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1 INTRODUCTION 

Wood is a material that is considerably different from other building materials. Wood anisot-
ropy is related with mechanical properties depending on acting direction of forces and its struc-
ture. In general, strength of wood depends on kind of wood, on moisture density, structure and 
defects. As an anisotropic material, wood has differing modulus of elasticity depending on fibre 
direction and, in the framework of one direction, the moduli differ for compression and tension. 
Delayed effects have significant influence on change in mechanical properties of wood (rheol-
ogy). In the linear – elastic scope of working of a structure and assuming that wood is an 
orthotropic material, the relationship between strain and stress for spatial (three-dimensional) 
state of stress can be written in the following form: 
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where LE = moduli of elasticity in fibre direction, TE  and RE = in transverse direction to fibre, 
tangential and radial respectively, LTG  = shear moduli in tangential plane, TRG  = shear moduli 
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in frontal plane, LRG  = shear moduli in radial plane, RLLRRTTRTLLT nnnnnn ,,,,,  = Poisson’s ra-
tios. 

The equations are correct while assuming that moduli of elasticity for compression and ten-
sion are equal. Material orthotropy assumes symmetry of rigidity matrix. According to Neuhaus 
(1994), such symmetry does not occur in wood. Due to lack of symmetry of coefficients occur-
ring in “strain - stress” relationship equations: 
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In most static analyses, sufficient approximation however is modelling of wood as an 
orthotropic material, which is confirmed by observations of actual structures and their behav-
iour over time. This simplification enables accepting symmetry of rigidity matrix which is the 
basic assumption of software suitable for analyses of static working of wooden structures 
(ABAQUS, COSMOS). The next step could here be the assumption of wood plasticity accord-
ing to Hill’s hypothesis: 
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where A, B, C, D, E, F = constants determined on the basis of material testing.  
This however considerably complicates solving a task, not providing, in this case, substantial 

benefits. In the tests presented, wood of rods/bars linked in joints/connections is assumed as 
orthotropic material, and the wood of wooden pins/pegs as isotropic material taking into ac-
count shape of the peg and the wood used to make pegs in real historical objects, of considera-
bly higher density than the wood of the bars joined. Studies were based on photo-elasticity 
tests. Photo-elasticity tests were performed on models made for the purpose, for bar elements 
connected with mortise-and-tenon and dovetail joints, commonly used in wooden structures of 
historical objects. These include mortise-and-tenon joint of suspension rod with footing beam 
(Fig. 1A), dovetail joint of rafter with collar beam (Fig. 1B), as well 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 jointing of elements using: wooden pin, 

steel pin and without using a pin – only tenon pressure in dovetail form into socket. Tests by 
photo-elasticity methods were carried out on models made for the purpose, documenting the re-
sults on photographs taken during the tests and group isochromatic graphs were drawn up form-
ing lines linking points of identical strains/deformations. 

  
 

Figure 1: A) Mortise-and-tenon joint of suspension rod with footing beam;  
B) Dovetail 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 footing beam with angle brace.  
 

Tests were carried out on models cut out of epoxide composition cast panels and performed 
with polariscope type V. 

Utilized for analysis of joint working were isochromatic lines obtained by means of photo-
elasticity tests conducted on models of structural elements made of transparent materials, using 
light polarization effect and temporary double refraction of the material. The registered 
isochromatic picture contains information on differences of main stresses occurring in the area 
analyzed. Models of the tested elements are made of epoxide composition, of isotropic material, 
which disables direct extrapolation of results on anisotropic material as is wood. Numerical 
analysis of all tested joints was performed using COSMOS/M2.5 program environment which 
utilizes FEM. For numerical modelling of rafter framing (rafters, collar beams and footing 
beams), SOLID 3-D element was used. For joints, modelling element of gap and friction (GAP) 
was used. Friction factor of 5,0=m  was assumed. Mortise-and-tenon joint was tested taking 
into consideration two models of joints for compression: with pin and without pin, and for ten-
sion – one model of joint. Dovetail joint was tested taking into consideration three models of 
joints: without pin of force transferred by pressure of tenon onto socket, with wooden pin trans-
ferring the whole load and also with wooden pin cooperating with the tenon and socket. Nu-
merical analysis was performed for the same joints for which photo-elasticity testing was per-
formed. In the joints tested, “x”  axis was assumed as parallel to the axes of footing beam and 
collar beam. The following strength parameters were used for numerical analysis: 

Ex = 13200 N/mm2    Gxy = 1070 N/mm2   � xy = 0.064 
Ey = 1082 N/mm    Gxz = 425 N/mm2    � xz = 0.033 
Ez = 2032 N/mm2    Gyz = 1175 N/mm2   � yz = 0.560 
�  = 0.5 

where Ei = moduli of elasticity in direction i, G = shear moduli, �  = Poisson’s ratios, �  = fric-
tion factor. 

2 PHOTO-ELASTICITY TESTS 

The purpose of photo-elasticity tests was to analyse mortise-and-tenon joints as well as dovetail 
joints. In mortise-and-tenon joint, tests were carried out for compression without pin and on 
wooden pin, and for tension on wooden pin.  In dovetail joints, tests were carried out for ten-
sion of joints: on wooden pin cooperating with mortise-and-tenon joint, steel pin cooperating 
with mortise-and-tenon joint and for mortise-and-tenon joint without pin. During the measure-
ments, full and half isochromatic patterns in the joints of tested elements were recorded. It was 
decided not to exceed loads causing formation of isochromatic lines above m = 5.0 – 6.0, so as 
not to cause damaging of models. Preliminary optical effects occurring in dovetail joints should 
be linked with torsion of elements resulting from eccentric loading. The purpose of testing was 
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quality analysis of effects appearing with changes in isochromatic patterns and distribution of 
strains and stresses. Pictures obtained from model tests show distribution of strains and stresses 
and their accumulation process. On the basis of photographs taken during performance of tests, 
graphs were drawn for all tested cases showing full and half isochromatic patterns. The ap-
pended figures are limited to presenting photographs of full isochromatic lines, 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 concentrate around the pin 
and between the pin and contact plane of the elements and obtain the maximum value (4.0) in 
the region of this plane. This shows that loads are transferred first of all through pressure of the 
elements, and to a lesser extent by the wooden pin. In the joint without pin, the loads are trans-
ferred through pressure between the elements and the isochromatic lines obtain the value of 3.5 
whereby disturbances occur in the isochromatic pattern in the region of the hole for the pin, 
- for tension in joint with wooden pin, the isochromatic lines concentrate around the pin and 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 concentrate at the pin from the 
side opposite to the action of the force, and their flow in both cases, in the dovetail joint tenon, 
in the collar beam and rafter is similar. Maximum value of isochromatic lines (5.0) is identical 
directly at the pins. Isochromatic patterns and values show that the pins transfer most of the 
load, 
- in joint without pin, where the joint tenon and socket transfer the whole load, the collar beam 
tenon displaced significantly in the direction of force action. The isochromatic lines concentrate 
along both edges of the joint, attaining maximum value in top corner of the dovetail (6.0) and in 
the rafter (3.5). 

 

 
 

Figure 3. Dovetail joint of rafter with collar beam - tension: 
A – joint with wooden pin, B – joint with steel pin,  C – 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 and concentration as well as 
their maximum values are almost identical as in the joint of rafter with collar beam (5.0), 
- in joint without pin, where the tenon and socket transfer the whole load, displacement of the 
tenon, isochromatic pattern and concentration and their maximum values are similar 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 at the pins from the side oppo-
site to the action of the force, and their maximum values amount to: at left pin 3.0 and at right 
pin 4.0. Considerably lesser values isochromatic lines occur along contact edge of elements (0.5 
– -1.0) indicating that gross forces are transferred by the pins. Different isochromatic patterns 
and their different maximum values in both angle braces are caused by non-symmetrical load-
ing of the braces resulting from difficulties in making ideally symmetrical model of the struc-
ture, 
- in joints without pins, where the tenons and sockets transfer the whole load, angle brace te-
nons got displaced sliding with the sockets, whereby the amount of displacement differs in both 
braces. The force acting vertically on the joint, not along angle brace axes, causes their dis-
placement in the sockets along with rotation. The amount of displacement and rotation depends 
on amount of force and matching of contact surfaces of the elements. In both angle braces, the 
isochromatic lines concentrate along both edges of the joint, attaining maximum value in bot-
tom corners of the contact planes (6.0). Disturbances in isochromatic patterns occur at holes for 
the pins. Both angle braces have different isochromatic patterns caused by differing displace-
ments and rotations of the angle braces. 

5. Tensile dovetail joint of footing beam with angle braces in orchid rafter framing (Fig. 4): 
- in joint with wooden pin, the isochromatic pattern and concentration is similar as 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 whole load, the angle brace tenon 
displaced significantly sliding out of the socket. The isochromatic lines concentrate along both 
edges of the joint, attaining maximum value in bottom corner of the dovetail (5.0) 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 joint of orchid with angle brace – tension: A) joint with wooden 
pin; B) joint without pin. 

3 NUMERICAL CALCULATIONS 

The purpose of numerical analysis conducted was to establish the map of normal stresses � x, � y 
and � z as well as tangential stresses � xy, � xz, � yz, for testing of mortise-and-tenon joint and dove-
tail joint. Besides this, the purpose was to compare the calculation results with the isochromatic 
pattern obtained as a result of photo-elasticity tests. In mortise-and-tenon joint, calculations 
were performed for compression for mortise-and-tenon joint without pin and with wooden pin, 
and for tension with wooden pin. In dovetail joints, tests were performed for tenon and socket 
joint without pin, with wooden pin and also wooden pin cooperating with tenon and socket 
joint. Stresses obtained through calculations are presented in the figures in the form of coloured 
panels (maps). Provided at each panel is a colour scale pertaining only to that panel and there-
fore the amount of stresses cannot be compared between individual panels by means of the col-
ours only without taking into account the differences in scaling the colours for individual pan-
els. The calculation results of individual joints/connections were limited 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 – compressive and 
tensile stresses parallel to suspension rod axis � y concentrate at the pin, and stresses perpen-
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dicular to suspension rod axis � x also concentrate at the pin. Stresses directly at the pin acquire 
considerably larger values than at the pressure planes of elements, and stresses parallel to sus-
pension rod axis � y attain considerably larger values than perpendicular stresses � x, 
- for compression of suspension rod in joint without pin, loads are transferred by pressure be-
tween elements, values of stresses are considerably lower here than in 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 – compressive and tensile 
stresses concentrate at the pin, whereby stresses parallel � y and perpendicular � x to suspension 
rod axis are formed similarly as for compression – in mirror reflection, and their values are ap-
proximately equal to the values for compression. 

2. Dovetail joint of rafter with collar beam (Figs. 5, 6): 
- for tension of collar beam (Fig. 5) in joint without pin, where the whole load is transferred by 
the tenon and socket of the joint, stresses parallel � x and perpendicular � y 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 parallel � x and perpendicular � y 
concentrate around the pin, attaining maximum value considerably lower than in joint without 
pin, 
- for tension of collar beam in joint with wooden pin cooperating with tenon and socket of joint, 
parallel stresses � x occur on almost full plane of tenon, whereas perpendicular stresses � y 
mainly near the right edge of tenon, and their value is less than in case of transfer of load by the 
pin itself. The system of stresses and their amount is evidence of cooperation of tenon and 
socket in transfer of load, 

 
 

Figure 5: Dovetail joint of rafter with collar beam – tension: A) load transferred by joint socket;  
B) load transferred by wooden pin. 

 
- for compression of collar beam in joint without pin (Fig. 6), parallel stresses � x concentrate in 
corner of tenon, and perpendicular stresses � y along edge of dovetail start. These stresses attain 
considerable values due to strains of the collar beam caused by eccentricity occurring in the 
joint and occurrence of local pressures in consequence thereof, 
- for compression of collar beam in joint with wooden pin, parallel stresses � x concentrate be-
tween the pin and oblique edge of tenon, attaining maximum value in tenon corner and at the 
pin. Perpendicular stresses � y concentrate around the pin and in tenon corner, 
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- for compression of collar beam in joint with wooden pin cooperating with pressure of collar 
beam to rafter, parallel stresses � x and perpendicular stresses � y concentrate at the pin, attaining 
higher values than in joint with pin only. 

 
 

Figure 6: Dovetail joint of rafter with collar beam – compression: 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 axis � x are spread over whole width of te-
non, and perpendicular stresses � y in top part of tenon, 
- in joint with wooden pin, parallel stresses � x and perpendicular stresses � y concentrate 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 joint, parallel stresses � x 
concentrate between the pin and side edges of tenon, and perpendicular stresses � y concentrate 
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 axis � x concentrate in rear part of tenon, 
along its vertical edge, and perpendicular stresses � y concentrate at all edges of the tenon, 
- in joint with wooden pin, tensile stresses parallel to angle brace axis � x spread uniformly on 
almost whole surface of tenon with disturbances occurring in the region of the pin, perpendicu-
lar stresses � y concentrate at the pins. Perpendicular stresses of greater value than longitudinal 
stresses is evidence of moment acting on the angle brace with loading of vertical force, 
- in joint with wooden pin cooperating with tenon and socket of the joint, parallel tensile 
stresses � x spread parallel over whole surface of tenon, with disturbances occurring in region of 
the pin and lower edge of tenon.  Perpendicular stresses � y concentrate at the pins. 

5. Tensile dovetail joint of footing beam with angle braces in orchid rafter framing (Fig. 7): 
- in joint without pin, compressive stresses parallel to angle brace axis � x concentrate along top 
edge of tenon and tensile stresses along bottom edge, caused by the moment acting on the angle 
brace with vertical force load. Perpendicular stresses both compressive and tensile � y concen-
trate in top corners of tenon for causes as above. Perpendicular stresses of greater value than 
longitudinal stresses is evidence of moment acting with loading of angle brace with vertical 
force, 
- in joint with pin, parallel stresses � x and perpendicular stresses � y spread 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 joint, parallel stresses � x 
concentrate along longitudinal edge of tenon – tensile on the right, compressive on the left, and 
parallel stresses � y, tensile and compressive concentrate in top corners of the tenon.  
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Figure 7: Orchid rafter framing – dovetail joint of footing beam with angle braces - tension: A) load trans-
ferred by joint socket; B) load transferred by wooden pin; C) load transferred by wooden pin and socket 

of joint. 

4 STATIC ANALYSIS OF TESTED JOINTS 

From tests conducted by photo-elasticity methods, it is concluded that in dovetail joints using 
pins, most forces are transferred by the pins, which is indicated by isochromatic concentrations 
and their maximum values at the pins. In comparison with joints with wooden pins, joints with 
steel pins do not basically differ regarding isochromatic pattern and corresponding values. 
Dovetail joints without participation of pins, where full load is transferred by tenon and socket 
of the joint, are characterized by substantial displacements of elements in direction of acting 
forces with isochromatic concentrations along joint edges and maximum isochromatic values in 
corners of the joints. Maximum isochromatic values in joints without pins are greater than in 
joints with pins in all the cases tested. In compressive tenon and socket joint with wooden pin, 
gross load is transferred by pressure of elements. From the calculations performed and stress 
maps drawn up in 3 tested joint models, it is concluded that in each of the joints tested, maxi-
mum stresses are parallel to the tensile or compressive element � x, in another model of joint 
they have maximum and minimum values. Other normal and tangential stresses have similar 
formation. Hence, it is not possible to establish common relationship for all the joints tested, 
between model of joint and amount of maximum stresses (Table 1). Results obtained by both 
methods are, in general, concurrent. 

Representation of eventual failures resulting from tests conducted, which occur in batches of 
joints of highest stresses, will be as follows: 
- in mortise-and-tenon joint without pin, damages will occur in corners and along side edges of 
tenon, consisting in deformation/strain of these edges, in case of tension – in displacement of 
the joined element in direction of acting force, and in case of compression – in deformation of 
this element due to eccentric action of force, 
- in joint with pin, damages will constitute dents in tenon in the place where it joins 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, the damages will constitute 
dents in tenon in the place where it joins the pin as well as damages in corners 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 models for photo-
elasticity testing, made of resinous composition which is an isotropic material, whereas wood is 
an anisotropic material. Testing was conducted without taking into account deformation of 
wood as a result of shrinkage, which has particularly significant influence on working of dove-
tail joints. 

 
Table 1: Statement of maximum normal isochromatics and stresses in joints, obtained as a result of testing 

by photo-elasticity method along with calculations performed by numerical method. 
Numerical calculations Joint/connection – loading model Photo-elasticity 

testing maximum normal stresses 
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 isochromatic 
grade 

– 

parallel to ele-
ment axis 
N/mm2 

perpendicular 
to element axis 

N/mm2 
1 Joint of suspension rod with footing beam:: 
a) compression: 
- socket – without pin            (model I) 
- wooden pin                          (model II) 
b) tension: 
- wooden pin                          (model II) 

 
 

3.5 
4.0 

 
4.5 

 
 

� y = 9.3 
� y = 19.4 

 
� y = 18.1 

 
 

� x = 3.7 
� x = 2.9 

 
� x = 2.8 

2 Joint of rafter with collar beam: 
a) tension: 
- socket – without pin            (model I) 
- wooden pin                         (model II) 
- steel pin and socket   
- wooden pin and socket       (model III)  
b) compression: 
- socket – without pin            (model I) 
- wooden pin                         (model II 
- steel pin and socket 
- wooden pin and socket      (model III) 

 
 

6.0 
– 

5.0 
5.0 

 
– 
– 
– 
– 

 
 

� x = 12.5 
� x = 10.4 

– 
� x = 6.4 

 
� x = 112.4 
� x = 22.0 

– 
� x = 71.6 

 
 

� y = 7.0 
� y = 9.6 

– 
� y = 5.8 

 
� y =110.1 

� y = 8.6 
– 

� y = 36.9 
3 Joint of rafter with angle strut – tension: 
- socket – without pin          (model I) 
- wooden pin                        (model II 
- steel pin and socket 
- wooden pin and socket      (model III) 

 
6.0 
– 

5.0 
5.0 

 
� x = 24.2 
� x = 67.7 

– 
� x = 38.3 

 
� y = 21.5 
� y = 47.0 

– 
� y = 22.8 

4 Joint of orchid with angle brace – tension: 
- socket – without pin          (model I) 
- wooden pin                       (model II) 
- wooden pin and socket     (model III) 

 
3.0 – 6.0 

– 
3.0 – 4.0 

 
� x = 4.9 
� x = 6.1 
� x = 3.8 

 
� y = 1.3 

� y = 14.7 
� y = 9.8 

5 Joint of footing beam with angle brace – tension: 
- socket – without pin          (model I) 
- wooden pin                        (model II) 
- wooden pin and socket      (model III) 

 
5.0 
– 

4.0 

 
� x = 27.7 
� x = 6.0 

� x = 21.2 

 
� y = 36.9 
� y = 18.0 
� y = 27.7 

 
Shrinkage of element under tension causes slight reduction in angle of the dovetail since its 

broader part will undergo greater reduction than the narrower part. In the shrinking element, 
perpendicular or oblique (in the tested case: rafter, orchid or footing beam), considerably larger 
increase occurs in inclination angle of dovetail shoulder (resistance) plane. The element with 
the dovetail will shift to maintain contact with the joined element. Consequently, contact plane 
of the elements will be considerably reduced (Ceccotti 2005). Substantial approximation of re-
sults of tests conducted by photo-elasticity method to actual behaviour of wood in joints can be 
obtained by conducting the tests on models of wood in natural scale, or slightly reduced, coated 
with an optically sensitive layer.  

5 SUMMING UP 

The material presented is original material resulting from tests developed by the authors and 
conducted by the authors. Its purpose is to provide better understanding of static working of 
wooden joints utilized in historical timber structures. It will also be helpful for proper selection 
of methods of repair, conservation and reinforcement of historical structures while maintaining 
authenticity of materials and observing conservator’s doctrine. The testing was conducted at 
Photo-elasticity Testing Laboratory in Mechanical Department of Wroc
aw University of Tech-
nology under the direction of Mr. L. Jankowski, D.Eng.  
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