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ABSTRACT

Primitive methods are often used today in ordeagsess timber structures on-site. If
more modern technologies would be developed, a exrerate assessment of timber
structures could be carried out in terms of presgrstructures and to reduce
unnecessary remedial work. The technologies whaste lbeen developed in this field
are known as non-destructive and semi-destruatistng methods and some of those
seem very promising. In this report general on-agsessment is described, but also
assessment of the strength of individual memberseSof the more commonly non-
destructive testing methods have been describedcatically analysed and one of
those, digital radiography, has also been usedharhtory and in the field, in order to
ascertain its capability to detect deterioratiomiembers. Digital radiography, as one
of the non-destructive methods, would absolutely Hemeficial in the on-site
assessment of timber structures, according toMaster’'s thesis. One of the more
promising markets is listed buildings, where iteoftis required to have as small
interventions as possible. According to a survayiea out, a market for this type of
technology would exist in Sweden. The biggest daakbnvould however be the high
investment cost. Closely related to the on-siteesm®went is the remedial work
necessary to be carried out. This has also beecriloed in the report including
description of remedial work in listed buildingshere additional precaution has to be
taken.

According to earlier research, as for example Gual. (2008), there is a need to
complement the research concerning estimationrehgth in deteriorated members.
In order to contribute to this research, a load vess carried out on a deteriorated
timber joint from a roof truss. The conclusion fréhe test was that the deterioration
of one timber member in a joint will have minimaipact on the strength of an entire
joint with the same design as the one used ing$ie t
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SAMMANFATTNING

| dagens bedomningar pa plats av trakonstruktianeénds ofta primitiva metoder.
Om istallet mer moderna teknologier skulle bli wkiade, skulle en battre
beddmning av tréakonstruktioner goéras med hansyh ait bevara mer av
konstruktionen och minska onédigt reparationsarb@&eknologier som idag har
utvecklats inom detta omrade ar kanda sasom idstéicande och halv-férstérande
metoder och nagra av dessa verkar vara riktigtrideal denna rapport har generell
bedémning pa plats av trakonstruktioner beskrivitsgen ocksd beddmning av
hallfastheten pa enstaka konstruktionsdelar. Nagrde mer vanliga icke-forstérande
testmetoderna har beskrivits samt kritiskt granekadEn av dessa, digital
rontgenfotografering, har ocksa anvants i laborat@amt i falt for att bekrafta dess
formaga att upptacka rot- och insektsskada i kokstmsdelar. Digital
rontgenfotografering skulle, som en utav de ickestfirande metoderna, absolut
kunna anvandas med férdel enligt detta examengarligt av de mer lovande
marknaderna ar kulturminnesméarkta (K-mérkta) bygdegna dar man oftast
efterstravar sa lite forstérande av konstruktionader reparation som mojligt. Enligt
en utford undersotkning skall det finnas en markfiteddenna teknik i Sverige. Den
storsta nackdelen ar den hdga investeringskostnadenrustningen. Nara forankrat
till bedomningen pa plats ar atgardande arbete ddljpedomningen. Detta har ocksa
beskrivits i rapporten inklusive atgardande arliekelturminnesmarkta byggnader,
dar extra forsiktighet fordras.

Enligt tidigare publicerad forskning sasom till exgel Cruz et al. (2008), sa finns det
ett behov att utdka forskning runt uppskattning hallfastheten i rot- och
insektsskadade konstruktionsdelar. | avsikt attebtdl denna forskning, utfordes ett
lasttest pa ett rotskadat forband tillhorande &sttd. Slutsatsen fran detta test var att
rotskada i en tradel som ar en del av en knut et uppbyggnad som den testade
knuten i detta arbete inte paverkar dess hallfas@nvart.

Nyckelord:

Bedomning pa plats, trakonstruktioner, k-marktadnager, digital
réntgenfotografering, réta, reparation, icke-foreafide testmetoder
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Preface

This Master’s thesis concerns the on-site assesssh&mber structures and included
literature studies and practical studies both m lboratory and on-site. In order to
complement guidelines, a survey, testing of theabdity of digital radiography and
testing of a deteriorated timber joint has beemi@drout. The research has been
carried out from February to November 2009. Thekwsra part of a research project
concerning on-site assessment of timber structuresd is carried out at the
Department of Civil and Environmental EngineerinBjvision of Structural
Engineering, Chalmers University of Technology, 8ame The foundation Nils and
Dorthi Troédsson is acknowledged for their supgortobtain digital radiography
equipment for scanning of timber structures.

The application of digital radiography in field wearried out in a log house, situated
in Trollhattan. Mats Rénnevik, antiquarian in Thalttan, is highly appreciated for his
assistance in the assessment of the log houseoaalds Mattias Hallgren, who both
lent me a timber joint for use of digital radioghgpn the laboratory and also helped
me find a field object where to use the techniqgllBomas Kruglowa is highly
appreciated for assistance in the thesis, partiguéth the planning and evaluation
of the load test and the laboratory staff for caugythrough the test. The load test was
carried out in the laboratory of the Department @ifvil and Environmental
Engineering and so also the first application @jfitdl radiography. Professor Robert
Kliger is acknowledged for supervision and examaraof the thesis.

Goteborg November 2009

Sven Lowenmark
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1 Introduction

1.1 Background

The on-site assessment of timber structures isytadiacussed among many
researchers all around the world. The knowledgindfer, which through the history
of mankind has been the number one constructioemajtis today more limited than
other man-made materials as steel and concretee Msearch has been carried out
concerning steel and concrete and now more researettso needed concerning
timber. The need concern the on-site assessmetbfolder and newer buildings.
However, older buildings can sometimes be moreald&ithan newer buildings and,
as a result; the knowledge of on-site assessmernhasfe buildings are of more
significance. In order to improve the on-site ass@nt, non-destructive testing
methods have been developed, and are particulppseaiated when assessing listed
buildings, as it decrease the interventions madiestructure.

1.2 Aim and methodology

The main aim of the Master’s thesis is to contebiat the guidelines concerning on-
site assessment of the condition and structuraalghgy of timber structures and
individual members. In the state-of-the-art caroedl in the first phase of the thesis, it
was found that extensive research recently had lbaemed out; see Kasal et al.
(2009). Therefore it was decided to focus on tlipiirement related to the condition
in western Sweden. The requirements where foundexigh a survey carried out,
where the assessment of location and extent ofydedae structure seemed to be the
main requirements. Contribution to the guidelineaaerning this type of assessment
was carried out partly through testing the meansisig the non-destructive test
method digital radiography in laboratory and ifdie

In the state-of-the-art it was also discovered thatstrength of timber structures are
often underestimated and as a result replaced, tegnin reality are safe and within
allowable values. This is particularly significamt listed buildings. In order to
contribute to better understanding of the perforceanf a damage connection from a
truss, a test of such a connection was carriedliodhis test, digital radiography was
also used in order to test its capability to disgmnaecay and connection details.
Closely related to on-site assessment of timbeicttres is the remedial work, such
as repair, replicate, reinforce and replace. This &lso been described in the report
with some considerations taken to listed buildings.

1.3 Limitations
Non-destructive testing methods have been extdysilescribed in the state-of-the-

art report by Kasal et al. (2009). As a resultyamlfew of the methods are shortly
described in this report. The main focus of theesssient described in this report

CHALMERS, Civil and Environmental Engineerinylaster’s Thesi2 009:91 1



concern local deterioration. The question how towate the loads more in detail in
old buildings was not included in the thesis.

In the report Advances in digital radioscopy for use in histgui@servatior’written

by Anthony (2005), a method how to quantify detexiimn is described, see Section
Image measurement for quantification of deterioratiHowever, this method was
found later in the research process and has nat &depted in order to assess the
extent of deterioration. The main aim of the thes#s to localize deterioration and
not to assess the extent of it. In order to alsessthe extent of deterioration, deeper
studies have to be carried out.

1.4 Outlines

Chapter 2, Assessment of timber materials and tsteg is described and the
assessment procedure is based upon literatureestsie references in the text.

Chapter 3, Remedial work is described which is sg@ey to be carried out as a result
of an on-site assessment. This chapter is basatliipmature studies and where Ross
(2002) is the main reference.

Chapter 4, Methodology and evaluation of perfornmedrviews are described of the
survey carried out, in order to extend the undadstey of the situation today regard
to on-site assessment of timber structures.

Chapter 5 and 6, Use of digital radiography in fabary and in field respectively is
described and the capability of this techniquenm.

Chapter 7, Test on a damaged part of a truss @ibded and carried out in the thesis,
in order to contribute to better understanding itifeience of decay to the strength
properties of a timber structure. Digital radiogrgpvas also used prior and after the
test of the part of a truss.

2 CHALMERS, Civil and Environmental Engineeringlaster’s Thesi2 009:91



2 Assessment of Timber Materials and Structures

2.1 What causes the need of assessment

Several different events can cause the need ofsaesament of the load-carrying
capability of a structure. Among those events & following, found in ASCE
(1982):

partial or complete collapse of the structure

development of unallowable deflections, vibrationscracks with regard to
requirements in serviceability situation

changes in the use of the building

changes in the applicable building code, especiailyh respect to prescribed
loads

fire damage

reduction of load-carrying capacity due to moditicas in the structure,
damage, partial failure, deformation, decay, insatacks or settlement of the
structure

One should have in mind that structures not alwargssound from the beginning
when built. Back in time the structures where oftarlt by improvisation. With
structural knowledge and tools used nowadays, ppssible to ascertain errors often
existing in the structural geometry, see also Grual. (2008). This may appear in
shape of missing bracing between trusses and soetihe structure can be
eccentric loaded due to for example rafters natlypjoined. In case of floor systems,
it is quite common with insufficient support lengiththe beam ends or lack or sloppy
bracing between beams. It does happen also thertatadins, such as removal of
support walls and other elements or introducingndérmediate partition walls is
being carried out during its service life not vepnsidered.

Joints in timber structures frequently have somml lof damage. It might be metal
corrosion, timber splitting or crushing. Initial féets are quite common as well, and
may consist of missing plates or fasteners, totdmt or edge distances of fasteners,
too small washers or gaps between elements thatdsbe in contact. It is therefore
important for the engineer to inspect the jointd mlentify possible failures.

2.2 General assessment

An overall assessment of the load-bearing struanag be divided into four distinct
phases, according to ASCE (1982):

inspection of the condition of the members, thaneotions and the structural
environment

CHALMERS, Civil and Environmental Engineerinylaster’s Thesi2 009:91 3



determination of the loads acting on the structure

structural analysis to determine the effects ofd@n individual members
and connections

assessment of the ability of the members and ctanscto sustain the
applied load

These evaluation steps may be followed by some aoremedial work on the
structure or restrictions regarding use, or pogsiegarding the occupancy if the
structure proves to be unsafe or unserviceable.

In order to assess the condition of timber trugeesmanualinspection of wood
beams and trussedias been carried qugee Naval Facilities Engineering Command
(1985). In this, a rating system is establishedtypical deficiencies, rated according
to urgency of action required.

However, before any structural assessment takese,pla visual assessment is
performed. In this, it is possible to detect fio$tall outer defects which may consist
of knots, fungal attack, insect damage, wrong slufpgrain and seasoning checks. A
more specific list of what should be consideredha visual analysis is presented
below; see also ASCE (1982). This is also a lisptepare for further structural

analysis when this is expected to be necessary.

The condition of the members and connections nauasbertained to be able
to determine if they are as sound or good as neteniad

The quality of wood and other elements must bemeted in order to assure

stress magnitudes within the allowable range. la tlase of timber, species
normally must be stated and the individual memlggegled in accordance

with applicable stress grading rules.

In order to perform a structural analysis the dirsgms of the members must
be known. In the case of available drawings, tmeesfisions and layout can be
checked according to these. If drawings are notilakike, a survey must be
performed in order to determine relevant dimensions

The service environment around the structure mestdied in order to assure
correct stresses. Where environments are sevele mggard to moisture,

acidity, temperature or closeness to ground, carsition also must be taken
to type and degree of protection which been takerihfe structure or which

has to be taken.

Magnitude and distribution of loads have to be éeelcduring inspection. A
listing of building materials to calculate dead wei including features
affecting magnitude and distribution of superimmbdeads. Example of
affecting features may be adjacent structures a@edb shelter which may
influence the snow load, or the terrain in the swmding area which may
affect the wind load

4 CHALMERS, Civil and Environmental Engineeringlaster’s Thesi2 009:91



To obtain a more comprehensive view, it is alsmadgidea to talk to people with
knowledge about the history and maintenance of dtiacture. This may give
information about earlier reparations, loadingdmgtand modifications which help in
determine structural problem areas.

In the evaluation of a structure, a structural ysialis often required. The purpose is
to determine applied forces on the structure amdltiag stresses and deflections. For
the structural analysis to be useful, a carefulenaddel is necessary. As connections
often not are totally rigid, this may be a challen@he designer then has to decide
whether the model will handle the connection asdfigs pin-connected or with
rotation capacity.

The final step in the assessment of the structsirto ievaluate the load-carrying
capacity. The stresses and deflections shall bekeldeto be within the allowable
range, including a reasonable safety factor. Itliog history is not known or if the
structure will be exposed to new loading conditions$ originally designed for, it is
recommended to not use more than 90 percent ahatigesign stresses, according to
ASCE (1982). It is also important to consider taetfthat design values given for the
material at the time of designing and building lué structure not have to be the same
as at the time of assessment. Therefore the irmpeas to find out when the structure
was designed and built.

During a site inspection it is important to detarenthe extent of decay and thereafter
consider if it is enough to replace a part of thesmber, or if the whole member has to
be replaced. The moisture content may be checkadgdan inspection which also
can give equilibrium moisture content. This carsame cases be an important factor
to consider, for example, if steel details are adaethe structure. Subsequently, the
distance between the bolts across the grain camedbo long, as wood material
increase in dimension with higher equilibrium morst content and shrinks with
lower. This may result in splitting in grain diramt if not considered in the design of
the bolted steel plate.

2.2.1 Load-bearing capacity of overall structure
It is equally important to evaluate the load-begutapacity of the overall structure as
it is for the individual members. If the structwsleall perform in a satisfactory way,
rotational resistance, sufficient strength andregfs must be developed in order to
resist applied loads. Some details to look for whssessing the whole structure are,
according to ASCE (1982), the following:

anchorage of foundation walls to footings

anchorages of sole plates and header joists todatian wall or flat slab

anchorage of corners of shear walls to foundatigrpboviding a tie between
studs and foundation

fastening of studs to sole plates or floor framing

CHALMERS, Civil and Environmental Engineerinylaster’s Thesi2 009:91 5



fastening of rafters, ceiling joists and trussettees to wall studs
tying the two sides of a gable roof together atritlge beam

that adequate strength is provided in roof, floar&l walls so that they can act
as diaphragms and shear walls

that continuous chords are provided for flangesdaphragms and shear
walls

that transverse and longitudinal bracing is prowdi®r trusses and trussed-
rafter roof systems

that adequate x-bracing is provided if diaphragmmsl eshear walls are not
provided

2.2.2 Load-bearing capacity of connections

Several different fasteners have been used thraughwe years to join wood

members. Among those are machine bolts, lag bstiear plates and split ring,
connectors, dowels, toothed and pronged platesppifey plates, spike grids and
speciality items. The allowable load for a fasteoeconnector is dependent on the
specific gravity of the wood being joined, the ntois content of the wood, its

physical dimensions and the arrangement. The alilavibad is dependent on the
moisture content throughout the history of the memibut at least should the
conditions when the structure was built be deteechim calculations. Changes in the
equilibrium moisture content may lead to shrinkagjch loosen the fastener or
connector and reduce the effectiveness. Detertordike corrosion may happen to
fastener or connector which can be hard to detghtimitive tools.

Other signs showing a weak structure can be a dadested or rotated connection.
It can also be that the capacity of the connedsogone, even if it is not visible. An
example is failure in purlin-to-beam connectionanhthe deck starts to take the load
instead. But this may result in overloading anott@mection instead.

According to the studyNailed Joints in Wood Structures’referred to in ASCE
(1982), is an all-embracing formula to calculate tapacity of a connection not
feasible. Thus, it is not possible to evaluateiatjonly by calculating ultimate load-
carrying capacity. Furthermore, it is not approerito design joints on the basis on
joint-slip limitations. The evaluation demands mooasideration.

2.3 Estimation of timber characteristic

As mentioned in the list concerning visual analyisisSection 2.2, one part of the
assessment is to evaluate quality of the timber lbeesy which include strength and
stiffness properties. This can be done with sevargthods, and one of those is the
stress grading method. This method and load tessampling, which is the two other

6 CHALMERS, Civil and Environmental Engineeringlaster’s Thesi2 009:91



methods most commonly adopted by building contracwll be shortly presented
and analysed in following sub-chapters.

2.3.1 Sampling

Building contractors are often tempted to take damfrom the timber in order to
determine the characteristics or to assess the sfatonservation. This is done by
taking some member, which for some reason shoulteplaced, or by taken small
pieces of the timber at different places, exactyttee procedure is when assessing
other materials.

The problem is that timber consists to a large rexté natural variability like knots
and different slope of grain. Therefore it is nosgible to obtain the strength of the
timber with reasonable accuracy by using only a samples. In order to achieve
reasonable accuracy, several samples have to &e vakh 40 timber pieces each, see
also Cruz et al. (2008). This is obviously not ploissduring an assessment. Also, a
few samples would not be able to represent posdimogical damage in the
structure like decay or insect attack.

However, samples may be used to evaluate moisturtert, species and density.
They can also be used to assign that the clear wivedgth fall within the expected
range, but then complemented with evaluation @igjth with another method.

2.3.2 Load tests

A load test is performed either by using hydrajdiks or, more commonly, by
putting dead weight such as water tanks or cemegg bn the structure of interest.
Subsequently, resulting deformations are measurddised to adjust a predicted
model (commonly a final element model), which imtgives the mechanical
properties of the elements and joints.

Vibration tests are also used occasionally. Thecsire is then exposed to an
instantaneous load (excitation), and following aiiwn is measured with an
accelerometer. This gives the frequency, whicltseduto determine the modulus of
elasticity which also predict the strength throaghrelation.

Both tests are expensive and time consuming andtse¢end to be affected by
moisture content and how well the support condgiand the load paths are
understood and modelled. Further on, the correlaised to determine the material
properties are based on the whole species and iffi@yfdr individual members. The
values are also established on new timber which moayepresent older in the same
way, where load and environmental history may affiee correlation.

CHALMERS, Civil and Environmental Engineerinylaster’s Thesi2 009:91 7



2.3.3 The grading approach

This is the most commonly adopted approach in assgthe timber quality and
involves the determination of species. The timbexvaluated in order to identify a
specific grade, which correspond to specific matgmoperties like strength. This can
be performed by report the assessment to an existiiass grading standard, used to
industrially grade timber for structural uses.He evaluation process regard is taken
to defects like knots, slope of grain, fissures dedsity. At first an average stress
grading level is applied to the members and alfter possibly more specific to
members exposed to large loads or of importancthéostructure in some way.

Stress grading rules used in the structural evialuatre written at a national level, but
typically coordinated at an international levekeliCEN in Europe. When species and
stress grade are known, corresponding design valmrede found in the national or
international design codes. Those design valuedased upon extensive research,
including tests on both small pieces of material asll-scale tests. However, the use
of those design values has some drawbacks. Tteaesperformed on timber which
origin from newly grown trees, which belong to wiktalled the second generation
growth and has grown fast. This result in timbethwower density and mechanical
properties compared to that of the first generagjmwth, which grew slowly. Older
buildings are often built of the first generatiorogth, which mean that the design
values do not totally match the reality, as thersggth is higher compared to what is
tabulated in the codes. This may result in undenasion of the capacity of the
timber.

Moreover, the design values are often constructesstd on average properties of an
entire species. To not make an underestimatioheotrength, 95% of the timber will
predict higher strength than tabulated in the aesmues and only 5% lower. When
using those design values in the assessment ofidodi members, the strength will
often be much underestimated.

Not only does the method used today with existirgpigh values and visual

assessment with primitive tools run the risk of emedtimate the properties of
individual members, but may also overestimate mero@pacities due to deteriorated
areas hard or even impossible to detect at anliisgf@ection. A study has shown that
mechanical properties can be reduced with up to be¥re any visual indicators

appear and at 5-10% weight loss due to decay, gehamical properties of a member
can be reduced with as much as 80%, Kasal et@G)9]2

To improve the on-site assessment of timber strastboth better methods to
determine the strength of individual members cddddeveloped and more modern
techniques to evaluate the localisation and extérdeterioration in members. An

additional interest is to be able to assess hebrstructures without too large

interventions than necessary. This has result & davelopment of modern non-
destructive and semi-destructive techniques whigh be of help in a structural

evaluation without, in the first case, cause amgrirentions on the structure and in the
second case, small interventions on the structurean also be a tool to retain as
much material as possible or even complete stresfwhich otherwise would have
been replaced due to underestimation of strendits dan conserve the cultural and
architectural significance and may be of help tgieeers in order to learn from

historical building techniques.
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2.4 Swedish design codes

In general there exist very little recommendatioagarding assessment of existing
timber structures both nationally and internatibnahiccording to a state-of-the-art
report, carried out by Kasal et al. (2009), ands tls also the case in Sweden.
Boverket, the Swedish national board of housingldmg and planning, is the
Swedish organisation publishing the national desigdes and recommendations.
According to Lars Goransson (Boverket), little m®h has been carried out and
published in the recommendations. The informationblished by Boverket
concerning on-site assessment of timber structaese found iBKR 2003” in the
Section 5.3;'Design by calculating and testingand guidelines concerning on-site
assessment in general in Section 2.1Requirements in the serviceability limit
state”, see Boverket (2003). What else can be foundedezances in the guidelines
“Allmanna rad om &ndring av byggnad, BARBoverket, 2006) to the guideline
"Design by testing, published by Boverket and I1ISO -13822, which iEwaopean
international standard (ISO, 2001).

In BKR 2003, in Section 5.3, some valuable inforioramay be founded, as for
example; Tn determining section properties, the effect dueetiuction of the cross
section shall be taken into consideration. Holes tlubolts, screws and nails need
not however be taken into consideration if theritdimensions of the connectors
are not greater than 6 mimwWhat can be found in this Section is certaindyuable,

but needs to be complemented with even more speagitirmation of how to know
and assess the condition of the timber structar&elction 2.12, one may for example
read thatcalculation of deformations and oscillations mag performed in
accordance with the elastic theory using an anefftmodel which gives a
reasonable description of the stiffness, mass, d&grgnd boundary conditions of the
construction”and further that cracking in elements of structure shall be limitediew
of their function and durability This information is good, but not specific for wood

ISO-13822 concerns all materials and is as a whetg general, which means it is

not very useful in common practise to assess tinshreictures. What is left is the

guideline “Design by testing”, where it is speaffibow to assess the strength of
existing structures, see Boverket (1994). Howeasr¢an be read in the beginning of
the guideline, the main application of it is bytteg in laboratory, thus, not for use in

on-site assessment. The testing is carried out amael of the member or joint

interested, made in the laboratory or on samplkesntdrom the timber of interest.

Accordingly, with a model it would first of all beery hard to simulate deterioration,
if not impossible, and with samples the problert sxists of natural variations in the

timber and interventions made on the members. éngtideline is however the test
procedure described including how to load the samph order to evaluate the
strength property.

Beside Boverket has the Publisher T-virkesforemngeblished thélnstruktion for
sortering av T-virke” (T-virkesforeningen, 1981). In this short guidelin
recommendation is given which strength class théér has with regard to knots.

Another national guideline found in the literatusarvey was the Guideline for
structural condition assessment of existing buddirpublished by American Society
of Civil Engineers, see ASCE 11-99 (2000). Alsesthuideline was found to be too
general for practical use in on-site assessment.
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2.5 Biological damage

Biological damage is a frequent justification fantplete replacement of structures
which would otherwise been kept in service, acewydo Cruz et al. (2008). This may
partly depend on difficulties with the assessmédrxbent and localisation. Models to
predict strength have been tried, but to obtaimesponding values on-site include
several factors of uncertainty. As a result, dedayembers are commonly assessed
to not have any strength at all and are therefeptaced or strengthened as if they
were already lost. An exception is when the deesyrs to be in its initial phase and
only affect the surface and when the member intextdis over designed.

When the timber is attacked by beetles, the dansaggen only in the surface layers
of sapwood and can be assessed with simple tools lasife for example. The
capacity of the member is subsequently reduced th@éhreduced cross section. As a
safety this cross section is implemented on akiothembers as well, with exception
for members with higher importance or higher sttesgsls. This may although be too
conservative, as even the insect damaged laydrecable to resist load.

Other insects may leave holes in the structuralpmmants which result in a new
calculated reduced cross section. In some cabas ibeen shown that insects have
deteriorated the structure itself in the membethbse cases it is not possible to
calculate with a reduced cross section, but rdthase a reduced quality due to lower
density. Much research related to validation ofittieience insect attacks have on the
strength and stiffness properties has not yet basred out, according to Cruz et al.
(2008). However, according to Brozovsky et al. @@ cross section is known, the
severity of the damage may be classified as:

mild failure: cross-section reduction <5 %
medium failure: cross-section reduction 5 to 15 %
hard failure: cross-section reduction > 15 %.

The severity of damage of wood borer, which is niast dangerous insect for the
structural condition of timber may, according taBovsky et al. (2008) be assessed
as:

Table 2.1 Criteria for assessment of elements affected bydwmoers

@ of surface number of output openings in relation to 1 m” for
Kind of wood-borers DL“P_‘“ particular failure type
opening
[mm] mild medium hard
sawver beetle 4t0 9 2to4 Jto 16 more than 16
woodworm 1to 3 6 to 10 11 to 24 more than 24

2.6 Non-destructive testing methods

Various non-destructive testing (NDT) methods hbeen tested and developed in
order to simplify the assessment of timber striegtuon-site. This is, as mentioned,
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particularly required in historic timber structureghere the aim is to cause as small
interventions on the structure as possible. Thieth® more usual techniques are
shortly described in the following sub-chapters. digital radiography have been

tested in the report and studied more in detaih tbdner NDT methods, it is also

described more in detail. For more information dbdescribed methods and

additional techniques, see Kasal et al. (2009).

2.6.1 Stress waves

Stress waves is a wide spread method to assessrtistituctures. There can be
different shapes of the waves and the most commerused to assess timber on-site
Is the long wave. In this wave form the particledhe material oscillate in the same
direction as the wave propagate.

The parameters used to detect voids and interratidein wood are the velocity of
the sound waves and attenuation. Attenuation medutim scattering at material
interfaces and absorption.

One form of stress wave inspection is soundingadains to simply strike the object
with a blunt tool, like a hammer and then listenfedlowing sound, in order to
differentiate sound and decayed material. The &itiwh with the method is that only
serious decay will be detected and even if thedo&p is very experienced, the
inspection is subjective and may differ for diffiereanspectors. Another factor to
consider is other mechanical properties, which rafigct the sound to sound like
decayed material.

Sonic stress waves are waves with frequencies rwitheé audible range and are
usually only called stress waves. There are twoswayw to perform the test; to
measure the velocity or to carry out a frequencgcspm analysis. Velocity is

measured in a different way in the longitudinaledtion in a member, compared to
the transverse. In the transverse direction a tisi@onnected directly to a hammer
and an accelerometer is placed at opposite sidtheomember, see Figure 2.1. By
measure the width of the member and the time ferstbund wave to travel from one
side to the other, it is possible to determine ei#®yo When measuring the velocity in
the longitudinal direction instead of connecting ttemmer directly to the timer, two
accelerometers are placed on the member with d@fispgistance in between.
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Figure 2.1  Test with a stress wave system (Le&5P0

An alternative to traditional measurement is frague spectrum analysis. This
method has the advantage that it only needs abdégsio one side of the member
due to a specially designed probe. The probe amtan accelerometer and is
connected to an oscilloscope, which convert thendowaves from a strike with a
hammer, to frequency. The frequency is dependenthencondition in the timber,

which make it possible to determine different degref deterioration.

2.6.2 Resistance drilling

Resistance drilling is a semi-destructive but neamon-destructive method. The
interventions consist of drill holes of 1.5-3.0mmdiameter. Resistance drilling has
also, according to Kasal et al. (2009), been ugedther areas as tree growth and
health surveys, bridge and building surveys andhia termite and pest control
industry.

The drill consists of a sensitive bets which isreted to an instrument recording the
resistance during drilling. The emerged torque ireguto maintain the constant
cutting speed corresponds to the resistance itirtiger and the correlation to the
penetration length is what will be recorded on aphr see Figure 2.2. Peaks
correspond to higher density and dips to lower totdl decay will exhibit as a

straight line and is marked with red in the Figurethe sound wood the different
densities due to late and early wood can be seen.
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Resistance

FPenetration Depth

Figure 2.2  Graph visualizing result from resistanckilling
(Lear, 2005)

Beside wrong use of the resistance drilling it vdéliver proper result. One has to
think of where to make the drilling holes and whpeed to use. If the speed is too
low, the different densities will be hard to digfinsh in the graph, and if it is to high

the drilling may break. To interpret the resultsairsatisfactory way may also be a
challenge. One has for example to think about ¢batfers naturally are softer in the

inner core and to not take this for being decayatenal and also that the curve will

have different shape depending on in what diredtiendrill cross the annular rings.

As with many other investigative techniques, a tanon is the accessibility. The

drilling equipment is rather big and may therefbechard to place in desired position.
The length of the drills may also be a problemtresy might be shorter than the
member width in case of thick member. To receivemplete map over the member
a number of holes often have to be carried out.prbblem is when the structure is of
significance, as in historical buildings, wheresasall interventions as possible are
required. Another uncertainty when using the tegbeaiis that the needle, according
to Kasal et al. (2009), tends to deviate from mgioal line. This is related to the

flexibility of the thin needle causing inability toesist natural variability in the

member.

The technique is however beneficial as a complenerdetect rot, but not very
appropriate in order to determine the strength led tmhember, as knots, fibre
deviations and other aspects are not covered iarthbysis.

2.6.3 Digital Radiography
Digital radiography has not been spread earliex method to assess timber structures

due to safety issues and images necessary to daqaw analogous. However, those
limitations do not exist today, as the technique baen developed in other areas like
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food and safety industry. This development hasltegun a highly user friendly and
portable equipment.

Digital radiography exists of a radiation source anradiation sensitive film. When
using the equipment, the source is placed at afgpdistance in front of the object of
interest and the radiation sensitive film is plackmbsely behind the object, see Figure
2.3. During operation radiation is emitted throulgl object and the film receives the
data about the object. When the film is depictegitally through a scanner, what can
be seen shows different densities of the matenadted. Darker areas correspond to
lower density and lighter areas to higher densiifjnen the image has been digitally
scanned, it is also possible to work with differenbgrams to make it clearer, or to
focus on a smaller part of the object.

Recorcing mednm

Source,

-
adiat:on Beums

Zperitnan

Apecitien and
Defert Itvage

Figure 2.3  General arrangement for radiographic ey
(Lear, 2005)

Background and technology

Two commonly used sources in radiography are gamaysand X-rays. The gamma
rays have the advantage to be more portable tleaK-tlays, due to its nature, and do
not need any cooling system. The drawback is thatitnage quality gets poorer
during time and the contrast lower compared to X-ra

X-rays are a sort of ionizing electromagnetic radrawith short wavelengths, widely
used in the medical area due to its ability to pewe organic material. X-rays
characterises of energy and wavelength where shomeelengths correspond to
higher energy and the correlation is known in treniula:

hc _124

In the formula E correspond to radiation energig Rlank’s constant, c to velocity of
light and to the radiation wavelength. Typical X-ray equipthleas a range from
50kV up to 320kV, or up to 200KV if portable.

When radiation beam pass through a material tténaated and depending on
density and thickness of the material the magnitfdbe attenuation differ. This
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difference is what is recorded on the image bethedbject. With lower energy

input the difference in attenuation in differenttaréls will be larger, but the problem
may be that the energy is not enough for the riafiab pass the complete object until
the film where it is to be recorded. When the beaath the film, the intensity of the
radiation can be calculated as:

I, =1, (2.2)

In Equation 2.2,,lis the emergent intensityythe initial intensity, t the thickness of
the material and the linear absorption coefficient per unit thickeeThe only
material specific parameter independent of thektiess is , which can sometimes
result in difficulties. As can be seen in Figuré,2he value of at some points
correlates between the materials at specific phetangy levels. At the point of 1
MKV where the steel and concrete coincide, willaasatter of fact all materials
coincide. This may result in images where it isdhtar distinguish between the
different materials.

10.0

3.0

6.0 -

4.0 -

2

Logp (em™/g)

Concrete

_4.{} L 1 1 I 1 L L I 1 1 1 I 1 1 1 I L L 1
-8 -6 -4 -2 0 2 4
Photon Energy (MeV) (Log Scale)

Figure 2.4  Correlation between the linear absorptiooefficient and the
photon energy level for iron and concrete (Kasadlgt2009)

Imaging

Back in time film radiographs have been used tdwaphe image. They have an
emulsion which is sensitive to radiation and changih different intensity. The
drawback with this technique is related to safetyoerns and the expensive costs at
operation in field.

During past decade digital radioscopy has beenldped, which offers images in real
time to a lower cost and with higher safety. Thatokéhe storage feasibility in a
computer, it is also possible to work with the dgyadf the images in different
programs.
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Imaging quality

Imaging quality is greatly affected by how the qument is arranged during
operation. To receive as good sharpness and cbmsagossible, it is important to
have the film as close to the object as possibtevéver, it is also possible to have it
at a specific distance from the object, if smatietails are of interest, but have to be
done carefully to not exceed an accepted levehsharpness.

In order to avoid distortions, the image plate $tiche placed perpendicular to the
source. This is however not always possible duactessibility and as a result the
images may be a bit harder to interpret. To male itlierpretation easier it is
beneficial to place a material easy to detect asithduish at the border on the film in
order to help the orientation. It is also necessargonsider how to put the source in
order to detect deteriorations and cracks. To tietezrack for example, the source
often has to be put parallel to it, if it not isgda enough to be detected anyway.

Powerful programs can be used on a laptop to eehamage produced on site. The
programs may be able to invert the image, adj&sttmtrast, the brightness or the
colour etc. Another function sometimes able toigsegrid to overlay the image in

order to be able to measure different distancess. iay be done on site in order to
evaluate the image and consider how to proceedthétlnspection.

Application

In a structural analysis radiography may be usex/&duate deterioration in members,
the condition and existence of metal fastenersiswar questions of internal or
hidden construction techniques. In this reportukston will concern deterioration.

Decay can be detected by recognize the differamdemsity in the object. Due to the
resulting breakdown of the material when a memieeags, it loses density. If the
member is sound the annular rings can be cleaslplei and the structure is
homogenous. At moderate decay the annular ringsstilage seen, but more unclear
and different densities of the member start todsnsn form of lighter and darker
areas. When the decay has advanced even moredtahwiously seen like darker
areas clearly separated from the lighter ones lamadnnular rings totally disappear.

It is also possible to observe disruptions in trargstructure like grain deviations,
knots or mechanical distortions like fracturesll #holes, cuts or natural cavities.
Damage by insects can be detected in the sameoftan, like holes through the
structure.

Limitations

Although there are plenty of advantages with treafsadiography there are also
some limitations. First of all, the resulting imgg®duced is two-dimensional. This
means that what is seen on the image is the avdeaggity over the depth of the
object. If it is not known how deep the decaytisneans it is not possible to
determine the extent of the decay. In order to @w®e this limitation access both
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from aside and from above of the object is necgssait this is in many cases not
possible due to limited accessibility. With onlyeoview it can also be hard to detect
internal features like cracks or other defectsridd perpendicular to the radiation.
To detect internal cracks, they have to be at B¥sbf the thickness of the object and
oriented parallel to the radiation.

In most of the portable radiography equipment add access to both sides of the
object is necessary. This can in some situations the ability to investigate due to
inaccessibility. Other structural elements may alsscure the survey.

Even if the newer radiography equipment is safengared to the older one due to
use of lower energy, some consideration aboutdfetysmust be taken. It is
recommended to inform the people in an area neaedhipment before operating the
equipment. This is particularly important when gsimgher energy needed to
penetrate thicker objects or objects with high dgns

The fact that portable radiography often has a fawaximum of energy level
compared to stationary radiography may restricpibesibility to penetrate very thick
members and produce images sharp enough to bd.usefu
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3 Remedial work

In the case of assessment showing that the steuctoes not seem to fulfil the

requirements for the remaining service life, it kmbe decided what remedial work to
be done on the structure. There are four types edsores possible to perform, see
Ross (2002):

repair (locally to a member, or a joint)
reinforce (add material to reduce the loading og triginal frame)
replicate (new material in the original form)

replace (a new, different structure)

3.1 Choice of remedial work

What alternative to choose may also be expressed ase should seek to upgrade
the existing structural arrangement to work, if @heuld seek to change the existing
structure in order to work better or if one shouhdroduce new structure, see
Yeomans (2003).

Remedial work is often not included in any budgedl ahe governing factor when
choosing what remedial work to perform is therefofien the economical question.
Another factor to consider is structural integrityhich includes enough strength
capacity. The ideal operation is to restore thengfth to the original design, but is not
always possible.

The durability of the remedial work differs. Somejuire service after a couple of
years and other will stand for indefinite time. @tHactors to consider are physical
configuration and the associated environment. kamgple, the repair method may
differ completely if it is a check or a bigger dkabat is to be repaired. And the same
consideration must, according to ASCE (1982), baedd the member is placed

outdoors or indoors.

Further consideration must be done regarding detvior loads acting on the
structure during repair work. The activities mayuiee as little disturbance as
possible, which may affect the choice of remediairkv The structure may also
sustain other significant loads during repair work.

When choosing sort of remedial work it is also impot to consider the entire
expected lifetime of the structure. In the pashas happened that the structure was
repaired only to sustain a couple of more yearsadtat this time it was decided that
the structure should be used for more years, hiiaatime the structure was in a very
bad condition. The functional use may also changend the time in use.

The sort of remedial work also depends on the abily of craftsmen, equipment
and material. The craftsman may have different egpee and may feel more
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comfortable with special solutions. In differenapés and countries, the availability
and the price of material vary. In Sweden for exinihe availability of softwood is
great and it is also cheap and it can therefor@reéerred to use this material. At
some occasions specialized methods are used, dsg thay also be patented. More
advanced solutions may require more advanced e@mpand in this case this may
be a limitation if not available.

The last two factors to consider are safety conemichaesthetic. The structure needs
to be safe both during service and during repadiivides. During repair activities
enough bracing and proper supports therefore mestuded. It is also specially
recommended to not use welded steel details iracomtith wood, see ASCE (1982).
In most cases the structural elements are notleisibd following the aesthetic is not
of paramount interest. However, sometimes the tiral timber elements are
constructed visible, especially in historic struet) due to aesthetic issues. In this
case it becomes more important which sort of realedbrk that is chosen with
regard to aesthetic. Fulfilling the aesthetic regmients may in this case be the most
challenging part.

3.2 Examples of remedial work

3.2.1 Member replacement

According to both Ross (2002) and the survey, seeti® 4.2.4, the complete
member most usually replaced is the sill platesos€hoften come in contact with
ground which results in decay. If the distortiom@t too severe and if the building is
a simple framed structure, it is possible to uskijeg and propping to adjust this
problem, see Figure 3.1. The ground may be lowenedind the sill plate and
additional support inserted.

Now and then other members have to be replacecchsiue to rot, beetle attack or
damage. Often the original joint has to be modifrethose cases to be able to fasten
the new member.

©
=

Figure 3.1  Jacking and propping (Ross, 2002)
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3.2.2 Scarf repairs

It is often required to replace the end of a beafnch requires some sort of scarf.
The scarf can be made of timber alone, or with tamithl material like metal. The

scarves made completely of timber is generally wedkan the beam was initially,

which has to be considered with regard to existiogds on the structure. A

quantitative assessment of the joint loading wiglgard to moments and forces
therefore has to be done. Common for all scarvexyrding to Ross (2002), is that
they require:

An adequate overlap scarf length
End connections to the blades
Some reserve of strength for moments on the other a

A mechanical lock to prevent slip failure (for tape scarves)

Scarves in bending

The scarves must sustain applied moment, see egampFigure 3.2 and can
therefore be sawed as in Figure 3.3. The angleetawn anchorage will have local
failure. The optimal angle, which will give the nmiaxum moment resistance without
local failure, is approximately 70°. For the twatsao not separate, they also have to
be joined with dowels. Those types of scarves agliieve one third of the strength of
the unjointed section and one third of the stiffnes

NN

Bending moment on A

Bending moment on B

Figure 3.2 Moment on scarf in bending (Ross, 2002)
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Figure 3.3 Scarf in bending (Ross, 2002)

It is also possible to use metal fasteners to as#ethe strength further. The metal
fasteners have higher shear strength comparedwelsl@and can also develop tensile
forces by using washers. To increase the strenggh enore, steel plates may be
fasted with bolts at the sides of the timber.

Scarves in compression

The simplest scarf in compression is the one wkiegetwo parts is butted towards
each other; see Figure 3.4(a). However, in mostscHse compressed members are
also prone to buckling, which mean lateral momeadte as well and therefore some
lateral resistance is needed also. To resist lateyment it is possible to build a tenon
and mortice joint, as seen in (b). If the secondatsral load is more significant, it is
better to construct it like in (c). These typesoarf are however stronger on one side
and weaker on the other, and to make this diffexesmgaller it is better to use squints
as in (b). The more experienced carpenter may la¢sable to build the so called
scissors scarf (e). This one has a high resistambeckling; however, some strength
Is reduced in compression.
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Figure 3.4  Scarves in compression (Ross, 2002)

Scarves in shear

At smaller loads a scarf well used to resist sheahe face-halved scarf, Figure
3.5(a), with pegs to hold it together. At higheads it may be prudent to taper the
scarf sides, in order to minimize the risk of fiesiat the scarf base (b). However,
this scarf needs more pegs to be hold together.

Figure 3.5  Scarves in shear (Ross, 2002)
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Scarves in tension

When constructing a scarf in tension the optimautgmn would be to taper the scarf
side and to make a hole in the middle where pinsbeastacked in, in order to tighten
the scarf, see Figure 3.6. “The design aims tonlgaléhe residual tension capacity of
the scarf at section x, against the shear capatitye potential failure liney (Ross,
2002). The y-line shows where the shear forcessted and if the grain is inclined,
like y,, the shear strength as a result will be considgrddécreased. This scarf will
achieve approximately one quarter of the unjoimtesnber.

Figure 3.6  Scarf in tension

The reduced strength in most joints is howeveranbig problem, as the beams, as a
rule, have been designed very generously in theilewaldand later buildings. The
scarves are also in general made near supportsewthermoment are lower than
maximum. Despite this in mind, it is important tstimate and assess whether the
strength is enough and to consider local defects.

3.2.3 Reinforce by using metal

Particularly when the member subjected to repawaisonot visible, the possibility

exists to choose among a range of repair methatisdimg metal. This type of repair

may be called to reinforce, because the metal easelen as added to the original
material, and lies partly outside. The most sigaffit benefits with the use of
additional metal are:

In general, they require less original timber tad&®oved
Member strengths can be increased

Some estimate of strength can be made using Céete ru

Splice plates

One method probably more used than anyone elsaanedtin this chapter, is to use
splice plates. This involves plates fastened asities of the member to be reinforced,
shown in Figure 3.7(a). The fastening may be doitk mails, screws, bolts or bolts
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with connectors. This method is appropriate whéx@@m end has to be replaced due
to rot and lengthened to reach support (b).
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Figure 3.7  Scarves made with splice plates (a) spite angels (b) (Ross, 2002)

Flitch plates

For beams heavily loaded flitch plates may be apr@piate repair method. In

contrast to splice plates, flitch plates are placedde the member, see Figure 3.8.
Holes in the plates to fasten it with bolts maydagried out before application, but
preferably after to make the fitting better.

Figure 3.8  Scarf made with flitch plate (Ross, 2002

Frame reinforcement

In some situations there might be no other possiliut to reinforce timber frame

with steel details. Two examples are the reinforeeimof a roof truss, where lateral
support is missing, see Figure 3.9(a), and thefowiament of a beam in order to
convert it into a bowstring (b). In the first exam@ steel rod is used to tie the two
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walls together. In the second, a strut and a stlis used in order to develop
additional resistance to vertical loads.

(@) (b)

Figure 3.9  Frame reinforcement by use of steelitde(Ross, 2002)

3.2.4 Adhesives

There are relatively few situations when adhesaresused in in-situ repair of timber.
This is due to the demanding requirements regarslimgpunding conditions.

The two broad classes of adhesives are the forimadigeadhesives and epoxy resins.
The formaldehyde adhesives were specifically dgezldfor timber and have existed
on the market for 50 years. When used in a cogrectde joint, it is often stronger
than the timber itself. The problem is to meetratjuirements in the surrounding
environment. For the bond to have maximal stretigghmoisture content should be
8-12%. Above 20% there is an increasing risk ofcdodenlure. Ideally, the timber
should be within 5% of their equilibrium moisturentent. During curing, the
surrounding temperature should in general not beertian 28C, which may be hard
to fulfil in many countries during a long periodtbe year, see Ross (2002).

Epoxy was, according to Larsen K. E., Marstein 2000), introduced in 1946 by a

Swiss chemical company and has since then beenexsedsively in Europe, Japan
and North America in reparation of decayed timhbearctures. The adhesive is not as
sensitive to the environment as the formaldehydechvmakes it useful. However, it

Is expensive and is therefore often mixed withedéht fillers. It is today most used to
replace decayed parts in the middle of beams, &bedded steel rods, which then
are joined in a sound new beam member. | histonnbdr structures one should

consider that the experience of the reparation ateturing 40 year could be too

little for use on a building built 2000 years ago.

3.3 Remedial work on historical structures
After an inspection of a historical building hasheerformed and the significance is

known, it is necessary to consider how to retaiiTmash as possible of the original
structure in the following remedial work, withouffexting safety and durability
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above requirements. In order to fulfil this, somengral guidelines has been
developed, see Ross (2002):

Maximise the retention of original material

Allow the original form to be seethe repair method should be chosen and
performed in order to let the original structurairh ‘come through’

Do the minimumall remedial work have to have a reason. Remerttbant
think like a new building will be built, but to mekthe existing building
sound.

Consider ‘reversible’ remedial workeversibility has become a well known
concept among conservators, but require some additiconsideration. A
well used repair method in medieval buildings meler-to-timber. Though,
this may not always be reversible. When using timtbdimber connections
larger interventions often have to be done. A mmneersible work would
instead be to use for example steel plates atittes $0 strengthen a timber
connection. It is not the steel itself which makeeversible, but the way it is
used. For example, if some of the material insideld be carved out in order
to install a steel plate embedded of epoxy resimyauld not be reversible.
Because the aim of reversible remedial work is &kenit easy to change the
work in the future, in case of ability to make \te@ better, but to still retain
the original structure and its material as mucpa@ssible.

See also thé&Principles for the preservation of historic timbstructures’, published
by ICOMOS, the international council on monumentd gites, where the principles
Ross develop is to be found.

When assessing the structure, before any remedigk v¢ done, it is further on
important to consider the difference between tlgetiohber in historical buildings and
the newer timber in modern buildings. In moderndiogs the timber members often
have a smaller size, which seldom result in visfldsures. In historical buildings the
timber members used is often larger and older, lwbiten may result in inevitable,
larger fissures, particularly seen in oak. Howevkrs does only affect the shear
strength and therefore seldom becomes a reasemitedial work. To fill the gap with
some incompressible material is not a good idethedissures then may grow when
MC in the timber increases.

3.4 Upgrading structures

Often a building is subjected to upgrading as alte$ most commonly change of use
or economy. The aspects of concern are following:

strength
thermal insulation

fire resistance

26 CHALMERS, Civil and Environmental Engineeringlaster’s Thesi2 009:91



Upgrading is in general more intrusive than remledi@k (Ross, 2002) and may
therefore result in less significance of a histstiticture.

When there is a change of use, like very oftencdovert a domestic area to
offices, the floor structure often has to be sttbaged. Following suggestions of
how to do this will cause large interventions, buay be used when the
significance is of less value or priority.

The first example describes how to strengthen arfltructure consisting of
principal beams and joists, see Figure 3.10. Fardlot is made through the
principal beam in the middle. Thereafter U-beams aut in place against the
timber ends and supported on their ends in ordeletoease the stresses in the
principal beams. As the U-beams divide the prircipeams in the middle,
moment is transferred to those, which result im@pal beams loaded with half
the load, and thus double the floor's capacity.

Figure 3.10 Strengthening of floor structure cohiegg of joists and
beams (Ross, 2002)

The most critical member in old timber floor stes is usually the principle

beams. Therefore, those must be strengthened Br todstrengthen the whole

floor structure. One alternative how to do thisadasten U-beams with bolts on
each side of the principal beams, if the joistsraretoo deep, see Figure 3.11(a).
Another alternative is to make a slot in the ppatibeam from above and then
fasten a T-beam with screws against the beam (@veier, large interventions

on the floor will in this case be performed.

Figure 3.10 Strengthening of principle beams imflstructures (Ross, 2002)
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To generate more effective buildings, additionauiation may be required as
well. This does not only save energy, but may alsatribute to better moisture
conditions. To install additional insulation in thalls can often be problematic,
unless a total renovation of the walls is to beeddrhe easiest and most effective
place to install new insulation is in the roof. Téare several different ways to do
this, depending on if the rafters are asked toible, if there is a ceiling below
the trusses or depending on how easy a dismartfitige roof covering would be.

Sometimes the period of fire resistance have tadggaded. A common example
is when a framed building is taken into public u$ee timber may either be
protected by a fire board or it is also possibledmplement a floor structure with
steel construction to extend the period of firestasice.
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4 Methodology and Evaluation of Performed
Interviews

4.1 Background and aim

To receive a more comprehensive view over the tm-assessment in Sweden, a
survey was performed. The aim was to find out ifen@search was needed about the
on-site assessment according to the survey patitsp and if so, what area that
would be of most interest. The survey was perfortheough interviews, which were
carried out over telephone and the answers to thestopns were directly written
down and complemented when necessary directly dlfterinterviews. A large
quantity of information was also given beside asfadstions and some of it can be
found in the answers to the questions in Secti@n 4.

In total, 30 people from the industry where intewved. A vast majority of them
worked in the western part of Sweden, except otkamorth, two in the east and two
in the south. However, one of the participants sskmlittle bit uncomfortable with
the questions asked. Structural engineers, spgsthtionsultants, antiquarian, owners
of listed buildings and renovation companies weneorg the participants. The
majority of people interviewed were not able tovaasall questions, as they were
specialised more in one particular area. Howevemes of them had a more
comprehensive view and were able to answer alltouness Examples of questions
asked were like; what governs whether older timbeguctures are repaired or
demolished and what methods are used to deterinéneapacity of the structure. To
see all questions, see Appendix A.

4.2 Evaluation process and results

After all answers to questions were analysed, samgortant information was

concluded, see Section 4.2.1-4.2.8. As mentioné&ds ection also includes

information obtained beside asked questions. Thmbew of answers on each
question varied, and the results from questiond.arare presented in Table 4.1 and
4.2 as an example.

Table 4.1 What governs whether older timber stmesuare repaired or

demolished?
Causes to repair: Number
Listed building 5
More economical 1

Causes to demolish:

The land may be used for a purpose with higherafteturn 5
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The building may be exposed to decay fungus 1

Extensive construction error 1

Table 4.2 When timber structures are repaired, iadividual members repaired
or replaced and what cause the kind of remedialkwanrried out?

Repaired: Number
More economical 6
Listed building 5
Less intervention on surrounding material and inhpadiving environment 2
Replaced:

High costs related to craftsmanship and social iie&sweden 4
When most part of beams seem deteriorated 5
Difficulty with assessing the timber quality 1

4.2.1 Governing factors whether existing buildings are rpaired or
demolished

There are many buildings classified as listed lmgd. Among listed buildings are

notable buildings, which mean that the buildingnag allowed to be demolished and
any remedial work shall be carried out with supgon of antiquarian. Beside notable
buildings, there are also other kinds of listeddngs. A building may also be listed

with regard to the local plan for example. The feavork is then often listed as well

due to restrictions in the constructional plantia Véastra Goétaland region there can
be found 250-300 notable buildings. This includésirches built before the year

1940, as according to law, automatically are cteessas notable buildings.

Use of land which results in higher rate of retiga common reason for demolition.
As a result, the demolition is not caused by theddoon of the building, but may be
demolished due to a new type of activity. If ipisssible to use existing buildings it is
usually more economic to repair than to demolishthé building is not listed, the
whole responsibility is in Sweden laid upon the ewnn contrast to Norway for
example, where all buildings older than 1527 autosatly are listed.

The probability that demolition is considered dagtoblems with renovation will be
higher if decay fungus is founded. The drawbackwdecay fungi is its ability to
reach water several metres away from the damagext @nd may therefore sustain
even in dry parts of the building.
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Major construction errors may result in demolitidvieasures are often costly and
may also result in follow-up costs during residlisdtime. The large quantity of
foreign manpower which is hired in the constructisector is nowadays a
contributory factor to major construction errorsSweden, according to some of the
participants in the interviews. The manpower iwofskilled, but is not always aware
of the Swedish standard and qualified leadership tabmediate this is often missed.

4.2.2 Replacement of damaged members

It is often more economic to repair a member tloareplace it. However, replacement
of members is often the alternative chosen if ttadteman’s knowledge about repair
is limited. This alternative also results in beiog the safe side considering the
strength requirement and possible uncertainty albioeitextent of rot. However, a
problem occurs when the customer, or antiquaridignasuch is involved, has interest
in preserve as much as possible of existing strectu

Some members in the structure can be more difftoudissess, which may be a reason
for replacement. A structural member often hardgsess is the sill on log houses. It
is placed close to ground, often supported on stmd will therefore easily be
exposed to high moisture content, which resulbin r

In case of listed building, the antiquarian auttiesi will be involved in the decision
process concerning remedial work. Those normallgviothe so called Precautionary
Principle, which means, as much as possible oftiegistructure is preserved. This
often results in a dialog between antiquarian aglgher, or between antiquarian and
the carpenter, whether it is justified to presdiwe framework considering structural
condition and cost. The responsibility of the dasigis a durable framework and this
has to be considered.

A problem related to the replacement of a struttomamber as a unit, is the
intervention it causes on the adjacent materialnylier example, a floor has to be
demolished. This may be valuable material whicHguedly would be preserved. In
this case reparation is to be preferred due toitésssention on surrounding material.

To replace large members, as a complete beam &onge, may also result in huge
impact on the living environment. It is always #ien to cause as little impact on this
as possible and this is an additional reason tos#to repair.

In case of complicated structures it can be almmopbssible to replace a complete
member. To replace a complete member would resuladvanced bracing of
remaining structure and in cases as for examplecbhtowers this is near to
impossible, according to an experienced craftsman.

Before choosing repair, the strength of possibhewhich is to be repaired also has to
be considered. Sometimes there can be difficuleéch required strength, which may
instead result in replacement. For example this hegpen when there is a damage
part in the middle of the beam, where maximum spament appears, or which is

more common; the beam is damaged over the supperevthe maximum shear force

is present.
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It is not that unusual, according to some intengdveople, that there are clients who
have lack of knowledge or interest in preservatidrexisting structure. This is a
reason which may result in replacement of comptetenbers, instead of repair. This
is often also connected to carpenters who belieieea more economic alternative to
replace a member.

4.2.3 Cost-effective ways to repair timber structures

A common view is that there are cost-effective waysrepair timber structures.
However, it seems like mostly traditional methods ased and not a large number of
innovative repair methods, which are to be foundther countries. Some usual repair
methods are the following:

Strengthening of beam by attach boards at the dednaart
Strengthening of rafter by fasten it to the wallghwvbolts

Sealing of the moisture source causing the damasyéor example a leaking
roof

Repair of visible structure by using halved jois¢ée Figure 4.1 and Section
3.2.2

Strengthening of walls by using ironwork

=2

Figure 4.1  Halved joints

In other countries, as for example England, anvatiee method to strengthen beams
has been developed. First the decayed materiakentaway and, if it is a valuable
beam, it can be carved out. Thereafter steel roel$agted in existing beam by filling
the empty space in the beam with resin and thexnethi¢ steel rods are fastened in the
new timber into drilled holes, see Figure 4.2. Hoare in Sweden there exist
scepticism, according to the survey, considerirg riix of different material like
timber and steel and therefore one choose to rdpalver with timber. But a
limitation with these methods, is that they canpetused everywhere. A halved joint
for example, which is a common repair method, caaheays be used in the middle
of the beam at maximum moment. This may resulepiacement of a larger part of
the beam and is not optimal in a preservation pointiew considering historic
structures.
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Figure 4.2  Repair by use of steel rods and epoginréross, 2002)

4.2.4 Parts most frequently repaired in the structure

Ground plates, as the sills, are placed closedargt and as a result they often decay.
It may be caused due to that the building was lbodtclose to the ground from the
beginning, or sometimes it happens because thendriavel is rising approximately
10cm/100 years, according to a craftsman specthlizentique craftsmanship. To a
middle age building this rise will be of great dfggance for the moisture conditions
in the sills.

Sills situated towards the south are the most eegpasembers. Below the panel at the
outer walls, a board drains water coming down th#saand operates as a shelter for
the sills, see Figure 4.3. Unfortunately, thosertd®asometimes are to short, which
result in water blowing into the sills.

paETE gy
A e e

Fiure 4.3 Bo draining wate coming down the lwal
(http://hvilaro.blogspot.com/2008/07/byte-av-
syllstockar.html, 200

It is common with damage in suspended foundatitmshose cases it is often the
bottom floor structure which is damaged by rot.
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Insect attack occurs mostly close to ground. Irsseébat are harmful and cause
deterioration of the strength of the structure woed borers, which eat the earlier
wood. Wood borers like timber with high moisturentant and that is why they
mainly can be founded close to ground. The insdathvmainly attack at a higher
level in the building, as for example in the roafss, only attack at the surface and is
not as dangerous for the strength of the structure.

Beams near support, in particular near outer wallsy easily decay if design with
respect to durability was poor. Presence of battestone and moisture are excellent
condition for fungus and the timber will decay asult of this condition.

In newer buildings one has usually learnt how tmtgxt the building from damage by
damp. What are most exposed in newer buildingsh@reuter walls.

Roof leakages are usually formed on buildings gopapwith a gutter on the roof,
which can be found mostly on churches with slatef mr a roof with steel plate
covering. The leakages originate from leaves ahdratrganic materials assembled in
the gutters. As a result, the roof may be prevefrted drainage, and after some time
the water may find its way to the roof truss.

Low ventilation is a favourable condition for danapd a base for accumulation.
Therefore problems related to damp will be morgoserin a sealed building. If the
building is ventilated, like for example in cowskBegroblems related to damp will be
rare due to the vapour transport in the air.

A common construction technique used back in tiras e construction of joints on
the roof trusses outside the roof panel. This i0accurrence place where rot is
detected.

Those were the parts most frequently repaired daugrto the survey. For further
reading about typical mechanical failures in thebr structural system, see
Tampone (2007).

4.2.5 Methods used today to determine the capacity of th&tructure

Visual inspection is important and probably the trmmmmon type of inspection of
the structure. Much can be discovered in the siradby visual inspection only, as for
example rot, which can be discovered due to disgatmn. It can also be seen
whether any settlements have taken place, whichgra@ a hint of what could
possibly be damaged. Furthermore it is possibleytexperience understand how the
forces in the structure act.

If the member is attacked by insects, the inseecisg can be determined by
measuring the diameter of the holes. By knowing twkiad of insect that have
attacked the timber one is also able to deterntiaeséverity of the damage.

The knife is a common tool used to detect rotrmber. It is inserted in the material to
determine if there is rot or not. If it is possilite insert it, it is probably decayed
(unless it is a crack) and if it is not possiblartsert it, it is probably sound. It is also
possible to cut off a piece of the material in orttedetect if there is any rot in the
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outer parts of the timber. However, access to tmapiete member may be limited,
which is a limitation with the method.

Another method used is to strike the member witremmer, also called sounding,

see Section 2.6.1. The following sound will theffedj depending if the member is

decayed or sound. For example, this can be useteymine if house fungus has
eaten the timber from the inside. However, the wettlemands experience and give
only an approximate estimation of the condition.

To detect whether a joint is left with a dowel @t,nit is possible to use a hacksaw
blade. To check rot in joints, it is possible te wsspecial drill, also used by power
producing companies when testing their posts. Aighg some thinks it is tough to
make a good estimation of the material quality #imd results in some cases in
guesses.

Trial drilling is another method used. In this nwth the structural member is
inspected by several outspread trial drills. Rotthen discovered by sense the
resistance during drilling and by observe the colaiuthe drilling core coming out.
This evaluation may operate as an indication ofatteal strength in the member. As
all knots in the member is not included in the gsial of the strength, a lower strength
class than obtained result is often used. Butrttag also result in being very much on
the safe side, resulting in replacement of the nemihen in fact it would not have
been necessary. Difficulty to obtain a comprehensinderstanding of the rot and the
extent of it is another limitation with this methothe drilled holes also contribute to
some decrease in strength and are possible entrémcenoisture further on, which
may result in rot if it did not exist before.

Experience of timber structures is of importanceirdy inspection. Large-scale
construction errors may for example be discovergd experienced inspector. A
house, belonging to a farm built at the end of 1B&éh century, is possible to know
that it would not suddenly collapse.

Some of the interviewed people are convinced theatetis lack of knowledge related
to structural calculations of older structures. rehis strong believed that the quality
of the timber, in terms of mechanical propertiesediin the past was much higher
compared to the quality of the timber used toddyis Wwould result in a structure
which always sustain more load in reality than desl according to calculations.
Others predict the performance capacity with themseof a load test, described in
Section 2.3.2. In the load test deflections are suesl and verified to not exceed
acceptable values in the serviceability limit stéttés not possible to combine the load
test with calculations in the ultimate limit states it is not possible to calculate the
ultimate capacity of an existing timber structurg i would involve too many
assumptions. Deflection is the only factor ableneasure, which is directly related to
the residual resistance of timber structures.

4.2.6 Market for restoration of older timber structure

Clearly a market for restoration of older timbemstures exists today according to
the survey. Signs have also pointed toward a groghng the last decades,
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according to UIf Larsson, an antiquarian intervidyeee Larsson (2009). There is a
possibility of a continuing growing market in thetdre, thanks to that ecological
building currently is popular (renovation more egptal compared to demolish and
build new) and renovation an alternative to saveouweces. However, the
entrepreneur’s attitude for the development is aita.

4.2.7 Remedial work in listed buildings

The company chosen to do the remedial work in &limg is chosen by purchasing.
However, an antiquarian, when such is involved,allgusuggests craftsman very
skilled in antique repair methods. Craftsmen edactah antique repair methods are
for example educated at the school called Dacapmted in Mariestad.

Recommendations on how to perform remedial worktim@®nsist of requirements
given by the client. The designer or architect lmed has the responsibility to make
sure these requirements are followed. If antigmaisanvolved, a discussion with the
designer or craftsman what measures that shouldke® and how and which method
that should be used etc. are common. General reeotetion is that beams built in
the 20" century and later more easily is replaced comp#wesimilar beams built

before.

4.2.8 Potential market for digital radiography

Corroded nails and ironwork in load-bearing timbstructures are unusual
phenomena, according to the survey. What happeps @whmember is moisturized is
that the wood decay before any metal corrodes. efbe, the primary use of
radiography would be to assess the condition dbéimn members and connections.
Sometimes the rot starts inside the timber andbsaimard to detect. The extent is
normally not determined until the connection isntstled. In some cases, it is
necessary to dismantle the connection anyway améxtent of rot will then not be a
problem. However, in some situations it is desgabl not dismantle the connections,
and then equipment capable to assess the conddfothe material without
dismantling could be useful.

When rot is suspected in the floor structure, sastples are taken in some beams and
remaining beams are assumed to be in equal comdibiothis case it would be
desirable to instead be able to use radiographygpect the beams. However, a
limitation with this technique used for this purpas normally the inaccessibility to
all faces of the beams.

Further on, members may be very inaccessible iisw@alinspection. At some places
radiography could be beneficial, like braces in tmeirch towers or joggle joints,
which are difficult to access by other means.

A difficulty one has as a craftsman regarding deddyuildings is to estimate the cost
of the remedial work. The rot do not only existstba outer layer of the timber, but
also at the inner layers, as mentioned. As a resstitnation of the extent of the rot at
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an early stage in the project may be hard. This leag to several surprises during
work further on and to apply for an extended budgetnally takes quite a long time.
Radiography has the potential to ease the estimafithe cost a lot.

That reparations in timber structures are performedh on the safe side seems like a
common view. Compared to steel and concrete, tjtileescientific research has been
carried out regarding the strength in damaged timgieuctures. The result is
reparation or replacement of the timber structuttgen in reality it has more capacity
than assumed. Sometimes a timber beam is replagcex dteel girder or concrete
beam, as these are materials one nowadays haskmmmedge about. Radiography
has the possibility to assist both considering aede and as equipment on-site, in
order to carry out a more qualified assessment.

As a whole, most of the participants in the intewihad the opinion that more
modern technologies like digital radiography woudd beneficial in the on-site

assessment of timber structures. The price of ¢éneice will however be of much

importance for how the technique will be spread.sbme situations no other
inspection method than digital radiography is palesin order to assess the condition
of the timber and then this technology will be ilwable. In other situations other
methods exist as well and then it is more an ecanauestion which inspection

method to use.
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5 Use of Digital Radiography in Laboratory
5.1 Aim and background

A promising method among the NDT methods used fosite assessment is the
digital radiography. In order to confirm possiblenefits of this technique, it was
decided to use it in field. But in order to firstig some experience, the equipment
was used in the laboratory. According to the penfedt survey, found in Chapter 4,
possible use of radiography would first of all Imeassessment of the condition of
members. Therefore the capacity of the technique t@sted on timber in different
conditions, both in laboratory and in field. Theugmnent used for the analyses
consisted of an XR200® x-ray source, manufacture@blden Engineering, Inc, see
Figure 5.1(a), and the Digital Image plate SystgmLbgos Imaging, see (b). The
imaging system uses a reusable plate which crélat@®escence if impacted by x-
rays. The XR200® uses up to 150 kV and the numbpulses can be chosen from 1-
99. The unit is battery driven by a DeWalt® battexyd therefore able to use even in
condition with no access to power.

(@) The XR200® x-ray source (b) The Digital Image plate System

Figure 5.1  The digital radiography equipment

5.2 Material

The materials to be x-rayed, seen in Figure 5.@jirated from pine and has once
belonged to a log house, but had now been stocse ¢b a sawmill for several years.
They were found thanks to one of the craftsmenrvigeved. Material 1 was stored

without contact to ground and looked decayed wheserved from outside, however,
when knocking at it, the sound indicated a sountera. Material 2 was used as a
brace to a tarpaulin and was in direct contact githund. By looking at it, estimating

the weight and by investigating the hardness ohtlagerial, it could clearly be stated
that it was decayed. Material 3, placed under natérand 2, is sound gluelam beam
and used as a reference to compare with decayestiatat
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Figure 5.2  Material to be x-rayed

Furthermore, a mortise and tenon joint was invastid, see Figure 5.3, in order to
assess the capability of the equipment to sepdifiseent components. If feasible, it
can be used, for example, to detect if any dowsekst & a joint or not. The joint to be
x-rayed, which is also made of pine, has a highsidgrand has been stored in dry
conditions for 7 years. As wood ages, it changesesproperties. It becomes darker
and in equilibrium with the surrounding climate.€llowered moisture content causes
wood to be harder.

a) Mounted, from the side b) Dismounted

Figure 5.3  Mortice and tenon joint to be x-rayed

5.3 Methodology

As a standard, the distance between the x-ray-geweaind the object was set to 1m
and the height of the x-ray-generator and the ohy@s put on the same level above
the floor. The image plate should, according to ienual, be put as close to the
object as possible and was therefore fastened deha object with contact to the

material. The equipment was set up as describ&eation 2.6.3 and seen in Figure
2.3. In order to fulfil safety issues it was chetkbat no one passed close to the
operation area during operation, especially noframt of the x-ray-generator. The

inspector took shelter behind a wall, with helpadéad from the x-ray-generator also
equipped with a start button. After have sent,licases, 99 x-ray pulses through the
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material, the image plates where scanned. A recordai®n was to not expose the
plates in daylight and therefore the so called &rgconary principle was followed and

the plates where taken out from their case in & dam and after that put into the
scanner. Directly after the plate was scanned, as wot possible to see almost
anything in the digitally produced images. Theref@ome enhancement where
necessary before any analyse of the images coutthtveed out. The tools given in

the program, which were included in the equipmesutrked in a satisfactory manner
in order to obtain understandable results.

5.4 Results

In the first test carried out, material 2 was lagbn the gluelam beam, see Figure 5.4.
In material 2 and between material 2 and the glnddaam one may glimpse a dowel
crossing the log. On each side of the dowel isibvgble with high contrast to the
rest of the log. The difference in density betw#®n nails and the wood is large and
therefore the contrast between them as well anahaiis can easily be detected. The
difference in density between the dowel and theifogot quite as clear and as a
result, it is harder to detect the dowel. The im&gén normal case brighter with
higher density, but in this case, the image has leeerted and is as a result darker
with higher density.

In Figure 5.4, a difference can also be observeterstructure between the materials.
In the gluelam beam it is possible to glimpse theual rings. What else can be
clearly seen is the finger joint. The darker aretha left side of the gluelam beam is a
result of that it is underexposed. In the log, cameg to the gluelam beam, it is not
possible to distinct the annual rings. Some typstafcture can be seen, but it can
clearly be seen that the original structure is ril@tated.

Figure 5.4  Radiograph of material 2 lay upon meaaé

Material 2 is further more evaluated by comparisoth the mortice and tenon joint,
see Figure 5.5(b) and corresponding radiographignré 5.5(a). The difference in
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grain structure can be noted similar to Figure but,now even more clearly. In the
radiograph, the scarf between the mortice and tesamsible. Some of the lighter
spots correspond to knots visible in Figure 5.%b) other probably to inner knots
not visible in the figure. However, the conclusioay be drawn that knots are clearly
visible in radiographs. The two nails are nailedhia middle of the beam, but can be
clearly seen. Very little of the grain structurevisible in the log.

b) Photc

Figure 5.5 Radiograph and photo of material 2 lgou the joint

When inspecting other parts of material 2, it eaclthat the log is decayed by looking
at the grain structure, see Figure 5.6. As in FEdub(a), only some grain structure is
visible with a mottled appearance and no annugktin

CHALMERS, Civil and Environmental Engineerinilaster’s Thesi009:91 41



Figure 5.6  Radiograph of material 1

When studying the radiograph of the joint showrfFigure 5.3, it can be stated that
distinction between different components in thenfois possible with x-ray
equipment, see Figure 5.7. The scarf between thidaa@nd tenon can be seen in the
lower part and looks like inclined splitting. Theck can be seen above the connection
and it may be stated from the radiograph that do& bnd the member inserted in
have different thickness, as the structure of tle& is more transparent. The splitting
in the vertical member can be seen as a darker dimé so also the splitting in the
horizontal member, even if more unclear. It is gassto distinguish between the
horizontal and vertical member where the tenomseited in the mortice due to the
darker vertical lines, more easily seen above trezbntal member in the lock. In the
horizontal member two inner knots are also visdddighter spots with centre in the
middle of the member and then directed toward ttiges. Close to the vertical
splitting another smaller knot is also visible. #he light from this is directed in the
same direction as it is in the knots in the horiabmember, this knot has to be a part
of this member as well. In the upper region a sendhot is visible also but not any
special direction of the lighter area and as altrésis not possible to be convinced if
it belongs to the lock or the vertical member.

Figure 5.7 Radiograph of the joint (laterally reged)
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In order to evaluate the capability of the x-rayipgent to take images on the depth
of a wooden member, an image was taken in line thighhorizontal beam in the joint
seen in Figure 5.3. In the radiograph in Figure(eéh,8the mortise behind the
horizontal beam can clearly be seen and so alscsphiting at the side of the
horizontal member. One may also glimpse fissuresctid from the centre to the
outer layer. The knot visible in the photo, seeuFeg5.8(b), is not visible in the
radiograph. This indicates that it is too littléference in density relative the depth of
the object to be detected. The structure of theianmngs can be seen, which exhibit
a sound member.

a) Radiograph b) Photo

Figure 5.8  Radiograph and photo of the depth offtbezontal beam in the joint

Furthermore, an end from material 1 and 2 respelgtivas compared, see Figure 5.9.
They were laid on the gluelam beam as a supporthendtructure of this material can
be seen exactly as before. According to the radgin Figure 5.9(a), the log to the
right, material 1, seems to have the same grauctstre as the rest of it, which means
it is decayed. In the log to the left, i.e. matePiathe annual rings can be seen in most
parts. However, in some parts, like in the middi¢he beam and in the boundary to
the outstanding part, a longer distance betweemiheal rings may be observed. To
understand what this could mean, it was decidecdutaup the end of material 2 in
order to inspect it, see Figure 5.10.
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a) Radiograph

b) Photo

Figure 5.9  Radiograph and photo of material 1,&, as define in Figure 5.2

a) Outstanding part split in two b) The end of material 2 after sawing

Figure 5.10 Inner face of the end of material 2
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As can be seen in Figure 5.10, the cross sectitheo$pecimen seems sound, except
some decay at the upper and lower edges. In tleefig can also be seen that the
broader distance between the annual rings is aopane original structure and does

not indicate any rot. This is also verified by ggical examination of the material.

In the next radiograph, material 1 is laid belowtenal 2, see Figure 5.11. When
visually observed from outside, material 2 seemechged, but with this image the
annual rings can clearly be seen which meanssiousmd. In the middle of the image
there is a dark area which exhibits an even moreaydsl part of material 1.
Furthermore, two dowels are seen in material 2sstng the grain structure, with a
nail at the side of one of those.

Figure 5.11 Radiograph of material 1 lay upon matk?

5.5 Conclusion

Through some different examples it has now beemvetidhat digital radiography is
able to localize rot, at least in the laboratorgpother feasibility sometimes required is
to distinguish between different materials. Thesi@s laboratory verify the capability
of this feasibility.

A test was also carried out in order to make clehat could be detected in the
radiograph of a deeper timber member. In this itesbuld be stated that the grain
structure was visible and so also the design oémber behind the deep beam. What
could not be seen was a knot placed in the encesids the x-ray-generator. The
explanation would be that the difference in densgityelation to the rest of the timber
was too small, in relation to the deep of the beam.

CHALMERS, Civil and Environmental Engineerinlaster’s Thesi2 009:91 45



6 Use of Digital Radiography in Field
6.1 Aim and background

The radiography was further on used in field arel ¢apability of it tested on a log

house in Trollhattan, see Figure 6.1, a city sed&t00 km north of Gothenburg. The
object was found thanks to one of the craftsmearigwed. The aim of the project

was to ascertain the benefits of digital radioggaphthe on-site assessment. In this
on-site assessment it was the aim to localize diectne members.

Figure 6.1 Log house inspected with digital radiaginy

The structure of the house is referred to as tmralepart, where the entrance and
balcony is situated and two wing parts on bothswmfehe central part. The house had
been damaged by damp in both an outer and innér Tved¢ main cause to the decay
was a gutter, placed at the right side of the edp@rt, which once was taken away.
As a result, the rain water was led from the rdahe central part, down to the wall at
the side of the central part. From there, the wpéssed on to the outer wall of the
wing part, and this is where the panel has beesntakvay, see Figure 6.1.

6.2 Methodology

The method used in field was the same as the atkinghe laboratory, described in
Section 5.3. In Figure 6.2(a), it is possible t@ s example of how the x-ray
generator was set up. The backside of the wall acagssible in this case thanks to
the attic, and there the image plate was fastem,Fégure 6.2(b). The geographic
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placement of the image plates on the wall was natedrder for the antiquarian after
the analysis to know where each image was taken.

a) Setup of x-ray generator b) Setup of image plate

Figure 6.2  Setup of the equipment

6.3 Results

The panels on the outer wall had been dismantldtidygraftsmen, in order to inspect
the rot. It could then clearly be seen that thes kwvgre decayed in this area. However,
the antiquarian involved was confused whether digs klso where decayed closer to
the window in the wing part of the house. In ortteassess the condition of the logs,
radiographs were taken.

The x-ray-generator was placed on the inside aadntiage plate was placed on the
outside between the window and where the panelsbbkad taken away, see Figure
6.3.

a) Interior wall to be x-rayed b) Setup of image plate

Figure 6.3  X-ray of outer wall

CHALMERS, Civil and Environmental Engineerinlaster’s Thesi2 009:91 47



In the radiograph, shown in Figure 6.4(a), soméicadrfissures can be seen, but also
an upper region where the grain structure disagpedo a dark area, which is
expected to be rot. To extend the analysis, itss possible to colourize respectively
emboss the image, see Figure 6.4(b) and 6.5. leni@gossed image it can be seen
that the grain structure at some places disappearsh visualize the rot even more.

a) Radiograph

b) Colourized radiograph

Figure 6.4  Radiograph and colourized radiographiué outer wall
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Figure 6.5 Embossed radiograph of the outer wall

After the outer wall had been inspected, the sidal wf the central part was
inspected. A visualized inspection had been cardatd by the craftsmen, which
resulted in some rot detected in the wall. Howetleg, analysis of the wall was now
asked to be extended. First, a radiograph was teleza rot were known to be, see
Figure 6.6(a), which also were verified by the Expr.

In the image, and perhaps more easier in the erHdaintages in Figure 6.6(b) and

6.7, the rot can be seen both in the middle, asi@mand in the middle at the upper

part as a more concentrated spot. In the coloutimede this is where the colour is

orange first of all. The smaller lighter spots @ing places in the radiograph, indicate
smaller nails, see also Figure 6.7 where the contbuhose are clearer. Similar

images were obtained from other parts of the walvall. It was not possible to take

any radiograph on the upper face of the membersrdar to determine whether the
rot were continuous through the width of the logsat.
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a) Radiograph

b) Colourized radiograph

Figure 6.6  Radiograph and colourized radiographvedll on the central part of
the house

Figure 6.7 Embossed radiograph of wall on the calrpart
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When it could be assured that the radiography tedethe known rot, more
radiographs were taken on the wall. First of akedi below the first radiograph, in the
logs situated below the first one where it waskmatwn whether rot existed or not. In
the radiographs taken, more rot could be detectedsimilar way.

According to Anthony (2005), the features exhibécdy in radiographs may be
summarized as:

Darker colour(s) due to reduced cross section

A transition from non-decayed wood with intact graattern visible on the
radiograph to the lack of a visible grain pattemthe decayed area

A generally mottled appearance in the darker dedarea

In addition to the walls, a joint in the roof sttuie was inspected, see Figure 6.8(a),
and was expected to be sound. This was also wieatathiographs exhibited; see

Figures 6.8(b) and 6.9(b). In the images it is glsssible to see how the joint is

mounted. In the area where the members are jothedinnual rings in two directions

can be seen in Figure 6.8(b), which verify that¢heally are two members joined to

each other. In the rafter, a line with the samethvaks the nails is visualized in the

middle of the member. This indicates splitting, jably caused by stresses from the
nailed connection. Where the more or less verpoat is fasted to the top chord, a
slot can be seen, see Figure 6.9(b). It can be #$erthe nail in this space has a
reduced cross section, which mean it has beendmuirolrhe bowed shape of the nalil
in Figure 6.8(b) is a result of a too long nailiskt against the timber. In Figure 6.9(c)
a drawing visualize the design of the joint frora flont.
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a) Photo

b) Radiograph

Figure 6.8
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Radiograph and photo from the side efjtint inspected
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a) Photo b) Radiograph c) Drawing

Figure 6.9  Photo, radiograph and a drawing of tbe} from the front

6.4 Conclusion

As have been showed in some examples in this ahdigfiéal radiography has proved
capability to localize rot in members on-site. Timitation with the technique was
found to be that it was not possible to accestadls of the members and as a result it
could not be stated if rot were continuous throtighmembers or not.

Thus, as a final conclusion from the use of digigaliography in field, it can also be

stated that the technology has the capability sessthe condition of metal fasteners,
even if this was not the aim of the analysis. Wkieowing the geometry of the setup

and with help of a reference on the image plai® also possible to measure corroded
area in order to ascertain the capacity of metikfeers (Kasal et al., 2008). For more
analyses of metal fasteners, see Anthony (2003 Aatitony (2005).
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7 Tests on the Damaged Part of a Truss

7.1  Aim and background

In order to better understand the capacity of aatgad part of a truss, a load test was
carried out. The test was carried out on a jointlenas two rafter pieces of sound
timer of strength class 18 and the tie piece remtasg the horizontal part which was
decayed and placed in between the two raftersFgpee 7.5. As timber members
often are estimated much on the safe side andresuét replaced, the test aimed to
find out whether the strength of this joint would much reduced due to a decayed
member. The joint was a result of the design adramon roof truss, see Appendix B,
and self-made by the author. In the analyse it ais® the aim to use digital
radiography, in order to analyse the joint and miatgroperties. The timber were
obtained from a sawmill in Kinna, specialised ikitg care of decayed timber.

7.2 Methodology

The load-deformation test was carried out in thieotatory of the Division of
Structural Engineering. The joint was placed acegydo Figure 7.2(a) with the load
placed exactly above the support, also seen inr€&igil. Three sensors measuring the
deflection called LVDT were used and were placedhie same point as the load,
above the rotational centre and above the endeofrtiss, see Figure 7.1 and 7.2(b).
During the test, the correlation between appliediland deflection could be observed
on a graph, which corresponded to Figure 7.6. T jwas initially loaded with
0.016 mm/sec, but as the capacity of the joint mage than expected and in order to
be able to follow the procedure on the graph, geed was changed to 0.018 mm/sec
after 67 min, 0.36 mm/sec after 78 min and to 1 after 91 min. Short after the
last change, the test has been stopped. The regrsdigitally saved in a computer
and thereafter analysed.

Figure 7.1  Model and planning of test setup
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a) Test setup b) Setup of LVDT above rotational centre
and the end of the truss

Figure 7.2  Specimen and test setu

7.3 Truss design

The condition of the designed roof truss whereaset

Figure 7.3  Design of roof truss

Bars in the roof truss were assumed to work ascpimected, see calculations in
Appendix B. Calculations were performed accordingEurocodes and especially
according to Eurocode 5. The building was assumdxt tplaced in Gothenburg.
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Load combination in ULS:

g = G*1.35+Q*1.5

G = Selfweight

Q = Imposed load (Snow load)
This resulted in:

01 = 2.58KN/m

g2 = 0.58KN/m

However, as all partial coefficients were used atiog to Eurocode 5 and as the roof
truss was designed for long term load instead sfaimaneous load, as the case is
when testing a joint, the joint was overdesigneddsting. With those conditions, the
design of the foot of the roof truss turned oubéocaccording to Figure 7.4.

°x20x490

cl.o

4x32.5

43

Figure 7.4  Drawing of the foot of the roof trussnim

The timber joint was thereafter constructed by &léhor in the laboratory of the
Division Structural Engineering. One may notice diféerence in colour between the
tie beam and the rafter, where the tie beam isedlaglee Figure 7.5. This indicates the
fact that the tie beam is decayed and the rafters@und.
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Figure 7.5  Joint from roof truss inspected

7.4 Results

In the load-displacement curve obtained from tls¢, t&ee Figure 7.6, the result from
the sensors, placed at three different places eradint visualize displacement as a
result of applied load. As input, maximum load veas$ to 53kN, as the calculated
maximum load was not more than 9.6kN, see Apper@lixHowever, the joint
sustained this entire load and the test had tadpped at 53kN. In the diagram one
may see that the curves turn at 53kN and then dBapresponding maximum
deflection was 19mm. As the LVDTs started to praddeflections before the load
cell started to load the joint, it resulted in drént start values on the displacement
axis.

The most characteristic values for the test arettes from the sensor situated where
the load was applied. The curve has two main iatlims and may therefore be called
bi-linear. The two parts of the curve are neairtedr with a correlation value (R) of
0.98 on the first part and 0.99 on the second @aré may say that correlation values
over 0.89 mean very good correlation. The firstlimation, which goes to
approximately 23kN, corresponds to elastic respoaseording to Johansens
equations. In this part, the outer nails probabBngfer the rotational moment
themselves. The second inclination is establishedpproximately 27kN. In this
phase all nails in the nail connection probablyehbgen load-bearing, which result in
bearing stress from all fasteners. Even if ruptwes not achieved in the test, the
rupture can be assumed to be ductile, comparesntzet alone which has a brittle
rupture. The reason is that many nails are usddsien the joint, Blass H.J et al.
(1995).

The result from the sensor under rotational ceextabits displacement opposite the
one placed where the load was applied. This phenomexhibits a joint which
works more as fixed than pin-connected. Even ifeghd of the joint in reality is not
fixed, this behaviour is related to that a verygasupport is used, compared to the
distance between rotational centre and applied load
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Figure 7.6  Load-displacement curves at three pantshe joint

According to the results, the capacity of the jeuais much higher than expected. The
conclusion is that the geometry of the joint; tvadters with a decayed member in
between and fastened with nails through all trederras, results in a decayed
member which does not reduce the strength of time. jdhe lower density will
therefore not be of importance to the structure.

7.4.1 Comparison between test values and calculations

An approximate moment capacity of the nail groupsvealculated according to
Equation 7.1, a formula presented in the Austraitandard, Timber Structures Code
and also cited ifConnections for timber-framed structuresEngstrom (1997):

3/2
n r .
M, =QX X —— Equation 7.1

n
izt Tmax

where M = permissible moment capacity of the nail group
Q = permissible load capacity of a single fagtien
ri = distance of the i:th nail to the centre oéthail group

I'max= the maximum value of r
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This resulted iV, = 2193 Nm which corresponds to the lo&g= 9618 kN ~ 9.6 kN
(see Appendix C for all calculation®ccording to Engstrom, “permissible” consider
when some nails have started to yield. As a rdhidtcalculated permissible load is
comparable to approximately F = 27 kN, where ymdstarts to occur in the nalil
group. However, the joint may carry at least 26fluNher after the nails have start to
yield and probably more. This result shows that tbemula probably is too
conservative.

In order to model the joint, assumptions have tonagle whether the joint should be
modelled as rigid, simply supported or semi-rigidthe angel between applied
moment and is close to 90°, the joint should be modelledigelrIf is close to
0° it should be modelled as simply supported andrwhis not close to either 0° or
90°, it is often modelled as semi-rigid. Equatio i used to calculate

a= arctanM Equation 7.2
q

For the first part of the curve up to approximatélikNm in Figure , which exhibit
an elastic behaviour this gives= 89.99°. As a result, the joint may be modelled a
rigid in the elastic region.

Figure 7.7  Moment- curve from the sensor placed at loading point
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The rotational stiffnesssk M/ , is the inclination of the elastic part of the netx
curve in Figure 7.7, which according to the equatn the diagram corresponds
to:

k = 264012 kNm/rad

7.4.2 Detection of failure mode with the means of radiogaphs

In order to better describe the failure mode oftds, radiographs were taken before
and after the test. The joint was x-rayed from farferent angels, and one of the
setups and corresponding radiographs are showé&dyure 7.8 and 7.9. To see the
remaining radiographs, see Appendix D. In this [setine image plate was bowed, in
order to be placed as close to the object as gesslinis resulted in a bowed
radiograph, see Figure 7.9.

In the radiograph before the test, it can be skanhtwo of the nails could not be put

in correctly, but where bowed close to the nailche®ss the images not show exactly
the same view, those may operate as references edmeparing the radiographs. In

(b) it can be seen that many nails have yieldectlwBubsequently was the failure of
the test. As the design is double shear, yieldioguoed at two points in the nails.

Many nails have also changed position. In the @@iphs it can be seen that the nails
between the end against the outer wall and théiootd centre have carried most of

the load as they are most deformed.

a) Setup of joir b) Fastening of image pla(bowed

Figure 7.8  Setup of joint and the image plate
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a) Before the te: b) After the tes

Figure 7.9  Radiographs of the joint before and after test

7.5 Conclusion

In order to estimate the impact a deteriorated nezrnhs on the resistance of a timber
structure in terms of embedding strength, the amich can be drawn that another
design would have been more appropriate than tleeused in this thesis. To better
estimate the impact on embedding strength, fewiés should be used and longer

members. However, the conclusion can be drawnattaof truss with a deteriorated

member as a tie beam placed between two soundsrafteild sustain the design load
without any remedial work to be carried out as l@asythe decayed piece did not
contaminate the sound rafters, i.e. the conneetms kept dry.
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8 Conclusions

After the state-of-the-art it could be stated thmitch research had been carried out
recently concerning the on-site assessment of tirstvectures. However, very little
was produced in Sweden and very limited guidelihas been published in the
Swedish recommendations. Therefore Ms Thesis ©edaout and still much more
research is needed.

One area needed to be complemented with additresabrch concerning the on-site
assessment of timber structures was the use dbdmgidiography. As a result, the
capability of the technique was tested in field &fmbratory and the results have been
presented in the report. The conclusion can bemthat digital radiography is useful
in the detection of decay and metal fastenersmbeér connections. The extent of
decay could possibly be evaluated as well, but mmayever be more difficult. In
order to quantify the extent of decay, the methestcdbed by Anthony could be used,
see Section 1.3. In addition to the aim of the agde carried out, it could also be
stated that the technique is able to reflect theditmn of metal fasteners and also to
quantify the corrosion by measuring the corrodezhan the images. Beside results
presented in this report, digital radiography hk® groven to successively detect
fractures in the structure, see Anthony and Mea@e%).

One of the questions raised in the interview wathd remedial work nowadays
performed in Sweden is cost-effective. In the repawveral alternatives on how to
perform remedial work in a cost-effective way h#een described, see Section 4.2.3
and also Chapter 3, where some of those are dedcnitore in detail. According to
the survey, a demand exists for remedial work teadreed out in order to repair and
upgrade structures, both due to economic questinddue to particular significance
of structures.

Furthermore, conclusions can be drawn from theegutkiat very simple methods in
general are used today in the on-site assessm#dotrped by craftsmen, structural
engineers, antiquarians etc. A general view amdwegparticipants was that more
modern technology, like digital radiography, absely would be beneficial in the
assessment and some suggestions on future use tHctimique has also been noted,
see Section 4.2.8. One reason for replacement ofbmes instead of repairing them,
according to the survey, can sometimes be thedimit of possibility to assess the
member with technologies available. With more madé&rchnology this would
probably not be necessary and in some cases wewd mvaluable tool.

In order to evaluate how the material propertierms of density and E-modulus are
affected by decay in a member another type of delsas to be tested than the one
tested in this thesis. The distance of the mempuersably has to be longer and fewer
fasteners should be used. However, it may be sthwda decayed member fasted
between two sound members with fasteners throupglhese members will have
minimal influence on the strength of the joint.
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9 Summary and future research

Accordingly, the conclusion drawn from the survéye state-of-the-art, the use of
digital radiography and the load test carried ontaodecayed joint is that digital
radiography is useful in the detection of decay laasi the capability required.

In order to develop the on-site assessment furtheédjtional research has to be
carried out concerning non-destructive methods.t8ligadiography and resistance
drilling, would preferably be developed in order lietter estimate the extent and
different stages of the deterioration. The reseaanied out concerning resistance
drilling has proved that deviation in the drillipgth tend to exhibit deceptive plots of
the condition of the cross section. For more rédiabsults, more research is needed
to be carried out in this area. Digital radiogragioyld be further developed in order
to identify and quantify deterioration in differestages, related to different densities.

More tests on deteriorated members and jointslzse to be carried out in order to

better estimate residual strength and to not usterate the strength of the

structures. This today often results in remediatknaarried out like replacement of

existing timber structure, which would not been essary with better assessment
possibilities and guidelines as a result of testsra@search.

CHALMERS, Civil and Environmental Engineerinlaster’s Thesi2 009:91 63



10 References

Anthony R. W. (2005): Advances in digital radioscopy for use in historic
preservation Anthony & Associates, Inc., MT-2210-03-NC-07

Anthony R. W. (2003):Examination of connections and deterioration in tmb
structures using digital radioscopyProceedings of the third congress, Forensic
Engineering, ASCE, California

Anthony R. W., Meade E. P. (200Assessment of a mechanical failure in a historic
wood truss using digital radioscopy6™ International Symposium on From material
to structure — Mecanical behaivour and failureshaf timber structures, ICOMOS
IWC, Florence, Venice and Vicenza

ASCE (1982):Evaluation, maintenance and upgrading of wood stmes. ASCE,
United States of America

ASCE 11-99 (2000):Guideline for structural condition assessment ofstg
buildings.SEI/ASCE 11-99, American Society of Civil Enginger

Blass H.J., Aune P., Choo B.S., Gorlacher R., @18fD.R., Hilson B.O., Racher P.,
Steck G. (1995)Timber Engineering STEP 1, Basis of design, materapgrties,
structural components and joir@entrum Hout, The Netherlands

Boverket (2006)Allmanna rdd om andring av byggnad, BARverket, Karlskrona,
Sweden, pp. 27-28

Boverket (2003)Boverkets konstruktionsregler, BKBoverket, Karlskrona, Sweden
Boverket (1994)Dimensionering genom provninBoverket, Karlskrona, Sweden

Brozovsky J., Brozovsky J. Jr., Zach J. (2008). assessment of the condition of
timber structures9™ International conference on NDT of art, Jerusalismael

Cruz H., Saporiti Machado J., Palma P. (2008hat one needs to know for the
assessment of timber structure8lEC, Lisabon, Portugal

Engstrom D. (1997):Connections for timber-framed structureBh. D. Thesis,
Chalmers Tekniska Hogskola, Sweden, pp. 85

ICOMOS (1999):Principles for the preservation of historic timbdrugtures. The
12" Assembly in Mexicol]COMOS, Mexico

ISO (2001):Bases for design of structures — Assessment ofrexistiucturesiSO,
13822, Switzerland

Kasal B., Bertolini C., Tannert T., Sbarta M., Yajuahi N., Piazza M., Riggio M.,

Machioni N., Pignatelli O. (2009)tn situ assessment of timber - State-of-the-art
report. RILEM TC 215 AST

64 CHALMERS, Civil and Environmental Engineeringlaster’s Thesi2 009:91



Kasal B., Adams A., Drdacky M. F. (2008)pplication of digital radiography in
evaluation of components of existing structur&CoMaTiS 2008, International
RILEM Conference, RILEM

Larsen E. L., Marstein N. (2000€onservation of historic timber structures — An
ecological approachReed educational and professional publishing lixfof@l, Great
Britain

Larsson U. (2009): Private interview carried oyt the author the 10 February,
Gothenburg, Sweden

Lear G. (2005)improving the assessment of in situ timber membéis the use of
nondestructive and semi-destructive testing teclesdviaster Thesis. North Carolina
State University, Raleigh

Naval Facilities Engineering Command (198&spection of wood beams & trusses.
Naval Facilities Engineering Command, NAVFAC MO-111

Ross P. (2002):Appraisal and repair of timber structuresThomas Telford
Publishing, Great Britain, pp. 73, 108-130

Tampone G. (2007)Mechanical failures of the timber structural syssera6"
International Symposium on From material to streetd Mecanical behaivour and
failures of the timber structures, ICOMOS IWC, Eoce, Venice and Vicenza

T-virkesforeningen (1981)tnstruktion fér sortering och markning av T-virkeé-
virkesforeningen, Stockholm, Sweden

Yeomans D. (2003)I'he repair of historic timber structureShomas Telford limited,
Great Britain

CHALMERS, Civil and Environmental Engineerinlaster’s Thesi2 009:91 65



Appendix A

Questions asked in the interview

66

. What governs whether older timber structures guaired or demolished?

. Are individual members repaired or replaced whetbér structures are

repaired and what cause what kind of remedial wioek is chosen(s the
member for example too damaged, is it difficuhigsess the quality or is it
simply cheaper?)

. Are there cost-effective ways to repair timber ctinees?

. Which part of the building does most frequently é&v be repaired?

a. Any typical damages related to a certain epoch?

. What methods are used in order to determine thaotigpof the structure?

a. Do they have any limitations?
b. Would they like to develop any method?

. Is there a market for restoration of older timkdenctures?

a. Do you believe the circumstances will change inftitere?

. Are there many listed buildings and is the struetacluded as listed?

a. Who is able or allowed to repair those buildings?
b. Do they have any guidelines for how to repair?
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Appendix B

Design of roof truss according to EC

Place: Gothenburg

Snow load

Snow zone: 1 S1kN/n?f

S=k*Ce*C*sSk =C=1

S= K*sk

Roof inclination: 1:1.25 angekarctan (1/1.25)=38.66°
=0.8*(60-38.66)/30=0.57

$=0.57*1=0.57kN/rfA

Selfweight

Assumed design of floor structure:

Assumed roof cover: Brick 75kg/nf=0.75kN/m

I 0.75

= = 096kN/m?
| xxosb c0s3866

Horizontal: 0.75x%
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Selfweight of attic structure:
Assume c18 =320kg/n?

0025%7 + 022x025+ 00138+ %’MS = 036kN/m?

4%(cosh)"2=2.439 6.25-2.439=3811
Ip]
I
I
V)
*
V)
N
ip}
o
€ )
‘orcton(B/E 25)=65.77 . b=38.66°
/30-38.66=51.34° \
125
1 4.0 4.5
[m]
Load in ULS:

0:=(0.96*1.35+0.57*1.5)*1.2=2.58kN/m

02=0.36*1.35*1.2=0.58kN/m

68 CHALMERS, Civil and Environmental Engineeringlaster’s Thesi2 009:91



Check moment at span E-C

Y,

_q kmosby(cosb) _qkcosh 1?7 _gA?

M

ma | 8 18  cos b 8
cosb
2 2
e gA _ 258%38171 — 468N
8
smax :M £ fmd
W
6
W 3 Miax _ 46820 _ 048x0°mnt
f 969

md

Needed height with b=45mm:

2
h“—GWS 3 04840° h, =253nm

b=2x45 h, =179mm Try:2x45x220

Service class 2 (snow main load) 534&0.9 m=1.3
Strength class c18: Strength class c14:
14
fg = O.9><E = 1246MPa f.q = 0.9%x— = 969MPa
13 13
fg= 0.9><E = 1177MPa fq= O.9><E = 1108MPa
¢ 13 13
11 _ 8 _
f, = 09x— = 762MPa f, = 09%— = 554MPa
13 1.3
E.s = 6GPa
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Tie beam

M o = 058+4500° _ 1468>10° Nmm
M max
smy = T £ fmd
6
W, ooy = Munay _ 146840° _ 151 5500 min?
f 969

md

Assume 45x170: A=7650mmW=216.8*1C mm®

Loads on connections

2439 | 4 058 = 689N
2 12
625

P. =P, = 258%-=> = 80%kN
2

P, =P, = 258x(1+

P, = 258x3811= 983N
PI = PH = 058# = 247kN

P = 2x(689+ 806+ 247) + 983= 4467kN

Compare to: 14.5*2.58+12.5*0.58=44.66kN ok

Load at support: 44.67/2=22.34kN
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Bar forces (kN)

$$"#

oy &\ N, > 2499+ 4 (1882- 58) =0
N
_ "0/ Ngc X2499+ 4x(1882- 5.8)- 684x(4- 2439 =0
Neo= - 166kN
0 N, + 684>cosb =0
Ng, = - 684>xc0s3866= - 534kN
N,, - 208>cosb =0
N, =16.2kN
N, >sin 65.77- 534>8in5134- 2=0
N,c = 6.77kN
"$ Ny, + 6.77x0s65.77+ 534xc0s5134- 162=0
N\ /! N, =10.1kN

.
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Results: Loads on connections (kN)

"#)"

72
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Bar E-C

6
o S ASBA0
72640
3
s, = 19740 _ h90mpa
19800
s ° s 099 > 644
Interactin: —& +— 2= = =052 ok

+ =
fo  foe 1177 1246

Bar A-E (45x220, c18)

M, = w = 192kNm> 258 ¥x0.5 = 129kNm
6
my 2—1'92&03 = 264MPa
72640
sc = @: 125MPa
19800
2 2
s
Interaction: —& +-™ = 125 =, 264 _ 022 ok
f T 1177 1246

myd

Tie beam 2
M, = 0584 _ 116kNm
6
Sm = Lﬂ'oa = 535MPa
216.8%0
st = @: 252MPa
7650
4 0 Interaction : 535,252 _ 10 ok
‘ ‘ 9.69 5.54
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Span H-I

6
m _ 140840" _ 6.77/MPa
2168%0°
s, =220 158uPa
7650

. S s
Interaction: —™ + - £1
md td

6.77 + 158 _ 098 y
9.69 5.54 0
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Joint design

Wood against wood c¢18 =320kg/mt

{ Anchor length: £8d

Assume wire nail 125x43mm

§=125-2*45=35>8*4.3=34.4 ok

f,=40%(20-4.3)=628MPa
Myri=0.45*628*4.3°=12537Nmm

Contact pressure: k= Thaw)

Without pre-drilling 0.068*320*4.3*-14.0MPa

With pre-drilling 0.068*(1-0.01*4.3)*320=20.8MPa

=1  Anchor length ~ 8d =>xrx ~

Without pre-drilling

(9): fy °t,°d =14>35543 = 2107N

(h): f,, % Z 14><45><473 1355N

4xb X2+ b)xM
RS iy st s py+ 2 )2 R p o=
2+b Frap Xd X
= 105x2207 4412942587 4 07y
3 2107:35

115%/1 %/2X1253744%43 = 1413N

[2xb.
k):115 o \/2><|v|yRk xf, xd

With pre-drilling

(@) :208>35>4.3=3130N

h): 208><45x473 2012N

Fleé
(i):105313% 151242537 _ L
3 3130x35
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Without pre-drilling: Fre<1075N  With pre-drilling: Gre<1444N
Frd=0.9*1075/1.3=744N

=>0n each nail: 2*744=1488N (without pre-drilling)

Joint at support A

’ HOA)(

8" (

Transferred force according to Fig.:

F =+/ 2234 + 193% = 295kN

Angel between force and tie beam:

A

Vertical component:

b
. az
6.89+24.7*sin38.66=22.32
kN=Ra ok a1
Horisontal component: a:

24.7*c0s38.66=19.3kN=Nah ok

Angel between force and rafter:

a,=a,- b=492- 387 =105°

Wire nail 125x43, d=4,3mm,;k=1.49kN (without pre-drilling)
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Least distance between nails without pre-drilletkbo

a, 3 parallell_to_grain= (5+5cos105) x4.3 = 426mm
a, 3 5x43=215mm
a, 3 10x4.3=43mm
a, 3 5x4.3=215mm

Distance between nails in tie beam, without préedtiholes

-
= @)
49.2 X N =
>< Cj
a; > (5+5|c0s49.2|)*4.3 = 35.5mm, , as a;same as before
| a1 | a3 |
I T 1
In the case of several nails parallel to grainyanl effective number is allowed to be
used in the calculation =>mn
283
211
Area capable to
use for nails
176.6/sin38.66=283,
—
%ﬁf w@gbb/z 175-2%21.5=132
//4m — =D
>Q3=43
[mm]

Assume 6 nails parallel to grain in tie beam:
283/5 = 56.6mm => Choose c/c = 56mm

kefr= 0.85+((13-10)/(14-10))*(1-0.85) = 0.963 =z k 6= 5.61
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Assume 5 rows:

=> Nail distance parallel to grain: 211/4 = 52.8mm

Try c/c = 52mm in inclined directiony/a = 52/4.3 = 12.1

Keff = 0.85+((12.1-10)/14-10))*(1-0.85) = 0.929  =x3n5%°=4.46

The capacity of the joint:

4.46*5.61*1.488 = 37.2kN > 29.5kN ok

‘ Ox06mm

Control distance perpendicular to graig, a

Rafter: ag = 56*sin38.66 = 35.0 > 21.5mm ok

Tie beam: a = 52*sin38.66 = 32.5 > 21.5mm ok

78
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Drawing of the foot of the roof truss in mm:

Cx220x42

215

4x32.9

43
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Appendix C

Permissible moment capacity of the nail group

- Connections for timber-framed
structures, Engstrom (1997)

Q = permissible load capacity of a single fastener
r = distance of the i:th nail to the centre of tlad group

Imax = the maximum value of r l Fn

Q = Fre = 1075N Ly=0.213m

MNmax= 0.231m u 797
M «—>

(/v )%= 8830
- 1x=0.228m
——> M,=1075+0.231*8.830 = 2193Nm
—=>  M=Flx F= My/Lx = 2193/0.228 = 9618N 9.6kN
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Appendix D

Further radiographs from the test

Before the test:

After the test:
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Before the test:

After the test:
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Before the test:

After the test:
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Before the test:
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After the test:
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Before the test: After the test:
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