates embedded in the walls, col-
lar beams and struts. The main rafters and the secondary rafters are connected to the wall plates
on top of the longitudinal walls. The angle of the secondary rafters is about 50°. In the bottom
of the truss, an lower strut is present. On top of the wall, a sole piece is connecting the rafters,
the lower strut and the wall plates.

A detailed survey is carried out. The new survey in addition to the drawings of Erling Gjone
is useful to know the overall position of the structural elements and their dimensions (Fig. 5).
The main rafters have a rectangular section 12x20 cm, the secondary rafter 12x18 cm, the struts
12x17 cm, the collar beam 12x16 cm and the sole piece embedded in the wall have a section
18x18 cm.

a) Main rafter
b) Secondary rafter
€) Strut
f) Collar beam
) c)
Lower strut Sole piece
77777 . Wall plates
2 1115 S
3 14.17 N

Figure 5: Varnes Church structure.

In Vernes Church, all the connection are made with single or double pegged half lap joints as
shown in Fig. 6 a)-f) (the letters in Fig. 6 correspond to the letters in Fig. 5).

Figure 6: Joints in Varnes Church.
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The support of the timber structure on the masonry wall is shown on figure 7. The wall
provides the vertical support for both main and secondary rafter. The secondary rafter is joined
to the sole piece with a step joint which can transfer horizontal loads. The sole piece is joined
to the inner wall plate with a lap joint which also can transfer horizontal loads. The inner wall
plate can transfer horizontal loads to the masonry wall by compression. Thus, the secondary
rafter can transfer horizontal loads to the masonry wall. The main rafter can transfer horizontal
loads through the lap joint in the outer wall plate, but the outer wall plate can just transfer
horizontal loads to the masonry walls through friction. Thus, the main rafter and the outer wall
plate can slide on top of the masonry wall when the horizontal load exceeds the friction capacity.
The lower strut can also transfer both horizontal and vertical loads.

Secondary

rafter
Main Sole
rafter ﬂ piece Secondary

rafter

S9le Main
e D piece rafter
£ I Sole

piece

Outer
wall pla

S

z |
/// Inner
wall plate wall plate

Figure 7: The connection between the trusses and the walls in Vernes church.

The objective of the assessment was to gather information on material and deterioration state
and on structure and geometry to evaluate the structural system and the safety. The methodol-
ogy adopted is shown in Fig. 3 and earlier used in [14]. First an archival research was done to
survey the structure geometry using methods described by Tampone, [15], and to understand
the load history of the building and the repairs carried out during its lifetime.

The walls were scanned with a 3D laser measuring system (Leica 3D Disto) to investigate if
forces from the wood structure could have deformed the walls. The walls were secondly
scanned with points in a squared pattern with measurements every 10 cm with an accuracy of
1 mm. The outcomes was two detailed profiles of the two wall sides of the church. The north
side of the church had a maximum displacement of about 4 cm compared with a straight line
along the top of the wall while the south side showed about 6 cm of maximum displacement.
The outer wall plates exhibit a displacement that varies between 3 and 4 cm along the wall.
Since they are not fastened to the walls or hold in place by anything, they can shift horizontally
so they do not contribute to the horizontal resistance. They simply lay on the walls.

The survey showed that in the beginning, that there were just two layers of wooden boards
in the roof stratigraphy. The bottom layer of boards is set from the top of the roof to the bottom,
and the top layer is in the longitudinal direction, orthogonal to the bottom layer. The roof con-
figuration was designed to drain the water and prevent infiltrations. The two board layers were
bonded together to form a rigid surface with a lot of wooden dowels,[16]. This configuration
lasted for about 150 years up to the late 1200s when they added a third level of wood and then
wooden shingles. The roof was very light since each layer was just about 3 cm. In 1869, on the
northern side of the roof, a layer of stone slates has been added. The southern side was covered
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with stones in the 1895/96 forcing the structure to work asymmetrically for almost 25 years. In
the last intervention, in the 1960s, they completely changed the stratigraphy of the roof again,
adding a layer of insulation and other wooden layers.

Two important aspects needed to be assessed on site: the soundness and the strength of the
wood. Since the building is cultural heritage, it is subject to several restrictions that prevent the
majority of accessible tests for the evaluation of the mechanical properties of the timber truss,
thus the soundness of the material was checked through visual inspection, impact sounding by
hammer and minimized use of a resistance drilling. The moisture content was checked with
hygrometer. The average moisture content of the elements is below 25%. The strength of the
timber evaluated with visual grading. The Norwegian standard NS-INSTA 142:2009 in combi-
nation with the European standard EN 338 was applied, [17, 18]. The grades refer to commer-
cial classification that differ from the traditional carpentry works, and they can underestimate
the true strength of the timber elements, [19]. The elements was classified as C24.

The survey of the structure on site, showed two important interventions. The first, a structural
element was placed between the main and the secondary rafter on top of the masonry walls as
shown on figure 8b). This element was probably installed in the 1960s, to avoid the develop-
ment of the observed displacement of the main rafter on the outer wall plate discussed earlier.

Secondly it has been noticed that the joints connecting the main rafters and the struts earlier
shown in Fig. 6 d) were reinforced as shown in Fig. 8a).

Figure 8: a) Shifted joint connecting the main rafter and the strut (reproduced with permission from Pasi
Aalto). b) Repair intervention installed during the 1960s.

4.2 Structural analysis

In order to perform a preliminary structural analysis of a historic timber structure, a simple
model has been chosen. To evaluate the reliability level, the structure analysed according to the
Eurocodes. Five main levels of assumptions are to be made: the loads, the material properties,
the geometry, the joint behaviour and the supports, [20].

The three different loads on the roof are the dead load, the snow load and the wind load. The
five changes through the history in dead load of the roof earlier described is given in table 1
with numbers for the load.

The roof is steep and, on one hand, it prevents the deposition of snow, but on the other hand
it exposes a greater surface to the action of the wind. The design rules in the Eurocodes, has
been used to simulate the intensity of these loads.

As a result of the assessment, the material properties are based on the values in EN 338 for
C24. The geometry is chosen as described in Fig. 5.

A fundamental part of accurate modelling of the structure is the configuration of the joints.
Timber joints have a semi-rigid behaviour and a good ductility that make them an excellent
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solution to transfer the loads, [21-24]. A preliminary analysis was carried out with hinged con-
nections. This was done in order to avoid an over estimation of local forces, [25]. The hinges
are located along the elements centrelines not introducing eccentricities in the preliminary

model.
Table 1. Dead loads chronology.

Stratigraphy configuration Period Load

1) 2 layers of wooden boards (2 cm thick) 1140 - late 1200s 0.16 kKN/m

2) 3 layers of wooden boards + 1 layer of wooden shingles late 1200s - 1869 0.32 kN/m

3 3 layers of wooden boards + 1 layer of stone tiles (only on one Asymmetric load:

) ) 1869 — 1895/96 0.32 kN/m/ 1 kN/m
2 S"I@}ers of wooden boards + 1 layer of stone tiles (only both
i 1895/96 — 1960s 1 kN/m
5) Wél@rs of wooden boards + 1 layer of insulation + 2 layers of 19605 - now L4 KN/m

wooden boards + 1 layers of stone tiles

The roof structure is connected to the walls in three points on each side. As a result of the
discussions in connection with Fig. 7, the outer supports are modelled as rollers and the other
two as hinged support.

The Ultimate limit states (STR) was checked for each stratigraphy (see Tab. 1). The struc-
tural analyses were performed on each typology of stratigraphy to observe the evolution of the
loads during the life of the structure. Fig 9. shows an example of the results of the analysis for
the fifth configuration.

Figure 9: Displacement, axial forces and bending moment diagrams for the fifth configuration.

5 OBSERVATION AND CONCLUSIONS

The assessment done gave a good overview of the structure and was an effective method to
understand the complexity of the structural health and behaviour. The method proved efficient
in attaining a structural assessment of a historic timber structure.

The grid of joints, the hallmark of the structure typology, reduces the effective length of the
elements and also redistributed the bending moments

The structural analysis of the case study, representing the church family, showed that the
main rafter works as a continuous beam. The analysis also showed that the secondary rafter
carry most of the load in compression transferring forces to the inner part of the top of the
masonry wall.

The axial force diagram from the calculations showed that the strut carried load in tension.
This type of joint is not able to bear high tensile stresses. The observation of the repaired dam-
age, Fig. 8, confirmed that the connection had been too weak to transfer the tension forces. This
point represent a in the design.

The design of the support connecting the main rafter with the top of the wall showed that the
outer wall plate was pushed outwards from the edge of the masonry wall. The reinforcement on
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Fig. 8 showed that this has been considered as a problem earlier. This support design can be a
general problem for the family of churches.

The archive research showed that during the lifetime of the structure, the dead loads on the
roof increased and therefore the internal stresses increased as well.

In this evaluation a simple model for the joints is chosen. An accurate study of the joints
would be valuable to increase the knowledge on this structural type. In order to study the semi-
rigid behaviour of a joint accurately it should be taken into account both axial and rotational
stiffness of the joints. Another topic to investigate is the three-dimensional diaphragm effect in
the roof. Thus, the study of the outer roof effect on the structure is planned as the next step. The
outer roof effect will be studied both with an experimental campaign on wooden dowels and
with numerical analysis.
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Abstract

The Historical Center of Lima, a World Heritage city owes its survival to earthquakes, in great
part to a timber construction system called “quincha”. This lightweight construction system was
implemented during the time of the Colony in an attempt to cope with the frequent destructive
earthquakes that devastated the city every time.

The system is composed of timber posts spaced every 60cm, a bottom and top timber girders and
a woven cane infilled with mud; the surface of the wall is then coated with additional layers of
mud plaster and then finished with a fine layer of gypsum. It is widely accepted by the “limesios”
that the system is earthquake resistant in spite of being old and frequently poorly maintained.

An experimental evaluation of the seismic behavior of quincha walls from typical houses of the
Historic Center of Lima was performed at Pontificia Universidad Catdlica del Peri. Reproduc-
tions of the original system at natural scale were constructed and tested to lateral cyclic load in
order to evaluate its in-plane shear stiffness and strength capacity. Twelve specimens were con-
structed representing two different models from the second and third stories from the Hotel
Comercio, a typical house from the Historical Center of Lima. An additional panel was tested
under the same type of loads. It was an original quincha panel extracted directly from the second
story of the Hotel Comercio.

The experimental results showed that the quincha system has large capacity of lateral displace-
ment without diminishing the capacity to stand the vertical load. The experimental data was later
used to compute the capacity/demand ratio using the Capacity Spectrum Method and the Peruvi-
an Seismic Code to determine its seismic performance. The results showed that the structural sys-
tem of traditional quincha walls possess a wide range of deformation, allowing them to
successfully cope seismic demands requested by the Peruvian Code.
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1 INTRODUCTION

Historical structures are buildings that survive in the middle of the urban environment and
modern buildings. They are recognized as an important part of the culture of a nation because
they constitute remembrances and memories of the birth of a society that has been able to sur-
vive over time.

Construction in times of the Spanish colony consisted primarily in the use of quincha and
adobe as building materials, especially in Lima, capital of the viceroyalty. After the Spaniards
arrival to Peru in 1532, the earth buildings - adobe, rammed earth - were replaced by brick
and stone constructions, on the lookout for a dignified and majestic city that could live up to a
Viceroyalty capital [1]. Nevertheless, after the 1699 earthquake in Lima, authorities demand-
ed to retake the already known constructive system known as quincha - essentially composed
of cane, wood and mud - for its convenient characteristics among them for being lighter than
current constructions. Furthermore, constructions began to limit the use of adobe to the first
story, using quincha for the upper stories [2].

Thus, the proliferation of quincha structural system on the coast of Peru is bound to Peru-
vian seismic predisposition since it is located in the Pacific Fire Belt, characterized by its in-
tense subduction process between the Oceanic Plate under the Continental.

Although it is accepted that the quincha structural system has a good behavior in response
to seismic forces [3], there are no much studies that quantitatively evidence these premises.
Therefore, the present article seeks to know the performance of traditional quincha walls
against seismic forces represented by demand spectra according to the Peruvian Seismic Code,
based on the structural capacity of the traditional quincha walls acquired from experimental
results.

2 EXPERIMENTAL TESTING OF REPRODUCED PANELS

2.1 Construction of Specimens

The purpose of the experimental testing was to obtain important information on the capaci-
ty of the traditional quincha walls. For this matter, the Hotel Comercio, a representative build-
ing of the Historic Center of Lima was chosen as the prototype to create the specimens that
would be tested.

Constructions located in the Historic Center of Lima present, in most of the cases, a first
story made out of adobe with quincha in the upper stories, ranging from one to three levels at
most. The structural system of quincha walls of the upper stories displays different geometric
arranges, within which a general pattern stands out: vertical wooden posts joined by an upper
and a lower beam. These walls also have timber-stiffening elements within their structural
system; the most common are the struts and diagonals [4].

The second level of Hotel Comercio has walls with heights of 4 meters with a stiffener
known as “citara” composed by struts at the bottom of the wall, while the third level presents
walls of 3.2 meters high with one wooden diagonal as stiffener.

Six panels were constructed replicating the structural system from the second story of the
Hotel Comercio, denoted as MA; and six more for the third story denoted as MB.

The construction process of the specimens is similar in both structural systems. The cutting
procedure of the wood is required to obtain the posts and beams with its respective transversal
section. The distance between posts is typically 60 cm in both systems and its connection with
the upper and lower beams is achieved by mortise and tenon joints.

In the case of the specimen with struts, while adobe masonry is added at the bottom of the
panel - citara - the rest of the wall is filled with woven cane and mud mortar to be later cov-
ered by mud plaster on its surface applying a final layer of gypsum.
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In the case of panels with diagonal, the stiffener element crosses the entire panel function-
ing as a cross brace. Similar to the walls with citara, woven canes and mud mortar are filled,
as well as the mud plaster and the layer of gypsum.

Figures 1 and 2 display images of the panels constructive process, whereas Figures 3 and 4
show MA and MB specimens, respectively.

- . '
-

Figure 1: Construction of MA quincha panels. a)assemblyofmtsemdtmncomecuon.b)ﬁstenmgof
clu:wﬂbwerbumandpost(mgnnls) c)mndmmnpplrdasmﬁllmgmtl!panel

Figure 2: Construction of MB quincha panels. a) assembly of wooden posts with upper beam; b) transversal
canes are infroduced into the posts; c) view of structural system of third story quincha wall

2.2 Testing procedures

The specimens were tested under lateral cyclic loads with controlled displacement using a
servo-hydraulic actuator with a capacity of 490 kN and maximum displacement of +/- 150
mm located at the top of the panels.

In addition to lateral loads, tests also included vertical loads on some of the panels as an
additional phase conducted before the application of cyclic displacement. MA3 and MA4, as
well as MB3 and MB4, were tested under vertical loads that represent the weight of an exter-
nal wall. As for panels MA5, MA6, MB5 and MBS, vertical loads were also applied and they
represent the weight of an internal wall. At last, no vertical loads were applied in panels MAL,
MA2, MB1 and MB2 as shown in Table 1.

The test had considered four symmetrical cyclic phases in every panel; however, slight
damage after concluding the phases forced the addition of a final one with a shift of the center
of the actuator to provide more displacement capacity in one direction. This additional phase
was considered in all MA specimens with the exception for panel MAL and for specimens
MB5 and MB6, as seen in Table 1.
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Table 1: Test phases in MA and MB specimens.
Specimens Vertical load (kN) Max. displacement (mm)

Phase 0 Phase 1 Phase2 Phase3 Phase 4 Phase 5
MA1 - +/-25 +/-50 +/-100 +/-140 -
MA2 - +/-25 +/-50 +/-100 +/-140 +200/-100
MA3 39 +/-25 +/-50 +/-100 +/-140 +250/-50
MA4 39 +/-25 +/-50 +/-100 +/-140 +230/-70
MAS 78 +/-25 +/-50 +/-100 +/-140 +220/-80
MAG6 78 +/-25 +/-50 +/-100 +/-140 +230/-70
MB1 - +/-25 +/-50  +/-100 +/-140 -
MB2 - +/-25 +/-50 +/-100 +/-140 -
MB3 15 +/-25 +/-50 +/-100 +/-140 -
MB4 15 +/-25 +/-50 +/-100 +/-140 -
MB5 31 +/-25 +/-50 +/-100 +/-140 +300/0
MB6 31 +/-25 +/-50 +/-100 +/-140 +300/0

2.3 Experimental results

The tests performed in MA quincha panels displayed slight damage, presenting the highest
deterioration in the layer of mud plaster and perceptible cracks at the location of all timber
elements. The mortise and tenon joint became loose because of the cyclic movement, but it
always remained in place. Concerning MB quincha panels, the results of their tests displayed
similar outcomes regarding MA panels with exception of the aftermath of the stiffener ele-
ment since the timber diagonal of the panel cracked in both ends at the nailed connection in
some MB panels. Even though the wooden stiffener failed, the structure did not collapse at
any moment of the test since the mortise and tenon joint was yet working between posts and
beams of the structure.

Numeric data obtained from tests allowed the development of hysteretic curves, which for
the case of MA6 and MB6 panels are presented in Figure 5 through a basal shear force vs. the
displacement at the top of the panel.
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Figure 5: Hysteretic curves from MA6 and MB6 panels respectively, tested under the greatest vertical loads
and reaching the greatest displacement of MB panels, for MB6 and the second greatest displacement of MA pan-
els, for MAG
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2.4 Capacity based assessment

The performance assessment of quincha panels is attained based on the capacity spectrum
method (CSM), which allows the evaluation of the performance of a structure through a graph
that relates the seismic demand to its capacity. The purpose of the methodology is to find the
point of performance, understood as the demand for displacement of a structure when submit-
ted to a seismic movement [5].

A curve that relates the basal shear force to the displacement at the top represents the ca-
pacity of a structure and is generally obtained by a non-linear static analysis, also known as
pushover. The cyclical tests carried out on the quincha specimens allow the actual capacity of
the panels to be obtained through an envelope from the hysteretic curves, so it is no longer
necessary to perform the non-linear static analysis. These envelopes are presented in Figure 6
for all of MA and MB panels.

The CSM demands values of elastic and hysteretic damping obtained from the structure’s
capacity, so it can take into account the inelastic characteristics of the structure when capacity
demands are beyond the elastic range [6]. This is accomplished through damping values
known as elastic or viscous damping - inherent to the system - and hysteretic damping, related
to the area under the hysteresis loop. These values allow obtaining factors that reduce the
seismic demand spectrum, considered as elastic and for a 5% damping, in order to represent
an inelastic demand.

Concerning the seismic demand, Peruvian Seismic Code E.030 was used to build the spec-
tra [7] with maximum horizontal acceleration on the ground of 0.25g, 0.4g and 0.5g. These
values correspond to earthquakes cataloged as occasional, rare and very rare. Figure 7 shows
spectra demand in a format spectral acceleration vs. period.

423



Daniel E. Torrealva, Roberto M. Silva

MA ENVELOPE CURVES MB ENVELOPE CURVES
15 15
P
10 41 10 =
| -=[ -*% 2 T 0 I
_ =5 jé—/;A / = g\"ﬂ"’
j _ - e
5 {2 5
- ¥
-
- i s
§ 0 ! x 0 i
> MA1 >
— & - MA2 MB1
= — % = MA3 — 5 — & —MB2
ST AR I / — % —ME3
;’,B _"i\ + i‘ — 4+ —MB4
a [ oA
10 — -10 = — 8 — MBS ——
N, -7
-15 15 T |
-150 -100 -50 0 50 100 150 200 250 300 350 -150 -100 -50 0 50 100 150 200 250 300 350
D(mm) D(mm)

Figure 6: Envelope curves from quincha specimens
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Figure 7: Peruvian Seismic Code demand spectra

After performing capacity based performance evaluation in the quincha panels, a compari-
son was made between behavior observed and recorded during the tests and the results ob-
tained through the capacity spectrum method. This comparison will allow predicting physical
behavior in the quincha wall when subjected to seismic demand.

The performance graphs of the specimens MA6 and MB6 are shown in Figure 8 and Fig-
ure 9, where it is possible to observe the performance point of the walls for each level of
earthquake among the photographic records obtained during the tests.
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3 EXPERIMENTAL TESTING OF ORIGINAL QUINCHA PANEL

3.1 Original Specimen

A final test was conducted on a wall directly extracted from the second story of Hotel
Comercio. The panel was 4.72 m high, 2.72 m wide and 20 cm thick. Since the panel be-
longed to the second story of the building, its structural system possessed the posts, beams
and struts representative for a traditional quincha wall.

Initially, the aim was to extract the panel intact for which the mud was removed from the
surface of the wall with the objective of reducing the weight of the structure. Since the panel
was still heavy to handle at such height and given the collapses occurred on this story, disas-
sembling of the panel was the way to proceed.

The process started by pulling off the upper beam enabling the removal of canes and posts
and lastly extracting the sill plate from the wall. All elements were kept separated and regis-
tered so they could be distinguished from each other in the reconstruction process.

For the assembly of the wall, the sill plate and upper beam were identified at first. The up-
per beam had to be replaced for its deplorable condition. Its replacement was taken from the
rubble of the collapsed area at the Hotel Comercio, with characteristics similar to the replaced
element. The main timber frame was assembled from posts and beams through mortise and
tenon joints. Then, canes were placed horizontally through the posts; vertically canes were
also plaited.

Once the assembly was over, the frame was bolted to a wooden beam located at the bottom
of the wall in order to provide stability. Then, two rows of brick and seven rows of adobe
blocks were placed in the bottom of the wall with one-inch thick mud mortar to perform the
union of the bricks. Finally, the surface of the panel was settled by mud and straw in two
stages. The first step placed a thick layer of mud among the canes, reaching the bottom of the
posts; while the second, the layer was coated in order to patch the cracks originated by the
contraction of the mud. A layer of plaster was applied on the surface of the wall, with the in-
tention to perceive the cracks during the test and point out these fissures with the help of col-
ored chalks. Figure 10 illustrate the obtainment of the original specimen.

3.2 Testing procedures

The original quincha wall was denoted as MC and alike as MA and MB tests, it was sub-
mitted to four phases; three of them were symmetrical cyclic phases reaching displacements
of 30, 60 and 140 mm. The last phase was performed moving the center of the actuator to
provide more displacement in one direction, reaching 290 mm in a single direction. There was
no vertical load applied to the panel.

3.3 Experimental results

Through the first two phases of the test, the specimen demonstrated cracks in the mud plas-
ter at the surface of the wall. They were more visible in wooden elements; posts, beams, strut
and in places where the horizontal canes were placed. The third phase caused loss of mud
coating in certain areas of the panel and an uprising of 2 cm from the mortise and tenon joint,
among the outermost posts and lower beam. The last phase, enlarged the existing cracks,
clearly displaying the structural system of the panel; greater - but not considerable - mud de-
tachment occurred as well, and a lifting of 7 cm befell in the connection of extreme posts and
lower beam.

A graphic of the hysteretic loops obtained from processing numeric data from the tests is
presented in Figure 11, along with its correspondent envelope.
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Figure 10: Extraction of original quincha panel. a) original location of the specimen: second story of Hotel
Comercio; b) disassembling process began by extracting upper beam; c¢) assembled timber frame from original
panel
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Figure 11: Hysteretic curves from MC and the envelope obtained
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Figure 12: Performance graph for MC panel for Occasional, Rare and Very rare earthquakes

3.4 Capacity based assessment

The capacity spectrum method was applied as well in the original wall to analyse its per-
formance against seismic loadings. The results show the wall possesses the capacity of dis-
placement to cope with occasional, rare and very rare earthquakes in the range of non-linear
behaviour.

Figure 12 shows the original quincha panel - MC - would demand, for an occasional earth-
quake, a displacement capacity similar to the displacements applied in Phase 2. Regarding
rare and very rare earthquakes, the required displacement is lower than the assigned for Stage
3 of the cyclic tests.

There was no damage of the structural elements throughout all phases of the test, nor con-
siderable detachment of the covering, as seen in the photographic record of Figure 12. The
actuator’s capacity for displacement is not enough to generate collapse in the original wall.

4 COMPARISON OF RESULTS

Results were compared among those walls that presented similar conditions during their
tests. Panels MAL and MB1 were chosen to compare with MC since they were tested under
no vertical load.

Since the panels had different dimensions, the curves were plotted using lateral force per
unit width against the angular distortion. Figure 13 shows capacity from panels MA, MB and
MC, where the higher lateral force capacity is achieved by the wall with the timber diagonal.
Panels MA and MC possess similar structural typology therefore their capacity is similar, alt-
hough MC has a slightly higher capacity.
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Figure 13: Capacity from MA, MB and MC panels

Envelopes from MA and MB specimens displayed in Figure 6 provide important infor-
mation regarding the behaviour of quincha panels for both typologies tested. MA panels show
similar resistance to lateral loads despite the vertical load applied while tested, reaching a
maximum lateral force of 10.6kN achieved by MAS5 wall. Initial lateral stiffness is also simi-
lar in all of the walls, obtaining an average in both directions of analysis of 0.17kN/mm for
panels with no vertical load, 0.14kN/mm for external walls and 0.17kN/mm for internal walls.
Concerning MB specimens, the behaviour is similar while analyzed in elastic range; however,
there is a marked difference between the capacities of the walls depending on the type of ver-
tical load applied. The lower resistance was observed in the walls that carried the greater ver-
tical load (internal walls), while the walls with no vertical load applied, achieved the highest
resistance. This difference is not clearly visible in the negative direction of displacement test-
ed. For a 150 mm displacement, the maximum lateral force reaches a value of 10.84kN, while
for a 300 mm displacement, the lateral force achieved is 9kN. Lateral stiffness is very similar
in the positive direction of displacement of the test, while on the negative side that statement
does not occur. Internal panels have an average stiffness of 0.42kN/mm in both directions of
analysis, 0.36kN/mm is the stiffness for external walls, while 0.33kN/mm for panels with no
vertical loads.

Figures 8, 9 and 12 show the results relative to the capacity based assessment performed in
the panels. The three panels show enough displacement capacity to cope with occasional and
rare earthquakes in the non-linear range. In the case of the MAG6 wall, cyclic displacement
tests do not offer enough information to recognize the performance of this panel against very
rare earthquakes because the maximum displacement of the actuator during the test was not
enough to reach the point of performance; nonetheless, the panel had capacity to endure
higher displacements as it was not near failure. Both the MB6 wall and the MC wall show
enough displacement capacity to deal with very rare earthquakes. MB6 has an approximate
displacement of 130 mm, which is less than the displacement applied during phase 4 of the
cyclic test. Finally, MC panel requests a displacement of approximately 127 mm for the very
rare earthquake, less than the 140 mm of displacement applied during phase 3 of the test.
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5 CONCLUSIONS

From the experimental tests and the assessment performed in the historical panels, it is
concluded that the traditional quincha walls have the necessary displacement capacity to cope
with the demands of the design earthquakes according to the Peruvian seismic- resistant
standards E.030, in the three levels of intensity analyzed. It is worth to remember that the ex-
perimental tests were performed under controlled displacements and none of the panels reach
failure under testing. This indicates that, despite not having obtained a performance point, as
it is the case of the wall MAG, the walls would not collapse for a demand of very rare earth-
quake.

The performance of the walls against the design earthquakes was found within their non-
linear range, meaning that they suffer from damage as reported in the photographic records.
The hysteretic curves obtained from each of the walls show a great capacity to dissipate the
energy that comes from the seismic demands, so the damages are minor and do not seriously
compromise the structural system of the panels.
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Abstract

Last years a number of pools and wineries have been built using timber elements, due to the
good performance of this material in atmospheres with of aggressive chemicals, those are
much more harmful to other structures such as concrete or steel.

However, lately there are appearing degradations by wood destroying fungi or termites in
buildings of this type, several of which have even collapse. The origin of these kinds of degra-
dation was not related to water leaks, but to the condensation of the water vapor over the
steel connections and other construction elements without thermal insulation.

The paper shows three different examples of degradations by decay organisms in timber
structures under conditions of Use Class 2, the sand presents the results of the experimental
study of the reasons that have caused such damages, including the measurements of the in-
door air conditions and other non-destructive tests carried out on each building.
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1. INTRODUCTION

Use Class concept is based on differences in environment exposures that can make the
wood susceptible to biological deterioration. Indoor or covered swimming pools and wineries
are examples of Use Class 2 according to European Standard EN 335: 2013 [1], situations in
which the wood is under risk of occasional wetting and therefore there is a real possibility of
attacks by wood destroying fungi or even termites, depending on the air temperature, relative
humidity (RH), design and maintenance.

In the case of covered pools structures, built in sawn and glued laminated wood fir (Abies
alba) and spruce (Picea abies) during the last years there had been detected a certain number
of constructions in Spain of this kind, that had suffered several wood decay attacks. In some
cases damages were so critical and the safety of the structure was so affected, that closing of
the building was mandatory.

This paper shows three cases of biological deterioration in covered pools built in different
points of the geography of Spain.

The first one was built in the 1980s, but the other two were less than twenty years old.
However, in all cases, first damages had appeared with less than ten years of service life.

As it can be seen, regardless of the region, the warm and humid environment of the indoor
heated swimming pools, combined with an incorrect design of the building so that thermal
bridges were formed in certain areas, were the origin of the degradation of the timber compo-
nents. In these three cases the level of destruction was such that there was no choice but to
replace most of the affected wood elements.

Therefore, the objectives of this paper are to understand the cause of the early severe decay,
so that these types of buildings are properly designed not only by experts in structural wood,
but also by professionals of the air conditioning, in order to guarantee the maximum durabil-
ity for the construction.

2. WOOD SERVICE LIFE

2.1 Durability and treatability of sawn and glued laminated wood

Sawn and glue-lam wood, due to its organic nature, are supposed to be degraded and re-
turned to nature because of the degrading action of biological and/or abiotic agents that direct-
ly or indirectly are involved in its degradation.

Biological agents are composed by living organisms that degrade wood, including moulds,
wood disfiguring fungi, wood destroying fungi, wood destroying insects and marine borers;
and abiotic comprising mainly to atmospheric agents, i.e., the sun and rain, as well as chemi-
cals products.

They are responsible for attacks that cause reductions in the resistance of wood elements
and consequently their physical and mechanical properties that should be taken into consider-
ation when using the wood and its protection.

The action of wood destroying insects is characterized by perforations and tunnels, while
fungi attack produces a variety of defects, including destruction of anatomical elements. Abi-
otic agents themselves do not cause serious damage.

However unsuitable environmental conditions, particularly high temperature and humidity
of the inner air, allow biological agents attacks and affect the final service life of certain in-
door timber constructions. In addition, the indirect action of water on structural elements (wa-
ter from condensation), leads to the appearance of fungal decay. So that means that good
indoor conditions and correct thermal insulating (in order to avoid thermal bridges), are a key
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element to consider on the construction and design of covered swimming pools, wineries and
other buildings with similar environmental conditions.

The natural durability of wood species is defined as the inherent resistance to attack by
wood destroying organisms, while the treatability is the ability which a liquid penetrates in-
side the material.

In terms of biological susceptibility, fir and spruce are classified as not durable heartwood
(durability class 3-4 with regard to fungal decay as reported in the European Standard EN
350:2016 [2]) which means that their longevity without any preservative treatment for out-
door purposes, may be limited.

However, when we talk about covered constructions, the choice of wood species with good
natural durability is not a priority to be considered. And the same happens with the implemen-
tation of a preventive preservation treatment.

Unfortunately, in terms of treatability, fir and spruce are classified as very difficult wood
species to treat (treatability class 3 with regard to classification in the European Standard EN
350[2]), which means that their longevity without any preservative treatment for environmen-
tal conditions where the development of wood destroying fungi is possible, should be limited.

2.2 Indoor air conditions and thermal insulation

High temperatures and RH, make possible the formation of interior condensations that al-
low the development of fungi decay of wood used in covered pools structures.

Despite the great variations among geographical locations, the consideration of correct in-
door climatic conditions inside this kind of buildings and their insulation are a key step in the
service life of the structure. That means that the risk for wood components in this type of
pools to be moistened due to condensation water depends on local climatic conditions.

In Spain, with the exception of most of the Canary Islands and certain areas of the south of
the peninsula, in any construction of the rest of the country there can be indoor condensations
in covered swimming pools.

Moreover, all the wood decay organisms are present in Spain, including fungi, insects and
marine borers. It has been precisely this diversity of wood species, constructive designs and
construction procedures, combined with similar hygrothermal parameters of the inner air in-
side covered pools, which has led to the emergence of associated pathological processes of
decay fungi and insects attacks.

Therefore, the most important parameters to evaluate are the accuracy of projects details
related to thermal bridges and the correct renovation of the indoor air.

2.3 Design of the enclosure and joints

Another very important item to ensure service life and the good performance of timber
structures exposed to Use Class 2 is the design of the building enclosure. This factor includes
design details related to breaking thermal bridging, cross sectional area of the thermal bridge,
condensation control, etc.; and above all, the choice of materials with low thermal conductivi-
ty, specially through the outer insulation layer.

Regarding covered pools, one problem focuses precisely in the retention of the condensa-
tion water. This pathological process occurs in the joints between wood elements and other
water trapping points, due to the incorrect design details. In those parts where water is re-
tained, rots, fungi fruiting bodies and serious damages are frequently observed. The problem
is especially severe in parts with more unfavorable situation (water traps located in poorly vis-
ible or inaccessible zones), with rot damages to the point that sometimes have come to com-
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pletely degrade all the pieces by wood destroying fungi, which directly affects the structural
safety of the structure.

Because all these questions it is really important to design the connections between the dif-
ferent construction elements on the purpose to avoid the retention of water, and ensure venti-
lation and rapid evacuation of water. This matter should be especially taking into account in
the main structural components and joints, in order to avoid the water traps. The examples
that will be shown below perfectly serve to understand the relevance of this issue.

2.4 Standards

The European Standard EN 350:2016 [2] provides information on the natural durability of
wood species of importance in Europe. The European Standard EN 335: 2013 [1] defines the
use classes, and also provides information on biological agents susceptible to attack the wood.
The European Standard EN 460:1995 [4] indicates the requirements for wood to be used in
use classes.

In the case of CTE [3] (Technical Building Code), the basic document of Wood Structural
Safety of Spanish Building Technical Code (CTE-SE-M), in paragraph 3: "Durability”, re-
flects the different use classes for wood elements that are part of the structure of a building;
and also can be applied to timber bridges.

3. DECAY IN TIMBER STRUCTURES OF COVERED POOLS: CASES OF
STUDY

Three different structures, corresponding to as many covered swimming pools, constructed
with timber elements and located in three Spanish regions, have been surveyed: two of them
are located in the north of the country (Galicia and Cantabria — Figures 1 and 2), and the third
one in the interior (Burgos).

Figures 1 and 2: timber structures of the pools located in northern Spain

In these three particular cases, all these buildings were built between eighties and nineties,
used fir and spruce wood structures (solid and glue-lam main beams), and early decay prob-
lems due to wood destroying fungi began after only less than ten years of service life.

Damages appeared in all their timber elements, including the main structural pieces, and
they were always similar, regardless of the location of the building: severe loss of resistant
section in the main beams (Figure 3), that had caused the collapse of some of them (Figure 4).
It was also possible to observe rots, which were most noticeable in connections and joints be-
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tween main and secondary beams (water trapping — Figures 5 and 6). Fungal mycelium was
even visible on the surface of different wood elements (Figures 7 and 8).

Figures 5 and 6: important fungal decay in the water traps (swimming pool in Galicia)
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(72,

Figures 7 and 8: important fungal decay in the water traps (swimming pool in Burgos)

In addition, there was also significant local crushing of the heads in some beams, which
showed that there were serious damage caused by rotting fungi (Figures 9 and 10).

|11

Figures 9 and 10: local crushing in the heads of main beams (swimming pool in Burgos)

During these inspections it was found that in addition to the water traps, the presence of
moisture spots in different areas was also observed, coinciding in many occasions with the
joints between enclosure panels (Figures 11 and 12). However, in none of these cases were
detected degradations by fungi, no doubt because at these points there were no joints that fa-
vored water retention.
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Figures 11 and 12: water spots in different timber elements and absence of damages
(Swimming pools in Burgos and Galicia, respectively)

Finally, moisture content of all these elements was measured using both resistance and ca-
pacitance devices. Values above 30% where always detected near the metal joints (Figure 13).
In cases where there were doubts about the level of damage, a resistograph instrument was
used to analyze the extent of the fungal decay (Figure 14 and 15).

i‘n
]
i

Figures 13 and 14: measuring the moisture content and resistograph device (swimming pool in Galicia).

» S L

Figure 15: information about the decay of the timber beam near the joint (swimming pool in Galicia).

Therefore the degree of damage to the timber elements on these buildings was directly re-
lated to the design details and connections (thermal bridges and water traps), the humidity of
the inner air, the wood species used in their structure, the impossibility of applying preventive
preservative treatment, and the climatic conditions of middle and northern areas of Spain.
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At the end, the situations of these three installations presented so severe wood decay at-
tacks and were so critical, that the closing of them due to several structural damages was
mandatory.

So the influence of the lack of maintenance should always be considered, otherwise it
would have allowed to stop the deterioration of the structures, avoiding the replacement of the
pieces.

4. ON SITE SURVEY

After analyzing the damage level of the structures, the immediate corrective measures were
considered in order to allow keeping the swimming pools in use.

Subsequently, surface thermometers were placed at certain points in two of these buildings
(pools in Galicia and Burgos), in order to check if there were indeed condensations on several
points of the enclosure panels. The choice of these points was determined precisely from the
visible water spots on some wooden beams (see Figures 11 and 12 above).

The equipment remained in operation over a period of time ranging from four and five
months, depending on the building.

These data, together with the humidity and temperature registers of each installation, al-
lowed studying the possibility of condensation humidity occurring on certain points of the en-
closure. And that was precisely why water would appear on several joints and connections.

The graphs below show (Figures 16 and 17) the results obtained in the pools of Galicia and
Burgos, respectively. As can be seen, condensations occur continuously and consistently over
all months, including the warmest ones. So in this type of installations, the control of the inte-
rior environmental humidity and the design of the enclosure to avoid the thermal bridges, are
decisive factors to guarantee the durability of the structure.
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Figure 16: on site survey results (swimming pool in Galicia)
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Figure 17: on site survey results (swimming pool in Burgos)

5. CONCLUSIONS

Currently in Spain serious structural damages are being detected in several covered pools
built during the 80-90s with wooden structure. In most cases, the problems are due to fungal
decay and are located in the joints between beams.

The origin of these damages is related to the retention of the water from the condensation,
on the steel connections of the mentioned unions. This means that these are a really Use Class
3 situation, instead of a 2. In contrast, other areas where there was ventilation, only aesthetics
or disfiguring stains and muds have been observed, but no decay or loss of mass.

In addition, in the three cases analyzed, the species used had been fir and spruce, which
further aggravated the situation, due to its low durability and difficult treatment. Both have a
low natural durability according to the standard EN 350:2016 [2], so these wood species are
not proper in use classes related to high moisture content, due they are not durable and it
should be necessary to apply a protective preservative product, according to EN 460:1995.

And in terms of treatability, fir and spruce are classified as very difficult wood species to
treat (treatability class 3 with regard to classification in the European Standard EN 350:2016
[2]). Currently the CTE[3] does not allow to use a non impregnable wood specie above use
class 3.1.

Therefore, with regard to wood structures used in covered swimming pools, and in general
for buildings exposed to a Class of Use 2, it is recommended:

o Carefully analyze and solve properly the possible thermal bridges that exist in the enve-
lope of the building.

e Check the indoor humidity.

¢ Design joints and connections, avoiding water traps. All the variables that can affect an
increase in moisture content of the structural component have to be considered to prevent
fungal decay and help to achieve the desirable service life of these interior structures in
these geographical locations. The design of details is crucial for the durability of covered
swimming pools. In case of doubt, provide joints with drainage holes or construction de-
tails that have the same effect, similar to those defined for EN 1SO 12944 - 3[5] steel
structures.

439



A. Lozano, D. Lorenzo, M. Alonso and J. Benito

e In certain cases, design the structures so that the sawn and glue-lam wood would be pla-
ced in use class 3. Perhaps should be interesting to consider the using of wood species
with enough natural durability; or likely to improve with the application of preventive
preservative treatments, in order to increase their natural durability.

¢ This consideration should be absolutely necessary in covered swimming pools with low
efficiency air renovation systems.
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Abstract

The examination, research and evaluation of historical trusses in Pag, Croatia was implemented
in 2016. In this assessment project, vernicular roof structure of salt magazines was evaluated.
Magazines were built between 17" and mid 19" century. The hanging truss is composed of two
rafters and tie beam with central post and two diagonal members. The main purpose of the as-
sessment was to examine the impact of aging and salt on wooden construction elements in order
to restore and reinforce the existing structure. As assessment tools, visual examination, sampling
and laboratory testing were performed. Laboratory tests included examination of the physical
properties of withdrawn samples: density, growth-ring width, proportion of latewood, determina-
tion of timber strength class, determination of moisture content, and biological soundness as-
sessment of samples using “screening-test” for fungal infestation or colonisation.

As a result of visual examination, various deficiencies were determined: missing central posts of
the hanging trusses followed by substantial deformations, moisture content of wooden members,
metal connections yielding and metal connectors’ corrosion. Salt induced severe surface degra-
dation of timber beams. According to the tradition of building with wood at that time in the
region of island of Pag and according to the macroscopic properties of taken specimens, wooden
constructions were built of Scots pine (Pinus sylvestris) and black pine (Pinus nigra) with
strength class of C50.

With completed research results and visual examination outcomes, a thorough plan for future
designing activities for reinforcement and restoration is given. Reinforcement techniques and
tools are adjusted according to damage grading and possibilities of restoration. Strengthening of
existing roof members, metal connections replacements and full or partial replacements of
wooden hanging truss members have been proposed.
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1 INTRODUCTION

Salt magazines in Pag is a nine-unit warehouse complex linked together with roof passages
(Fig. 1 and 5). Magazines were built from 17" to 19" century. Three central magazines were
built under Republic of Venice around year 1632. Pag salt pans were the largest salt producer
in Republic of Venice. Rest of the complex was built during Austro-Hungarian Empire
around the year 1845 [1]. Salt from nearby salt pans was stored in these magazines until the
second half of 20" century. It was assumed that the lack of storage space forced workers to
overfill the existing magazines and partially cover the trusses with salt. Three western maga-
zine units were assessed. Length of each magazine unit is around 41.0 m with various widths
of 10.4 — 11.7 m. Structurally, magazines consist of stone perimeter walls with thickness of
125 — 200 cm and timber roof trusses.

Figure 1: Salt magazines, Pag (left photo taken in 2016, right photo taken in 1923)

2 STRUCTURAL CONCEPT

The roof structure of existing magazines was assessed and examined. It is a typical hang-
ing truss with 1.3 — 1.6 m spacing between the trusses. Clear span of roof structure is 10.4 —
11.7 m. Height of the truss at ridge is 3.45 m. Hanging truss consists of rafters, tie beam, cen-
tral post and two diagonal struts supporting the rafters at 2/3 length (Fig. 2, 3 and 4). Joints
were designed as traditional carpentry joints. Hanging central post and tie beam were joined
together with an iron stirrup (tension connector). Trusses are supported on continuous timber
wall beams around the perimeter of each magazine. Cross-sections of truss members are
32x32 cm and 34x34 cm and therefore represent unusually large dimensions for solid wood
cross-sections even for historic structures. At the time of assessment, the sheeting were asbes-
tos-cement boards [2].

o ~—
11 \timber wall beam timber wall beam s e i B

Figure 2: Characteristic cross-section of hanging truss
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Figure 3: Magazine 2, inside view

3 ASSESSMENT AND CONDITION OF THE STRUCTURE

Inspection consisted of: the survey of existing structure (geometry, member sizes, joints,
connectors, supports); detailed visual inspection (condition of members, joints, supports); la-
boratory testing and analysis; drawings of existing structure with damage review on roof
structure; characteristic truss load-bearing/structural analysis with new load cases; repair and
restoration instructions [2].

Timber sampling has been done on the site and testing was performed in certified laborato-
ry [3]. Samples were taken from rafters and tie beams in magazines 1 and 3.

Observed structural deficiencies:

- surface damage of timber trusses due to salt contact;

- removed central post (magazines 2 and 3);

- heavily damaged iron connectors;

- missing members (tie beam, rafter, diagonal strut);

- excessive deflection of tie beam (removed central post);
- inadequate additional strengthening members.

Sea salt is known to have antiseptic action, therefore the presence of salt would contribute
to the biological conservation of wood. On the other hand, sea salt has an enhanced hydrolytic
action and contributes to mechanical disintegration of wood (through increased abrasion and
crystal formation within the wood structure). Moisture content of wood in salt contact is ele-
vated in comparison to normal climatic conditions since the aqueous NaCl solution maintains
the level of relative air humidity of 85 %, which would cause the equilibrium moisture con-
tent of wood to rise to 17 — 18 %. Accordingly, the mechanical properties of moist wood are
somewhat lowered and creep would be enhanced. Additionally, salt causes the corrosion of
metals, which presents a crucial risk in maintaining the proper condition of iron or steel con-
nectors.
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Figure 4: Heavily damaged (broken) iron connector due to corrosion (red arrows)

Overall condition of existing timber structures has been evaluated as poor, but with several
applicable restoration options. Specified series of defects and deficiencies are significant in
terms of importance for function of the structural systems. Most important deficiencies were
found to be missing elements, mostly central posts and diagonal struts. These deficiencies
caused major irreversible deformations and deflections of the hanging trusses.

Majority of samples were taken from the third magazine. Sample positions can be seen in
Fig. 5 along with the local position in the trusses in Fig. 7, rafter or tie beam. Samples taken
from tie beam suffered significantly deeper damage caused by salt than samples taken from
rafters. Also, the third magazine suffered more damage than the first and the second magazine.
Damaged sheeting or partly removed sheeting on the third magazine roof was the main reason
for substantially worse condition of third magazine roof structure. Timber wall beams were
not accessible for sampling, but visual inspection proved the suspected poor condition. Tim-
ber wall beams weren’t isolated from stone wall contact and were severely decayed due to the
lack of hydroisolation. It was assumed that moisture content is higher than in the rest of the
roof elements. Signs of decay were detected mainly at the positions where timber wall beams
supports tie beams. Central posts were removed in places during the installation of transporta-
tion lanes that were installed in the middle of the truss (magazine 3). That action altered the
structural system and caused excessive deflection of the tie beam of the truss. Tie beam was
thus transformed into a simple end-supported beam with insufficient cross-section to support
the loads at the span of the given length. Tie beams deflections in magazines 1 and 2 are a
consequence of iron connector breaking due to the action of moisture and salt (Fig. 4), which
fastened corrosion and degradation process. As confirmed in samples testing, salt influence on
timber beams, mostly tie beams, caused only surface damage down to 30 mm of depth (Fig.
6). The inner part of cross section remained sound and dry. Majority of damaged timber ele-
ments can be restored or replaced, but certain amount of heavily damaged ones have to be re-
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moved and replaced with new ones and properly hydroisolated from the stone wall contact.
The exception is the third Magazine, which has to be fully replaced with new timber roof, due
to lack of roof sheeting for last several years. Salt damage on the surface of timber beams can
be removed down to sound inner part of cross section (Fig. 6).

SAMPLE DP1/ magazine 3/ tie beam
SAMPLE DP2 / magazine 3/ tie beam
SAMPLE GP3/ magazine 3/ rafter
SAMPLE DP4 / magazine 3/ tie beam
SAMPLE DP5/ magazine 3/ tie beam
SAMPLE DP6 / magazine 1/ tie beam
SAMPLE DP7 / magazine 1/ tie beam

cD

Figure 5:
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Figure 6: Salt induced damage on cross-section (left) and surface view (right)

4 RESULTS OF LABORATORY TESTING

For laboratory testing, cylindrical samples were drilled down to a depth of 60 mm in dif-
ferent beams in different magazines as presented in the figures 5 and 7. Laboratory tests in-
cluded examination of the physical properties of taken samples: determination of moisture
content, density, growth-rings width, proportion of latewood, determination of timber strength
class. Examination of all physical properties of wood and the determination of wood strength
class were made in accordance with the relevant EN standards.
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SAMPLE DP2/ magazine 3/ tie beam
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SAMPLE DP1/ magazine 3/ tie beam
SAMPLE DP6 / magazine 1/ tie beam
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Figure 7: Characteristic cross-section of truss element with sampling positions

According to the determined macroscopic properties of taken specimens and tradition of
building with wood at that time in the region of island of Pag, wooden constructions were
built of Scots pine (Pinus sylvestris) and black pine (Pinus nigra) with determined strength
class of C50 (according to EN 338; Fig 8, Tab.1).

Figure 8: Cross section of the sample DP 7 (magnification 10 x). Macroscopic anatomical features determine
wood as Pine, most probably black pine (Pinus nigra) [3]

Health assessment of taken samples was determined using “screening-test” for biological
infestation. Tiny pieces of wood were inoculated on sterile nutrient medium in petri dishes
(Fig. 9A). After 2 weeks of incubation, petri dishes were visually inspected for contamination
and evaluated using light microscopy (Fig 9).

On one hand, mostly brown and greenish-brown powdery mycelia developed in nutrient
medium in the petri dishes and the lack of “clamp-connections” between the fungal hyphae
lead to the conclusion that taken wood specimens were infected mainly by mold fungi (Fig. 9).
On the other hand, mucous cultures developed in nutrient medium reveal bacterial contamina-
tion of the specimens which could be from the sea water or contaminated during sampling
(Tab. 1). Results of the “screening test” revealed no infection of wood by wood decaying fun-
gi. This biological infestation testing also proved that “screening test” is a good, simple and
reliable method for testing of microbiological contamination of wood.
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Figure 9: Health inspection of wooden beams: A) Chips of wood inoculated on sterile nutrient medium in
petri dish (top and bottom chips taken from the surface, left and right chips taken from the 60 mm depth of the
wooden beam; B) Light microscopy inspection revealed lacking of “clamp-connections” between fungal hyphae

The data of laboratory testing results at measuring positions are presented in the table 1.

Table 1: Surface appearance, health of wood and physical properties of wooden elements in each position of
sample withdrawal [2, 3]

Moisture Densit Strength
Incubated microorganisms cultures | content [ g/mig’] class
%] |P (EN 338)

Wooden beam

Position
surface

A 11,93 503 C50

- low powdery mycelia development
- no sign of decay fungi
- no biological contamination

¥
k4
) 1484 | 509 | C50

- salt degradation 25
mm

Je'gfadation 20
mm

salt -
-low bacterial culture development

-

-

1 12,69 524 C50

- salt degradation 10 —
15 mm

¥

Wi

-low bacterial culture development

'

i -

DP4 ¥ ‘ - - -
B v

- low bacterial culture development

-salt egradation 25—
30 mm
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DP5 ) 14,36 486 C50

-no biological contamination

\

DP6 13,26 578 C50

A

- salt degradation 15

-no biological contamination
mm

.-
l

DP7 - 12,51 623 C50
-surface powdery mycelia develop-

ment
- no sign of decay fungi
- no biological contamination in the
middle of the beam

-salt degradation 5-10
mm

5 STRUCTURAL ANALYSIS

Structural analysis has been performed on existing hanging truss model with reduced
cross-sections to dimensions of remaining sound wood central portions, using finite element
analysis software “Radimpex Tower 7.0”. Reduced cross-sections have been analyzed due to
removal of salt damaged surfaces (overall depth of 25 mm; Fig. 10). According to EN 1995-1-
1 and EN 1991-1 with Croatian nationally determined parameters of wind and snow loading,
analysis has shown sufficient retention in load bearing capacity (Fig. 11).

Greda
1. b/d=29/29
R. b/d=27/271

Figure 10: Isometric presentation of structural model
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Load: dead + snow + wind

Isometric (Front)
Deformed model

Figure 11: Deformed shape of structural model

6 REPAIR AND REHABILITATION

After investigation process, the following restoration measures have been recommended:
Magazines 1 and 2:

a) Interior scaffolding mounting with temporary support for the roof structure
(alternatively, trusses can be placed on floor and after repair process, mounted
back).

b) Existing roof sheeting removal.

c) Temporary roof structure installation above existing one.

d) Deconstruction of stone walls above and around timber wall beams.

e) Removal of existing timber wall beams and implementation of new ones, includ-
ing waterproofing foil insulation.

f) Repair and restoration of existing timber elements (rafters and tie beams, struts,
posts) — around 50 %. Repair includes mechanical removal of outer damaged lay-
ers with hand tools (scrapers, steel brushes, planning tools). Repair or replacement
of iron connectors. New elements must be jointed together exactly like original
ones, using traditional carpentry techniques.

g) Installation of missing elements (rafters and tie beams, struts, posts, iron connect-
ors) —around 30 %.

h) Installation of roof sheeting supporting grid.

i) Finishing work of timber elements — biocidal impregnation and decorative coating.

j) Roof sheeting installation.

k) Temporary roof structure removal.

Magazine 3:

Due to heavy damage on timber elements, there was no possibility for repair. Timber
structure as a whole must be replaced with the new one.

7  CONCLUSIONS

Existing timber roof structure on salt magazines in Pag (Croatia) was assessed. After field
survey with timber sampling, laboratory testing has been carried out along with preliminary
structural analysis of the main hanging truss. Overall condition of existing timber structures
has been evaluated as poor. Main deficiencies are missing or damaged timber elements made
during numerous historic interventions on the structure and salt induced damage on iron con-
nectors and tie beams. In conclusion, repairing and restoration measures have been recom-
mended for magazines 1 and 2, with the exception for magazine 3 which roof must be
completely replaced with new one.
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Abstract

A procedure for the assessment of the seismic vulnerability of timber roof structures previously
proposed by the authors is divided into two steps: the first consists in acquiring knowledge of the
structure by means of a visual inspection focusing on aspects related to seismic behaviour, while
the second elaborates these data to express the vulnerability level of the structural system.

Reference is made to a series of structural characteristics and details that may be considered
as vulnerability indicators, among which are the structural typology, the quality of carpentry
joints, and the effectiveness of restraints. The original implementation of the procedure made use
of paper forms, or templates, for the phase of data collection. The template permits to organize
data in a format suitable for use in the vulnerability assessment step, but is also useful as a guide
for performing the survey according to predefined and standardized criteria. The survey site
conditions, however, are often unfavorable, due to the location of roof structures that may be
difficult to reach, with poor environmental and operative conditions, limited access possibly
lacking a planking level, dust and subdued light. Paper forms, even if resilient, are often
cumbersome to bring along and fill.

The development of new digital technologies, like easily portable computers of small weight and
limited dimensions and tablets, has suggested developing a revised digital version of the
procedure. The design and implementation of a software tool guiding the survey and recording
the observed data into a database has brought to update and improve the original procedure,
taking advantage of the possibilities offered by a software support that combines programming
language and graphics with great flexibility. The newly developed features of the current
prototype system are presented and discussed by means of examples for typical roof structures of
the Italian constructional tradition.
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1 INTRODUCTION

The many earthquakes that struck Italy in the last decades, from the 1970°s up to the most
recent one of Central Italy 2016-2017, have shown that the response for traditional masonry
buildings is significantly influenced by the behavior of the timber roof structure. The frequent
cases of damage related to failure of the roof system or to its interaction with the walls has
been counter-balanced by other more positive situations. These corresponded to well-
organized and interconnected roof trusses, sometimes strengthened with light interventions,
that neither disassembled nor collapsed, but rather kept well-connected with walls, contrib-
uting to link them and create a collaborative behavior in the whole building, which is most
times the discriminating factor in the final outcome.

This consideration has inspired a research project devoted to timber roof structures under
seismic action [1, 2]. The major aim was at investigating the causes and the conditions that
would result in seismic vulnerability of the timber roof structure. A parallel objective was to
identify simple but effective improvement interventions that could reduce a high vulnerability
level [3]

More in general, the work was expected to put into evidence the specific issue of the re-
sponse of roof structures to seismic action. This action, being of dynamic type and usually
with a dominating horizontal component, differs radically from the vertical loads for which
roof structures were traditionally conceived. In this situation, the vulnerability assessment of
timber roof structures must associate an exam of the features typically related to this material
with those pertinent to the problem of seismic behavior with its characteristics, demands, and
methods. The main result of this project has been the proposal of a procedure for assessing the
seismic vulnerability of timber roof structures.

As a premise, it must be remarked that the seismic vulnerability of a structure, intended as
its more or less pronounced tendency to undergo damage or failure in an earthquake, may be
expressed at different levels of detail. It may be a rapid single rating based on a very synthetic
visual inspection of some particular elements, to be used for pointing out emergency situa-
tions. Priority interventions may be decided examining different structures on a comparative
basis, as in the case of a territorial survey. Otherwise, vulnerability may concern a more de-
tailed exam of the structure, aimed at a more specific definition of possible criticalities with
respect to a dynamic action; the exam of the structure carried out at this level is not yet the
assessment that is necessary for design purposes if interventions have to be performed, but is
at a time sufficiently detailed to address decisions, and sufficiently synthetic to be performed
in a limited amount of time. The latter approach has been followed within this research.

The procedure proposed comprises a first step in which a visual inspection of the structure
is performed in order to acquire knowledge on its state and collect data to be used subsequent-
ly for the actual seismic assessment. The second step consists in analyzing a series of charac-
teristics of the structural system that have been recognized as significant indicators of its
capability of seismic response. Each of the indicators, summarized in the following section, is
based on the data and information collected in the first step, which is crucial for an effective
assessment.

The visual inspection and data collection phase, which is the center of the present work,
has been initially carried out by filling an ad-hoc form that lists all the items to be examined
and checked during the process in an organized way.

Visual inspection performed with the basis of a structured form has been used since many
years for seismic vulnerability assessment campaigns in various countries, and in Italy in par-
ticular. These were related to different kinds of buildings and structures, but did not concern
timber. The experience derived from these operations has shown the importance of a well-
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defined form for an accurate and efficient data collection. The form structure actually guides
the surveyor performing the visual analysis, driving to examine with special attention the
items that are most critical or most useful for the specific purpose.

In vulnerability assessment applications, so far a printed paper form has generally been
used. Some exceptions are starting to arise, like the vulnerability assessment forms alterna-
tively proposed by FEMA as a digital tool [4]. These are, however, intended for a risk esti-
mate crossing vulnerability assessment from the building survey and the local hazard level;
the digitized procedure therefore includes a rapid survey and a numerical elaboration of the
risk, for which a software program is particularly suited.

The very fast development of digital technologies that now propose highly robust and port-
able hardware, and on the other side the difficulties encountered in many on-site applications
of the survey form in its original paper format have brought to design and implement a new
digital version of the form. The possibilities offered by a software approach may solve many
of the problems met. At the same time, the resulting enhanced flexibility has permitted to re-
define and improve some aspects of the procedure. These aspects are presented and discussed
in the following.

2 SEISMIC VULNERABILITY ASSESSMENT FOR TIMBER ROOFS

The level of vulnerability of the roof structure is assessed in the second step of the proce-
dure, after visual inspection [5]. The different structural characteristics and conditions that
have been considered most significant for their effect on the seismic response are grouped in-
to the following general indicators; each of them may be further detailed and subdivided
pointing out different issues to be considered,

1. The conceptual design: this is the first indicator to be considered; most roof structures,
in fact, have been conceived with a load carrying function towards vertical loads; the capabil-
ity to balance horizontal forces like earthquake-induced inertia forces may have not been con-
sidered in the original design, or may be possible but limited altogether; it depends on the
structural concept adopted; the first vulnerability indicator concerns, therefore, the structural
typology [6].

2. The carpentry joints: the type, details, and conditions of carpentry joints are an im-
portant factor in determining the vulnerability of the roof structure; the capability of the joints
to hold the connection during cyclic conditions that may reduce compression in the timber
elements, and their expected post-elastic behavior must be examined, with the purpose to
identify possible failure modes, ending in disassembly or brittle failure.

3. The system of constraints: the types and conditions of the connection of the timber
structure to the walls may be considered a major vulnerability indicator; it deals with the ef-
fectiveness of the connection in preventing sliding off and loss of support; this kind of failure
often triggers progressive failure of the whole building system;

4. The state of the structure: any condition specifically related to the state of the structure
that may affect vulnerability is considered here, including the maintenance and conservation
state, but also the presence and quality of previously performed strengthening interventions.

The indicators are graded according to a scale that ranges from A to D through B and C.
The value A corresponds to the minimum vulnerability of a structure that was designed, exe-
cuted and maintained according to best practice and incorporates all the positive features in
favor of seismic safety, comparable to a new code-designed structure. D is the highest vulner-
ability level, representing a structure with serious deficiencies that should be promptly reme-
diated by suitable interventions, B and C representing intermediate levels.
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Support for grading is given in various forms: for some indicators, reference tables have
been developed based on experimental or numerical analysis results, or both, for the most
frequent situations; others may be judged referring to the same fundamental concepts; for
some other indicators, less developed at the moment, results from case studies are reported as
examples. The roof structure typology that is most frequent in Italy is composed of a series of
trusses interconnected by ridge beam and purlins, or additionally by diagonal struts and brac-
ing elements. The procedure is particularly tailored on these cases.

The purpose of the first step, the visual inspection, is to obtain the information and data
necessary to elaborate the indicators, according to the list above. Some considerations stem
from this fact,

1. The inspection considers with particular care some features of the structural system
and may simplify others that are usually requiring much attention in the general assessment
of timber structures; for instance, the determination of the wood species affects results in a
very limited manner, while the presence and effectiveness of metal closures of the joints
protecting them from load cycles that may cause a pressure decrease is a priority;

2. Old structures not suitable to balance horizontal loads are not rare; occasional horizon-
tal components are usually absorbed by the actual semirigidity of carpentry joints, or other
sources of resilience; yet, these situations are characterized by high uncertainty of behavior
and are not reliable; they need to be pointed out and corrected as a most important result of
the analysis; other points related to the possibility of the structure to respond to the action
concern, for instance, the size of the cross-sections that must be sufficient to carry an in-
creased stress level in their current state; degradation and decay must be considered here,
being influential on this issue; given the importance of these situations, the layout of the
structure and the relevant data are the first examined and collected.

3 VISUAL SURVEY AND DATA ORGANIZATION

The data and observations gathered during the visual survey are written on site in the data
collection form that, consequently guides the inspection. This point is important in order both
to direct the inspection to the main items of interest for the intended purpose, and to some ex-
tent to homogenize the way the survey is carried out over different cases.

The structure of the collection form must be, then, efficient in considering with due care all
the important features and in reducing time and the effort as much as possible.

The survey, and the form, has been conceived with a tree structure, where information is
searched with increasing detail, basically going from a structural level to the element and then
to the joint level.

As a result, a first page gathers general information identifying the building (type, location,
period of construction) and describes its general geometry (dimensions, general layout) and
material (brick, stone masonry, etc.). Much of this is compiled out-of-site, before or after the
survey.

The wood species present in the roof structure are then specified. A simplified estimate is suf-
ficient here. The presence of biotic attack or degradation for mechanical reasons is posted out
at this point for a general view. It will be indicated more specifically in terms of amount and
location at element description time.

The type and state of the connections between the roof structure and the supporting walls
are examined as a third point.
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The next set of data concerns the structural typology, that is, the problem of structural
characterization- A timber structure may be conceived as two-dimensional, or 2D, (e.g. truss-
es interconnected by more or less effective linking elements or substructures) or less frequent-
ly as three-dimensional, 3D. From this alternative, down-branching brings to examine more
details. For a truss system, 2D, the trusses are individually examined in sequence. For each,
the main elements are surveyed, as well as the joints connecting them; down-branching ap-
plies as well to joint description.

Similarly, the members linking the trusses are examined. A sketch to be drawn at the start
permits to identify the location of trusses and other elements by assigning them a number.

Because the visit on site may not be easily repeatable, an estimate of the paper pages to be
brought at roof level is necessary. Following the branches down to joint detail for each truss
may require a considerable amount of forms and their compilation may result tedious, foster-
ing errors. Figure 1 shows part of a page collecting data on structural elements..

The data collection procedure has been applied to several roof structures, with good results
in terms of the objectives, in spite of the inconveniences mentioned above. After a period of
application, its implementation into a software tool seemed to be timely.

18. BIDIMENSIONAL TRUSS (SERIES)
18. STRUCTURAL ELEMENTS |18.1.1 Rafter I r
circular
rectangular
Section other:
Dimension:
Decay:
18.1.2 Parallel rafter | r
circular
rectangular
Section other:
Dimension:
Decay:
18.1.3 Tie beam circular
rectangular
Section other:
Dimension:
Decay:

Figure 1: Excerpt from paper form

4 ADVANCING THE PROCEDURE

The data collection form that guides the vulnerability assessment according to predefined
and standardized criteria was originally on paper for a series of reasons, mostly related to the
survey conditions. These paper forms have been used until recently in case studies and appli-
cations and have been useful in a first period of development also as a tool to test the proce-
dure. Some inconvenience, however, was experienced in their use, especially in the inspection
of large roof structures that required to deal with bulky form packs, a situation aggravated by
the usually inhospitable under-roof environment. The state of survey sites is often unfavorable,
due to the location of roof structures that may be difficult to reach, with poor environmental
and operative conditions, limited access possibly lacking a planking level to walk on, great
quantity of dust, subdued light, usually with no possibility to connect to power outlets. Paper
forms, even if resilient, become often cumbersome to bring along and impractical to fill. At
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the same time, the adverse site conditions had suggested to avoid using and even bringing on
site a normal and usually delicate portable computer.

Highly portable and robust digital tools of small dimensions and weight, with batteries
with long lasting charge have seen a fast development, and are now commonly available. In
general, the possibilities offered by mobile technology have fostered various projects for
computer-based assessment surveys. With reference to timber structures only, the European
Union COST project FP1101 (Forest products) has defined a computer-based data collection
template for the assessment of the conditions of timber structures. A first version was imple-
mented in [7]. A template for damage assessment of timber structures of modern design had
been presented in [8].

The Mondis project [9], based on the use of tablets, aims at implementing a tool for on-site
monitoring of monument damage using mobile devices; it is not, however, intended specifi-
cally for timber structures.

This fast development of new digital technologies has suggested developing a revised digi-
tal version of the visual inspection and data collection step in the vulnerability assessment
procedure [10]. The design and implementation of a software tool recording the observed data
into a database has brought to update and improve the original process, taking advantage of
the possibilities offered by a software support [11] that combines programming language and
graphics with great flexibility.

The new system offers advantages of data digitalization on site and the possibility of a
more efficient management of branching down in the data collection phase. The interface with
the user is by means of menus for the different items to be considered; the chosen option
opens up a new screen with data to be inserted and possibly further branching down. As an
example, fig. 2 reports the first screen with general building information and the pointers to
more detailed information, like “dimensions and geometry” and the like.

™ Building identification - o x
Fide Edn
Building number ;_I | Building name
Building position
city [ District Pastcode

Address

Land registry Picture
Admin, Map ref. Title nr.
area

Seismic data

A! J Il-o L

(s |

Historical data
Construction period

Intended use
() Residential () Industrial (O Commercial (O Agricultural

) Public building ) Other |

Dimensions

: Structure Roof structure
and geometry

Figure 2: Building information screen
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4.1 System implementation

The original data acquisition procedure was organized with a tree-like structure, which is
particularly apt to digitalization, and could be easily implemented. In this modality, however,
the tree structure may be best exploited with many advantages compared to the original ver-
sion. In particular, the possibility of

1) moving swiftly along the tree, following down a branch, but also to climb back easily
for checking or fixing some information;

2) presenting default values, that may be promptly modified if necessary, simplifying and
speeding the process;

3) repeating automatically data for similar elements, intervening only for specific modifi-
cations or additions; for instance, if a series of trusses has the same general characteris-
tics, it is possible to define a master truss for which all the data are put in, and generate
others, modifying what needed; this operation, as the previous points, is possible also
with hard copies, but it becomes extremely time- and paper-consuming; usually paper
forms could report the reference case number and only variations, but each form was
then partially filled and subsequently completed off-site; errors were likely to occur;

4) inserting new typologies, at different levels (structure types, elements, joints...) which
would then appear with the previously defined ones in the menu; this modification of
the system is an addition that does not require its total restructuring; this has been the
case when, after observing many recurrences, the semi-conical roof structure frequently
covering the apse of churches was inserted;

Some other features that are in the development line but are not yet implemented are the
possibility of

5) cross checking of entered information, to sort out possible errors;

6) inserting directly sketches, pictures and photos taken at the moment of the survey, that
IS, on site; now images, as well as comments, documents etc., may be inserted, but usu-
ally this is done after the survey; the possibility of taking pictures and insert them with
the same instrument will be at best with a tablet or smartphone version of the procedure.

The important general advantage is to obtain directly a database containing in an organized
way the data for the case; the database may be accessed by other systems for processing; a
module for the evaluation of the indicators, that is, the second step of the procedure is being
developed.

The application to practical cases has permitted to test the implemented software and to
improve it with some amendments and additions. One of these applications is outlined in the
following section.

5 AN APPLICATION

The roof structure of the church of St. Stephen in Vimercate, Milano, in fig. 3, has been
used as reference case for testing the new data acquisition procedure.
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Figure 3: Views of the church of St. Stephen

Figure 4: View of the roof trusses

The roof covers the central nave of the church and has a typical configuration of 11 parallel
trusses ending in a semi-cylindrical roof over the apse. The trusses are interconnected simply
with purlins and a ridge beam, as in fig. 4. The roof structure is not visible from below, be-
cause it covers a barrel vault that masks it. Not being considered part of the church architec-
ture but only a functional element to support the roof pents, its construction and detailing are
not sophisticated. Roof structures of this type have often been considered an artisan element
of secondary importance, not understanding their role in some conditions like seismic actions.
Figure 5 shows a detail where rudimental manufacturing is evident.
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Figure 5: Detail of the rafter and purlin crossing area

The following figures, 6, 7, and 8, are screenshots from the software system. The first
gathers general data on the structure and shows its sketch, which was inserted off-site.

Figure 7 concerns the first truss, used as master for the others. Some information like the
type of wood remains at this level, others, like the structural elements, branch down. The raft-
er menu describing the left and right rafter is in fig. 8; space for notes and comments is avail-
able, because some observations cannot be condensed in numbers and measures.

™ Roof typology - 0 X

Roof type
O Flat roof O Single pent ® Double pent O Four pent O Multiple pent () Other

Truss tipology

O Unrestrained ~ @)|Restrained | (OOther|
thrust thrust -

Drawing

Back

Figure 6: Screen with structure type information
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The description of joints follows from the truss page (e.g. fig. 9). Describing a software
application synthetically is not effective, but surely the implementation of this case, and some
others not described here, were effective in pointing out advantages as well as some limita-
tions. One was the need to include the apse roof among the available typologies, quoted above.

S Truss 1 - (=] ®
Structural elements

Rafter Parallel rafter =~ Tie beam Collar beam King post Strut

Longitudinal links
Ridge beam Purlin

[JPitch bracings Shape and dimensions
Lower joint Mid joint Upper joint Longitudinal joint

Wood species
[ Different from roof species Wood species

Decay Displacement Picture

Figure 7: The truss specification with links to its elements

O Rafter - 0 x

Left side Right side
Section [] Rectangular [ Circular £ Other | Imegular | Section [JRectangular [JCircular 7 Other [Imegular
Dimensions Dimensions
Width [em] |18 | Depth [em] | 21 ] Width fem] |18 ' Depth [em] | 2 |
Diameter [cm] Diameter [cm]

Conditions Conditions

Note

Back

Figure 8: Detailing the rafters
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2 Lower joint - 0O x

Rafter to tie beam

Joint typology @® Singlestep (O Double step () Reverse step

Notch depth [em] | £ Metal restraint Binding strip v
Skew angle n Effecti <5 of the ion with lateral wall ~

Conditions
Tie beam to ring beam

Joint typology O Lap joint () Dovetail joint () Other

(7] Connectors

Conditions |

King post to tie beam

EA Free to move Metal stirrup | v

[ Restrained

Back

Figure 9: Collecting data on lower truss jonts

6 CONCLUSIONS

The seismic vulnerability assessment of a timber roof structure is a challenging task, for
the variety of possible situations and for the influence that details may have on the final out-
come. The use of a data collection form that guides in performing the survey in a structured
manner helps focusing on the items that are most influential on the seismic behavior.

The use of a digital version of the data collection form initially developed on paper has
permitted to enhance flexibility in the operation, reducing significantly the compilation time
required, as well as transcription errors, a considerable advantage in the often adverse site
conditions.

More features need to be added to the first version that has been implemented, among
which is the possibility of data cross-checking and the very basic but powerful possibility of
inserting directly at survey time photographic material with views and details that are some-
times better described in a graphic manner.
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