Structural Analysis of Historical Constructions, New Delhi 2006
P.B. Lourenco, P. Roca, C. Modena, S. Agrawal (Eds.), ISBN 972-8692-27-7

Study of strains and stresses in historical carggoints

J. Jasieko
Wroclaw University of Technology, Institute of CEngineering, Wroclaw, Poland

L.J. Engel
CCI Sp. z 0.0., Wroclaw, Poland

P. Rapp

Poznan University of Technology, Institute of Sutedl Engineering, Poznan, Poland

ABSTRACT: Presented in the paper are studies of selected historical ysiatsin woode
framework structures of monumental objects. Photo-elasticity methedapplied in the stud-
ies. Isochromatic and isoclinic courses were examined, distributiodefairmations and
stresses were elaborated for various directions of loading pdadenresulting from static
working of construction of the whole object. Also presented is the caonegftconservation,
repair and reinforcement of historical wooden joints taking into coratida observations on
the objects, influence of delayed effects and results of experiments conducted.

1 INTRODUCTION

Wood is a material that is considerably different from other mgldnaterials. Wood anisot-
ropy is related with mechanical properties depending on actingidivesftforces and its struc-
ture. In general, strength of wood depends on kind of wood, on moisture demnsdtyre and
defects. As an anisotropic material, wood has differing modulus aicgkaslepending on fibre
direction and, in the framework of one direction, the moduli differ éonmression and tension.
Delayed effects have significant influence on change in mechammgerties of wood (rheol-
ogy). In the linear — elastic scope of working of a structure &sdnmaing that wood is an
orthotropic material, the relationship between strain and strespétial (three-dimensional)
state of stress can be written in the following form:

1 My MR
e =—§ -—S5;-—=5 1
L= S g ST SR 1)
—_Mm 1 e
=-Ts +—s5. - Rg 2
TTEVETE R 2)
—_ e Mgy 1
e,=-—8§ -—§,+—s 3
R E.CYE, T E R 3)
=t @
R= =l
Grr
1
=t (5)
TG R
1
=—t¢ 6
9t G (6)

LT
where E, = moduli of elasticity in fibre directionls;, andEy = in transverse direction to fibre,
tangential and radial respectivel§, ; = shear moduli in tangential plan@,; = shear moduli
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in frontal plane,G,; = shear moduli in radial plane, ; /77, /1;x Mg 1 g Ny = Poisson’s ra-
tios.

The equations are correct while assuming that moduli of elgskicitompression and ten-
sion are equal. Material orthotropy assumes symmetry of rigiityix. According to Neuhaus
(1994), such symmetry does not occur in wood. Due to lack of symmetoefiicients occur-
ring in “strain - stress” relationship equations:

My g Mo and MR 4 Mrr @)
E.L Ef Er Eg
In most static analyses, sufficient approximation however is migetif wood as an
orthotropic material, which is confirmed by observations of actuattstres and their behav-
iour over time. This simplification enables accepting symmetmigidity matrix which is the
basic assumption of software suitable for analyses of statikingoof wooden structures
(ABAQUS, COSMOS). The next step could here be the assumption of wasiitipteaccord-
ing to Hill's hypothesis:

f(s)= \/A(522533)2 +B(S35511)° +C(5115 ) + 2D$232 + 2E$312 + 2F5122 (8)

whereA, B, C, D, E, = constants determined on the basis of material testing.

This however considerably complicates solving a task, not providinbis case, substantial
benefits. In the tests presented, wood of rods/bars linked in joints/timmseis assumed as
orthotropic material, and the wood of wooden pins/pegs as isotropic ahdéding into ac-
count shape of the peg and the wood used to make pegs in real histojectd, of considera-
bly higher density than the wood of the bars joined. Studies were baggubtimelasticity
tests. Photo-elasticity tests were performed on models madeef@urpose, for bar elements
connected with mortise-and-tenon and dovetail joints, commonly used in wdodenres of
historical objects. These include mortise-and-tenon joint of suspensiamittofboting beam
(Fig. 1A), dovetail joint of rafter with collar beam (Fig. 1B3,\aell as dovetail joints in orchid
rafter framing:

- of rafter with angle strut (Fig. 2A),

- of orchid with angle braces (Fig. 2B),

- of footing beam with angle braces (Fig. 2B).

Taken into consideration in the studies were cases of jointingmieelts using: wooden pin,
steel pin and without using a pin — only tenon pressure in dovetail fdonsdcket. Tests by
photo-elasticity methods were carried out on models made for the pudecsenenting the re-
sults on photographs taken during the tests and group isochromatic geapldrawn up form-
ing lines linking points of identical strains/deformations.
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Figure 1: A) Mortise-and-tenon joint of suspensiod with footing beam;
B) Dovetalil joint of rafter with collar beam.
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Figure 2: A) Joint of rafter with strut angle;
B) Joint of orchid with angle braces and footingumewith angle brace.

Tests were carried out on models cut out of epoxide composition catd padeperformed
with polariscope type V.

Utilized for analysis of joint working were isochromatic lirgstained by means of photo-
elasticity tests conducted on models of structural elements ohd&asparent materials, using
light polarization effect and temporary double refraction of theenmt The registered
isochromatic picture contains information on differences of maissgseoccurring in the area
analyzed. Models of the tested elements are made of epoxide composition, of iscdtepia m
which disables direct extrapolation of results on anisotropic matesisgs wood. Numerical
analysis of all tested joints was performed using COSMOS/M2.5grognvironment which
utilizes FEM. For numerical modelling of rafter framing (ea#, collar beams and footing
beams), SOLID 3-D element was used. For joints, modelling eleshegajp and friction (GAP)
was used. Friction factor off = 05 was assumed. Mortise-and-tenon joint was tested taking
into consideration two models of joints for compression: with pin and wifiautand for ten-
sion — one model of joint. Dovetail joint was tested taking into coretide three models of
joints: without pin of force transferred by pressure of tenon onto sogitetwooden pin trans-
ferring the whole load and also with wooden pin cooperating with the terbsatket. Nu-
merical analysis was performed for the same joints for whichop#lasticity testing was per-
formed. In the joints testedx™ axis was assumed as parallel to the axes of footing beam and
collar beam. The following strength parameters were used for numericaliginalys

E, = 13200 N/mr Gyy = 1070 N/mr = 0.064
E, = 1082 N/mm G,, = 425 N/mn = 0.033
E, = 2032 N/mm Gy, = 1175 N/mm y2=0.560
=05
whereE; = moduli of elasticity in direction, G = shear moduli, = Poisson’s ratios, = fric-
tion factor.

2 PHOTO-ELASTICITY TESTS

The purpose of photo-elasticity tests was to analyse mortiseeaad-joints as well as dovetail
joints. In mortise-and-tenon joint, tests were carried out for comipresvithout pin and on
wooden pin, and for tension on wooden pin. In dovetail joints, tests weiredcaut for ten-
sion of joints: on wooden pin cooperating with mortise-and-tenon joint, gte@ooperating
with mortise-and-tenon joint and for mortise-and-tenon joint without pin.nguhe measure-
ments, full and half isochromatic patterns in the joints of tedeedesmts were recorded. It was
decided not to exceed loads causing formation of isochromatic lines iabo%0 — 6.0, so as
not to cause damaging of models. Preliminary optical effectsmugumn dovetail joints should
be linked with torsion of elements resulting from eccentric loadihg purpose of testing was
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quality analysis of effects appearing with changes in isochrorpatterns and distribution of
strains and stresses. Pictures obtained from model tests shiabutiet of strains and stresses
and their accumulation process. On the basis of photographs taken dufinpaece of tests,
graphs were drawn for all tested cases showing full and halirsoatic patterns. The ap-
pended figures are limited to presenting photographs of full isochihmas, omitting photo-
graphs taken of half isochromatic lines.
The said test results of individual joints:

1. Mortise-and-tenon joint of suspension rod with footing beam:
- for compression in joint with wooden pin, the isochromatic lines coratenéiround the pin
and between the pin and contact plane of the elements and obtain theimasdhae (4.0) in
the region of this plane. This shows that loads are transferstaffiall through pressure of the
elements, and to a lesser extent by the wooden pin. In the joint witmotih@iloads are trans-
ferred through pressure between the elements and the isochronegtiolitain the value of 3.5
whereby disturbances occur in the isochromatic pattern in the region of the hole for, the pi
- for tension in joint with wooden pin, the isochromatic lines concentrate aroupthtaed be-
tween the pin and contact plane of the elements, attaining substantial value (4.5).

2. Tensile dovetail joint of rafter with collar beam (Fig. 3):
- in joints with wooden pin and steel pin, the isochromatic lines coratersdt the pin from the
side opposite to the action of the force, and their flow in both casts dovetail joint tenon,
in the collar beam and rafter is similar. Maximum value ofhsomatic lines (5.0) is identical
directly at the pins. Isochromatic patterns and values show thagirtedransfer most of the
load,
- in joint without pin, where the joint tenon and socket transfer theenlbal, the collar beam
tenon displaced significantly in the direction of force action. The isochronmagdoncentrate
along both edges of the joint, attaining maximum value in top corner of the d@éeaihnd in
the rafter (3.5).

Figure 3. Dovetall joint of rafter with collar beantension:
A — joint with wooden pin, B — joint with steel pirC — joint without pin.

3. Tensile dovetail joint of rafter with angle strut in orchid rafter framing:
- in joints with wooden pin and steel pin, the isochromatic pattern an@miaton as well as
their maximum values are almost identical as in the joint of rafter withr dakam (5.0),
- in joint without pin, where the tenon and socket transfer the whate dtisplacement of the
tenon, isochromatic pattern and concentration and their maximum vagusindar as in joint
of rafter with collar beam — in the tenon (6.0) and considerably larger in the rafter (6.0)

4. Tensile dovetail joint of orchid with angle braces in orchid rafter framing:
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- in joints with wooden pins, the isochromatic lines concentrate giitisefrom the side oppo-
site to the action of the force, and their maximum values amouat keft pin 3.0 and at right
pin 4.0. Considerably lesser values isochromatic lines occur along contact etigeearite (0.5
— -1.0) indicating that gross forces are transferred by the pifferddit isochromatic patterns
and their different maximum values in both angle braces are chyssah-symmetrical load-
ing of the braces resulting from difficulties in making idea{ynmetrical model of the struc-
ture,
- in joints without pins, where the tenons and sockets transfer the \W=zal, angle brace te-
nons got displaced sliding with the sockets, whereby the amount ofadisgat differs in both
braces. The force acting vertically on the joint, not along abglee axes, causes their dis-
placement in the sockets along with rotation. The amount of displateme rotation depends
on amount of force and matching of contact surfaces of the elemebtsthl angle braces, the
isochromatic lines concentrate along both edges of the joint, attaimaxgnum value in bot-
tom corners of the contact planes (6.0). Disturbances in isochromegimpaoccur at holes for
the pins. Both angle braces have different isochromatic patteumssdcdy differing displace-
ments and rotations of the angle braces.

5. Tensile dovetail joint of footing beam with angle braces in orchid rafter frafRigg4):
- in joint with wooden pin, the isochromatic pattern and concentratiomikusas in joint of
rafter with collar beam, and their maximum values are less (4.0),
- in joint without pin, where the tenon and socket transfer the whale tloa angle brace tenon
displaced significantly sliding out of the socket. The isochrontiaés concentrate along both
edges of the joint, attaining maximum value in bottom corner of thetalby®.0) and in the
footing beam (5.0), and disturbances in isochromatic pattern occur at the hole for the pin.

Figure 4: Orchid rafter framing — dovetail jointafchid with angle brace — tension: A) joint witlbeden
pin; B) joint without pin.

3 NUMERICAL CALCULATIONS

The purpose of numerical analysis conducted was to establish the maypail stresses,
and , as well as tangential stressgs . y, for testing of mortise-and-tenon joint and dove-
tail joint. Besides this, the purpose was to compare the calcufasatis with the isochromatic
pattern obtained as a result of photo-elasticity tests. In mantide¢enon joint, calculations
were performed for compression for mortise-and-tenon joint without pinvehdvooden pin,
and for tension with wooden pin. In dovetail joints, tests were perfofondénon and socket
joint without pin, with wooden pin and also wooden pin cooperating with tenon andtsock
joint. Stresses obtained through calculations are presented inutesfig the form of coloured
panels (maps). Provided at each panel is a colour scale pertamynp that panel and there-
fore the amount of stresses cannot be compared between individuallpaneans of the col-
ours only without taking into account the differences in scaling dlaurs for individual pan-
els. The calculation results of individual joints/connections wemgdd to analyses of stresses
normal, parallel and perpendicular to the element tested.
Results of testing individual joints:

1. Mortise-and-tenon joint of suspension rod with footing beam:
- for compression of suspension rod in joint with wooden pin, in the tenon —essiya and
tensile stresses parallel to suspension rod gxtoncentrate at the pin, and stresses perpen-
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dicular to suspension rod axigalso concentrate at the pin. Stresses directly at the pin @cquir
considerably larger values than at the pressure planes of edemedtstresses parallel to sus-
pension rod axis, attain considerably larger values than perpendicular stregses
- for compression of suspension rod in joint without pin, loads are treesfiey pressure be-
tween elements, values of stresses are considerably lowethaaren joint with wooden pin.
Disturbances occur here in flow of stresses at the hole for the pin,
- for tension of suspension rod in joint with wooden pin, in the tenon — conyaressl tensile
stresses concentrate at the pin, whereby stresses payaltel perpendicular, to suspension
rod axis are formed similarly as for compression — in mirrdec&bn, and their values are ap-
proximately equal to the values for compression.

2. Dovetall joint of rafter with collar beam (Figs. 5, 6):
- for tension of collar beam (Fig. 5) in joint without pin, where thwie load is transferred by
the tenon and socket of the joint, stresses pargllahd perpendicular, to collar beam axis
are concentrated in the joint corners and near the corners,
- for tension of collar beam in joint with wooden pin, stresses paraland perpendicular,
concentrate around the pin, attaining maximum value considerably lbareiirt joint without
pin,
- for tension of collar beam in joint with wooden pin cooperating with tenon and socketitof |
parallel stresses, occur on almost full plane of tenon, whereas perpendicular stregses
mainly near the right edge of tenon, and their value is lessrirzase of transfer of load by the
pin itself. The system of stresses and their amount is evidg#finceoperation of tenon and
socket in transfer of load,

Figure 5: Dovetalil joint of rafter with collar beantension: A) load transferred by joint socket;
B) load transferred by wooden pin.

- for compression of collar beam in joint without pin (Fig. 6), palairesses, concentrate in
corner of tenon, and perpendicular stressedong edge of dovetail start. These stresses attain
considerable values due to strains of the collar beam caused éntragity occurring in the
joint and occurrence of local pressures in consequence thereof,

- for compression of collar beam in joint with wooden pin, parallelssts , concentrate be-
tween the pin and oblique edge of tenon, attaining maximum value in teraT eod at the
pin. Perpendicular stressgsconcentrate around the pin and in tenon corner,
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- for compression of collar beam in joint with wooden pin cooperatiniy prigssure of collar
beam to rafter, parallel stressesand perpendicular stressgsconcentrate at the pin, attaining
higher values than in joint with pin only.

Figure 6: Dovetalil joint of rafter with collar beamcompression: A) load transferred by joint socket
B) load transferred by wooden pin.

3. Tensile dovetail joint of rafter with angle strut in orchid rafter framing:
- in joint without pin, stresses parallel to angle strut axiare spread over whole width of te-
non, and perpendicular stressef top part of tenon,
- in joint with wooden pin, parallel stressgsand perpendicular stressgsconcentrate around
the pin, attaining maximum values. Tension occurs between the pin and rear edge of tenon,
- in joint with wooden pin cooperating with tenon and socket of the joinallphstresses,
concentrate between the pin and side edges of tenon, and perpendicsgasst@ncentrate
between the pin and front edge of tenon.

4. Tensile dovetail joint of orchid with angle braces in orchid rafter framing:
- in joint without pin, stresses parallel to angle brace gxoncentrate in rear part of tenon,
along its vertical edge, and perpendicular stressesncentrate at all edges of the tenon,
- in joint with wooden pin, tensile stresses parallel to angleebaais , spread uniformly on
almost whole surface of tenon with disturbances occurring in therregithe pin, perpendicu-
lar stresses, concentrate at the pins. Perpendicular stresses of greaterthiah longitudinal
stresses is evidence of moment acting on the angle brace with loading of fertea
- in joint with wooden pin cooperating with tenon and socket of the joingliphtensile
stresses, spread parallel over whole surface of tenon, with disturbances ioccimrregion of
the pin and lower edge of tenon. Perpendicular stregsesicentrate at the pins.

5. Tensile dovetail joint of footing beam with angle braces in orchid rafter frafRigg7):
- in joint without pin, compressive stresses parallel to angleekagis , concentrate along top
edge of tenon and tensile stresses along bottom edge, caused by td amimg on the angle
brace with vertical force load. Perpendicular stresses both essipe and tensile, concen-
trate in top corners of tenon for causes as above. Perpendicutsestod greater value than
longitudinal stresses is evidence of moment acting with loadirangle brace with vertical
force,
- in joint with pin, parallel stresses and perpendicular stressgsspread uniformly on whole
surface of tenon with disturbances occurring in the region of the pin,
- in joint with wooden pin cooperating with tenon and socket of the joinallphstresses,
concentrate along longitudinal edge of tenon — tensile on the right, ssiveren the left, and
parallel stresses, tensile and compressive concentrate in top corners of the tenon.
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Figure 7: Orchid rafter framing — dovetail jointfobting beam with angle braces - tension: A) lbaths-
ferred by joint socket; B) load transferred by wengin; C) load transferred by wooden pin and sbcke
of joint.

4 STATIC ANALYSIS OF TESTED JOINTS

From tests conducted by photo-elasticity methods, it is concludethtbatetail joints using
pins, most forces are transferred by the pins, which is indicatesbtlyromatic concentrations
and their maximum values at the pins. In comparison with joints wottden pins, joints with
steel pins do not basically differ regarding isochromatic patdeich corresponding values.
Dovetail joints without participation of pins, where full load ims#erred by tenon and socket
of the joint, are characterized by substantial displacementsewfeats in direction of acting
forces with isochromatic concentrations along joint edges and maxisaghromatic values in
corners of the joints. Maximum isochromatic values in joints withaous pre greater than in
joints with pins in all the cases tested. In compressive tenonoakdtgoint with wooden pin,
gross load is transferred by pressure of elements. From thdat@mlies performed and stress
maps drawn up in 3 tested joint models, it is concluded that in eabk @ints tested, maxi-
mum stresses are parallel to the tensile or compressineme,, in another model of joint
they have maximum and minimum values. Other normal and tangeméissest have similar
formation. Hence, it is not possible to establish common relationshigllfdre joints tested,
between model of joint and amount of maximum stresses (Table 1)tReltdined by both
methods are, in general, concurrent.

Representation of eventual failures resulting from tests condwaéch occur in batches of
joints of highest stresses, will be as follows:

- in mortise-and-tenon joint without pin, damages will occur in coraedsalong side edges of
tenon, consisting in deformation/strain of these edges, in case mntens displacement of
the joined element in direction of acting force, and in case of casipre— in deformation of
this element due to eccentric action of force,

- in joint with pin, damages will constitute dents in tenon in the placeewhgmins the pin, and
then truncation of the part of tenon between tenon hole and its rear edge,

- in joint with pin cooperating with mortise and tenon of the joint, theadges will constitute
dents in tenon in the place where it joins the pin as well as dsmagorners and along side
edges of tenon, together with displacement of the joined element.

The differences in results obtained by both methods have their cause in the foogdebto-
elasticity testing, made of resinous composition which is an isotrogierial, whereas wood is
an anisotropic material. Testing was conducted without taking irtouat deformation of
wood as a result of shrinkage, which has particularly significédinience on working of dove-
tail joints.

Table 1: Statement of maximum normal isochromatios stresses in joints, obtained as a result tifites
by photo-elasticity method along with calculatigresformed by numerical method.
Joint/connection — loading model Photo-elasticity Numerical calculations
testing maximum normal stresses
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isochromatic  parallel to ele- perpendicular

grade ment axis  to element axis
- N/mn? N/mn?

1 Joint of suspension rod with footing beam::
a) compression:
- socket — without pin (model I) 3.5 y=9.3 x=3.7
- wooden pin (model I1) 4.0 y=19.4 x=2.9
b) tension:
- wooden pin (model 11) 4.5 y=18.1 x=2.8
2 Joint of rafter with collar beam:
a) tension:
- socket — without pin (model I) 6.0 x=125 y=17.0
- wooden pin (model 11) - x=10.4 y=9.6
- steel pin and socket 5.0 - -
- wooden pin and socket (model IlI) 5.0 x=6.4 y=538
b) compression:
- socket — without pin (model I) - x=112.4 y=110.1
- wooden pin (model Il - x=22.0 y=8.6
- steel pin and socket - - -
- wooden pin and socket  (model Ill) - x=71.6 y=36.9
3 Joint of rafter with angle strut — tension:
- socket — without pin (model I) 6.0 x=24.2 y=21.5
- wooden pin (model Il - x=67.7 y=47.0
- steel pin and socket 5.0 - -
- wooden pin and socket  (model IlI) 5.0 x=38.3 y=22.8
4 Joint of orchid with angle brace — tension:
- socket — without pin (model I) 3.0-6.0 x=4.9 y=1.3
- wooden pin (model I1) - x=6.1 y =147
- wooden pin and socket  (model 111) 3.0-4.0 x=3.8 v=9.8
5 Joint of footing beam with angle brace — tension:
- socket — without pin (model I) 5.0 x=271.7 y=36.9
- wooden pin (model 11) - x=6.0 y=18.0
- wooden pin and socket  (model IlI) 4.0 x=21.2 y=27.7

Shrinkage of element under tension causes slight reduction in arile d@bvetail since its
broader part will undergo greater reduction than the narrower pétte Ishrinking element,
perpendicular or oblique (in the tested case: rafter, orchid or fdodiaug), considerably larger
increase occurs in inclination angle of dovetail shoulder (resestaiane. The element with
the dovetail will shift to maintain contact with the joined elam€onsequently, contact plane
of the elements will be considerably reduced (Ceccotti 2005). Sulastappiroximation of re-
sults of tests conducted by photo-elasticity method to actual beha¥iauod in joints can be
obtained by conducting the tests on models of wood in natural scalghtlysleduced, coated
with an optically sensitive layer.

5 SUMMING UP

The material presented is original material resulting frestst developed by the authors and
conducted by the authors. Its purpose is to provide better understandiagjofveirking of
wooden joints utilized in historical timber structures. It wiabe helpful for proper selection
of methods of repair, conservation and reinforcement of historicadtstes while maintaining
authenticity of materials and observing conservator’s doctrine.tdsteng was conducted at
Photo-elasticity Testing Laboratory in Mechanical DepartmehYi@fc aw University of Tech-
nology under the direction of Mr. L. Jankowski, D.Eng.

REFERENCES



10 Structural Analysis of Historical Constructions

Ceccotti, A. 2005. Evaluation and analysis of thetonber structuresStructural Analysis of Historical
Constructions; Proc. intern. symfadova, 2004Leiden: Balkema.

Church, J.R. and Tew, B.W. 1997. Characterizatiobearing strength factors in pegged timber connec-
tions. Journal of Structural Engineeriny/ol. 123(3).

Engel, J. L. 2006. Influence of form and designstate of conservation of historical wooden construc
tions - Doctor’s thesis. Faculty of Architecturey® aw University of Technology (conferring profes-
sor: Jerzy Jasi&o, Eng. D.).

Ganowicz, R. and Rapp, P. 20@dstorical rafter framings of Polish churches — Higcal development
of woodwork roof structures in Polish churchBezna: WAR.

Go biowski, Z. 1997. Basic calculations of pegged t®iaccording to elastic-plastic strains conceptions
Civil Engineering ArchivedNo. 2. Warsaw: KILIW PAN.

Jankowski, L. and Engel, L. and Jasie, J. 2005. Static working of selected joints adog in historical
timber objectsConservator’'s InformationNo 18. Warsaw: SKZ.

Jasieko, J. 2003Glued and engineering joints in repair, conservat@nd reinforcement of historical
wooden structuredNroc aw: DWE.

Jeruzal, J. 2002. Testing the rigidity of wood &gpged jointsWood and wood-derivatives in building
structures; Proc. scient. conf., Szczecin, Poland.

odygowski, T. and K kol, W. and Glapiak, M. 2002. Numerical assessnoémhanges in susceptibility
of wooden structure joints caused by cyclic loadfpod and wood-derivatives in building struc-
tures; Proc. scient. conf., Szczecin, Poland

Malinowski, C. 1986. Properties of wood in peggeiht socket and methods of testing theSuientific
Publication of 6d Institute of Technolog\No. 476. od .

Neuhaus, H. 1994.ehrbuch des IngenieurholzbaBtuttgart: Teubner.

Ross, P. 2002Appraisal and repair of timber structurelsondon: Thomas Telford.

Sandberg, L.B. and Bulleit, W.M. and Reid, E.H. @08trength and stiffness of oak pegs in traditiona
timber-frame jointsJournal of Structural Engineering/ol. 126(6).

Yeomans, D. 2003he repair of historic timber structuresondon: Thomas Telford.



