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Abstract: This paper presents the results of numerical modeling and full-scale experiments of the failure process 
of a glued laminated timber beam with rigid joint in the middle. All the connecting parts are made of carbon fi-
ber. The structural analysis is done with the finite element method (ANSYS software). The nonlinear problem 
was solved. The contact interaction of the structural elements in the process of deformation and fracture, as well 
as orthotropy of the wood, the transversely isotropic properties of the plates, and the real diagrams of the defor-
mation of carbon fiber dowel pins were taken into account. The influence of the structural parameters of the joint 
on the position of the most loaded dowel pin in the joint and the bearing capacity of the general structure are in-
vestigated. To verify the structural analysis results, field tests were carried out before destruction by a stepwise 
increasing load on a personally designed stand. The destruction of the structure occurred according to the fore-
cast of the numerical model as a result of the mutual slip of the glued wood layers and the destruction of the pol-
ymer matrix of the glued dowel pins with the beginning of the formation of plastic joints and the formation of 
cracks in the wood at the junction.
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Аннотация: В данной работе представлены результаты численного моделирования и натурных экспери-
ментов процесса разрушения конструкции балки из клееной древесины с нагельным стыком, соедини-
тельные элементы которого изготовлены из углепластика. Расчеты проводились методом конечных эле-
ментов в программном комплексе ANSYS. Решалась нелинейная задача. Учитывалось контактное взаи-
модействие составляющих элементов конструкции в процессе деформирования и разрушения, а также 
ортотропия древесины, трансверсально-изотропные свойства пластин, реальные диаграммы деформиро-
вания углепластиковых нагелей. Исследовано влияние конструктивных параметров стыка на положение 
наиболее нагруженного стержня  в соединении и несущую способность конструкции балки. Для верифи-
кации результатов расчета проводились натурные испытания балок до разрушения пошагово возрастаю-
щей нагрузкой на специально запроектированном стенде. Разрушение конструкции произошло согласно 
прогнозу численной модели в результате взаимного проскальзывания слоев клееной древесины и разру-
шения полимерной матрицы вклеиваемых стержней с началом образования пластических шарниров под 
пятками траверсы и образованием трещин в древесине в месте стыка.
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1. INTRODUCTION 

Joints of solid and glued timber structures are the 
most responsible and extremely labor-intensive 
design section in the construction of long-span 
architectural forms. Numerous studies of wooden 
structures joints were carried out by such institu-
tions as VIAM, TSNIISK, TsAGI, MISI, LISI, 
VIA�and researchers: G. G. Carlsen, I. P. Kulibin, 
V. G. Shukhov, V. M. Kochenov; Gestesi, Earl, 
Schnidtman and others. 
S. A. Andreev [1], V. N. Maslov [2], V. F. Ivanov 
[3], B. L. Nikolai [4], A. V. Lenyashin [5], V. G 
Donchenko [6], Yu. V. Slitskoukhov [7]) consid-
ered a dowel as a beam on an elastic base. 
G. G. Carlsen was the first to propose a method 
for calculating joints by permissible stresses. V. 
M. Kochenov [8] proposed a methodology for 
calculating nugget joints taking into account the 
elastic-plastic work of wood in the nest for col-
lapse and the plastic work of rods for bending. 
The authors S. B. Turkovskii and A. A. Po-
goreltsev [10-13] proposed a universal joint on 
glued rods (“TsNIISK system”) using steel pins 
and overlays (Figure 1), which made it possible 
to create a large number of unique large-span 
wood structures. 

Figure 1. Universal joint “TsNIISK system”. 

Despite the multipurpose of such compounds, 
their practical use in load-bearing structures in 
some cases (chemically aggressive environment, 
high humidity, etc.) is not reliable, since there is 
a risk of premature failure of the structure due to 

corrosion of steel parts. The restoration of the 
anticorrosion layer is often impossible without 
stopping the operation of the facility. The high-
temperature effect when using steel parts at the 
joints of the weld joint (patch pads, reinforcing 
bars) leads to stress concentrators associated 
with the destruction of the wood structure in 
these areas. A significant difference in the linear 
thermal expansion coefficients α*106 (1/0С) of 
steel (13.0) and wood parallel to the fibers (3.7)
leads to a limitation of the joining of large-
assembled large-span elements under conditions 
of a large annual temperature difference. The 
fire resistance of a massive wooden section 
treated with flame retardant allows structures to 
withstand up to 60 minutes without collapse, 
while the transition of steel connecting parts to a 
plastic state in a fire will occur 5-12 times less 
(depending on temperature). 
In [14, 15], it was shown that it is mainly possi-
ble to use composite materials (carbon fiber, 
basalt, fiberglass) instead of steel to create equal 
strength joints of wooden structures [16]. But 
the widespread use of composites today is hin-
dered by the lack of a full regulatory frame-
work, a relatively high cost, a small number of 
industries and limited application experience. 
The issue of improving the connections of solid 
and glued wood structures using glued rods and 
pads made of composite materials (including 
carbon fiber reinforced plastics) is relevant and 
expands the possibilities of using renewable 
natural materials. 
The existing methodology for calculating the 
connections of the “TsNIISK system” is re-
duced to comparing the minimum bearing ca-
pacity of a rod from the condition of crushing a 
wood point or bending, the most loaded of rods. 
However, methods for determining the forces in 
the pins to find the most loaded rod in the nor-
mative documents are not given [17]. 
The study of the processes of deformation and 
fracture of a structure under complex stress 
conditions requires the use of adequate mathe-
matical models of the mechanical behavior of 
materials and a high degree of detail of structur-
al elements. The use of numerical methods, the 
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capabilities of modern software systems and 
computers allows us to describe with high accu-
racy the behavior of the elements of the joint 
structure in a complex stress state. To analyze 
the stress-strain state of the structure, the finite 
element method in the form of the displacement 
method and “ANSYS” program complex [18], 
verified at the Russian Academy of Architecture 
and Building Sciences, was used. 
The purpose of this study is to determine the 
stress-strain state of the elements of the rigid 
joint of glued wooden structures using compo-
site parts with numerical modeling and a full-
scale experiment. To show the fundamental pos-
sibility of using composite parts and rods as an 
alternative to steel elements when creating equal 
strength assemblies. 
To achieve this goal, the following tasks were 
solved: 
1. Creating a design model for the construction 
of a wooden beam with a joint node, taking into 
account the orthotropy of glued wood and the 
contact of the elements of the joint. 
2. Structural analysis of the stress-strain state of 
the structure with different configuration op-
tions using four-point bending. 
3. To determine the places of the most possible 
destruction of the structure depending on the 
parameters of the joint design. 
4. To verify the results obtained, conduct full-
scale experiments and a comparative analysis 
with the engineering calculation method. 

2. METHODS 

In this study, a calculated finite-element model 
of a layered wooden beam with a joint in the 
middle of the span was created. It was tested 
using the four-point bending technique (Figure 
2a). The model was built in AutoCAD and ex-
ported to ANSYS using macros written in the 
parametric programming language APDL. The 
joint overview is shown in Figure 2b. 
The main feature of the considered structure is 
the contact interaction of bodies [19], the inclu-
sion of which allows to simulate the behavior of 

its constituent elements in the process of defor-
mation and fracture. 

Figure 2. The design scheme of the beam and 
joint overview.

The stress state in the contact zones is extremely 
diverse. Surfaces can come in and out of contact 
all of a sudden. The stress state is significantly 
affected by friction, and it must be taken into 
account.  
At the joint boundaries of the contacting ele-
ments, distributed surface forces arise. Normal 
tn and tangent tt components of the distributed 
contact force acting on any element have the 
form: 

�� � (1) 
%� � � (2) 

where n - external normal to the contact surface 
of the body,  - tangent vector to the contact 
surface of the body. 
In equation (1), non-strict inequality turns into 
equality when the bodies exit the contact and 
into strict inequality when they are in contact. 
Tangent contact forces can take any value. The 
application of the tangential stress in the contact 
does not lead to slippage, provided that the 
bodies in the contact area are glued to each 
other or the friction coefficient tends to infinity. 
In this case, the tangential contact forces are 
independent of normal contact forces, but are 
not equal to zero. 
The contacting bodies are motionless relative to 
each other, i.e. tangential forces obey Coulomb's 
law as long as the inequality holds: 
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,   (3)

where – static coefficient of friction.  
If inequality (1) is violated, the bodies begin to 
move relative to each other. Then the tangential 
contact forces obey the following equality: 

,   (4) 

where – dynamic coefficient of friction, 
.

The movement will continue until inequality is 
fulfilled and will not start again until inequality 
is violated again (3). 

,           ����

When friction in the contact zones is taken into 
account, the solution of the problem substantial-
ly depends on the sequence of application of 
external loads, and complex loading programs 
are implemented at the points entering and leav-
ing the contact [20 - 22]. 
The development trend of leading software sys-
tems (PCs) is the implementation of a set of 
mathematical models in them to describe differ-
ent physical processes. The user connects the 
necessary models at the stage of setting the 
problem, setting the corresponding boundary 
conditions and other required input data. 
The ANSYS Workbench software module con-
tains a large set of contact technology tools inte-
grated into the finite element method for devel-
oping various contact options [7, 8]. Two inter-
acting surfaces are distinguished in a contact – a
contact pair. One of the surfaces is conventional-
ly called “contact” and the second – “target”. The 
choice of contact model is the most important 
issue in solving contact problems. 
In this task the contact area can change and in 
the general case it contains both adhesion and 
sliding sections that occur when the module ex-
ceeds the tangential force of the limit value of 
the friction force (rest friction). To model con-
tact interaction and sliding between three-
dimensional surfaces, the Frictional model and 
contact elements CONTA174 and TARGE170 

were used. The friction coefficient depends on 
the materials, and is adopted for a pair of wood-
carbon fiber – 0.25, and for a pair of wood-
wood – 0.33.
The following finite elements were used to cre-
ate the calculated finite element model of the 
model: the beam body was modeled with 8-node 
SOLID185 elements, the rods with 3-node 
BEAM188 elements, and the pads with 8-node 
SHELL281 elements. Different mesh options 
were considered. From the point of view of 
convergence and calculation speed, a mesh with 
grinding in the contact zone is preferable. The 
size and type of mesh significantly affects the 
analysis results. 
The load in the form of two concentrated forces 
F=1,25 kN (Figure 2a) was adopted in accord-
ance with the recommendations of the National 
Standart “Wooden Structures”. 
The joint was made in the middle of the span. 
The design is a composite. Wood is defined as an 
orthotropic material with the following character-
istics: elastic modulus along the x axis, Ex =
1.1×1010 Pa; elastic modulus Ey = Ez = 4.5× 108

Pa; Poisson's ratios νxy = 0.45, νyz = νxz = 0.018; 
shear modulus Gx = Gy = Gz = 6 × 108 Pa.
The glued rods are carbon fiber on a polymer 
matrix [23] with the following characteristics: 
tensile strength at break σt = 2.248 × 106 Pa; 
elastic modulus E = 117 × 109 Pa; Poisson's ra-
tio νxy = νyx = 0.31.
The overlays are defined as a transversally iso-
tropic bidirectional carbon fiber reinforced plas-
tic with a direction of reinforcing layers of ±45 
degrees with the following characteristics: ten-
sile strength at break σt = 7.65 × 106 Pa; elastic 
moduli Ex = Ey = 87.2 × 109 Pa, Ez = 65.4 × 
109 Pa; Poisson's ratios νxy = νyx = 0.268; νxz =
0.018.
Numerical implementation of nonlinear prob-
lems of determining the stress-strain state of a 
structure was carried out by a step-by-step 
method by replacing the entire load with a series 
of its small increments. Within each loading 
step, the load can be further divided into several 
solution steps to ensure gradual application of 
the load. At each step of the solution, to obtain 
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convergence, equilibrium iterations were per-
formed using the Newton-Raphson method. The 
convergence check for forces and displacements 
was carried out using the Euclidean norm for all 
degrees of freedom. 

3. RESULTS AND DISCUSSION 

The results of calculating a variant of a beam
with arrangement at the junction of eight pins 
on each side at an angle of 45 ° to a line running 
along the long edge of the beam are shown. 
Figures 3 and 4 show the isofield of the distribu-
tion of equivalent stresses in wood and connect-
ing parts (pads and rods). 

Figure 3. Isofields of stress distribution in the 
body of wood (Pa). 

Figure 4. Isofields of the stress distribution in 
connecting parts (Pa).

The contact interaction status of structural ele-
ments is shown in Figure 5 (orange color indi-
cates slippage of wood layers relative to each 
other (“SLIDING” in ANSYS terminology), as 
well as slippage of rods in landing slots at the 
moment of sample destruction). 

Plastic deformations in a specimen with a rig-
id joint begin to form under the supports of 
the beam in the zone of maximum bending 
moment at a load of 15.4 kN. A diagram with 
the locations of the resulting plastic hinges is 
shown in Figure 6. The failure of the joint oc-
curs at a load of 25.6 kN. In this case, the 
opening of the joint zone and the separation of 
the connecting strips, as well as the rods at the 
contact points. 

Figure 5. Contact interaction of the rods, pads 
and layers of wood at the time of destruction.

The maximum equivalent stresses in the glued 
rods forming a rigid joint were 600.7 MPa. The 
voltage distribution fields in the connecting 
parts are shown in Figure 6. 

Figure 6. Plots at the beginning of the formation 
of plastic hinges under the supports of the beam. 

At the moment of sample destruction, the max-
imum displacements of the middle of the beam 
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span (at the junction) according to the results of 
numerical simulation were equal to 9.75 mm.
The maximum equivalent stresses in the glued 
rods forming a rigid joint were 600.7 MPa. The 
voltage distribution fields in the connecting 
parts are shown in Figure 7.
The most responsible (bottleneck) is the area of 
glued rods located between the plate and the 
wood - in this place the greatest bending stress-
es arise. In Figure 7, these areas are painted in 
light blue. When designing the joint, it is advis-
able to use conical-shaped rods with a thicken-
ing at the junction of the parts to be joined. 

Figure 7. Isofields and stresses in the rods on a 
stretched pad. 

In order to assess the influence of the parameters 
of structural elements on the bearing capacity of 
the joint and to determine the most loaded rod in 
the joint, a multivariate computational experi-
ment was conducted. The following parameters 
were taken as variable: position (gluing angle) 
φ=15, 30, 45, 60̊�(Figure 8); the number of pins 
in the connection N = 4, 8, or 12 pcs.  

Figure 8. The angle of gluing rods.

The rods are installed in two longitudinal rows, 
the location of the rods is taken in accordance with 
the requirements of paragraphs 7.18, 7.19 [9].
The following are taken as controlled design 
parameters: maximum equivalent stresses be-
fore failure for all joints: in wood, in rods, in 
overlays and maximum beam deflection in the 
vertical plane. 
The following are taken as controlled design 
parameters: maximum equivalent stresses be-
fore failure for all joints: in wood, in rods, in 
overlays and maximum beam deflection in the 
vertical plane. 
The results obtained during the computational 
experiments are shown in Figures 9-12. 

Figure 9. Deflection of the beam  
in the vertical plane. 

Figure 10. Maximum equivalent stresses  
in wood.

It can be seen from the graphs that the beam de-
flection decreases with an increase in the angle of 
inclination of the rod (logically, the rods become 
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more parallel to the boards and create longitudinal 
reinforcement). Stresses in wood and CFRP vary 
insignificantly, and the stresses in the rods and 
pads are greater, the smaller the rods. 

Figure 11. Maximum equivalent stresses  
in the rods. 

Figure 12. Maximum equivalent stresses  
in pads.

4. FULL-SCALE EXPERIMENTS 

The scheme of full-scale testing of the sam-
ples corresponded to the design scheme shown 
in Figure 2. The joint was made in the middle 
of the span. The beam body is glued wood of 
the second grade with a section of 
100×225×3000 mm. The glued rods are car-
bon fiber with a diameter of 5 mm, obtained 
by pultrusion. The overlays on the top and 
bottom of the beam – bidirectional carbon fi-
ber on the matrix of the synthetic polymer 
binder are anchored (fixed) into the body of 
the wood using glued rod. 

The tests were carried out until the destruction 
of the sample stepwise increasing load on a in-
dividually designed bench. The pressure on the 
beam was transmitted by means of a hydraulic 
jack DU50P250 through a traverse with two ar-
ticulated supports. The load value was taken 
from an electronic pressure gauge connected to 
the oil station via high pressure hoses. The value 
of the breaking load was taken at the moment at 
which an increase in displacements was ob-
served with the jack support pressure drop. To 
measure the displacements, inductive linear dis-
placement sensors DPL-100 were used, con-
nected to the TEREM-4.1 recording unit. 
A general view of the beam on the bench is 
shown in Figure 13. The sample after the de-
struction of the joint, is shown in Figure 14.  

Figure 13. General view of the beam  
on the bench. 

Figure 14. The sample after the destruction  
of the joint. 
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The tests were carried out until the sample was 
destroyed by a stepwise increasing load on a spe-
cially designed bench. The breaking load is set at 
25.4 kN, the displacement in the middle of the 
span was 7.2 mm. The compressed (upper) edge 
of the beam at the junction closely approached the 
opposite part of the beam, forming a frontal stop. 
The maximum width of the opening of the lower 
edge at the junction was noted with an indicator 
value of 5.7 mm, with an initial gap value of 1 
mm before the test. 
Figure 15 shows the graphs of the dependence of 
the maximum displacements of the beam on the 
load obtained in computational and field experi-
ments. Sensors "1" and "3" are installed under the 
support heels of the beam, transmitting the force 
directly to the beam. Sensor "2" is installed in the 
middle of the beam span (at the junction). 

�

Figure 15. Graphs of the dependence  
of displacements on load for experimental  

and theoretical data.

The experiments were carried out until the col-
lapse of the beam and the joint with the occur-
rence of mutual displacements of the layers of 
wood and pulling out individual rods. After de-
struction, the beam did not return to its original 
state. 
The nature of the damage in full-scale tests cor-
responds to the forecast of the numerical model. 
The structure is destroyed as a result of the mu-
tual slip of the glued wood layers, the destruc-
tion of the polymer matrix of the glued rods, the 
formation of plastic joints under the heels of the 

beam and the formation of cracks in the wood at 
the junction. 
After the first rod was turned off from work, the 
structure continued to work elastically for some 
time, but with an increase in load and a sharp 
destruction of the remaining rods, the joint of 
the structure completely destroyed. This infor-
mation is confirmed by the spasmodic behavior 
of the curve on the load-displacement graph, 
followed by an increase in deformations when 
the load drops. 

5. CONCLUSION 

The creation of a correct design model for the 
construction of a wooden beam with a nodal 
joint, taking into account the orthotropy of 
glued wood and the contact interaction of the 
joints, the use of numerical methods and mod-
ern software systems, allows us to understand 
the nature of the destruction of the composite 
structure, the distribution of stresses and dis-
placements that occur inside the joint, hidden 
for registration during experimental research. 
The places of the most probable destruction of 
the structure are determined depending on the 
parameters of the joint design. 
The principal possibility of replacing metal 
parts with carbon fiber to create equal strength 
joints of wooden structures is shown. When 
comparing the results of experiments of a beam 
with a joint on glued rods with a similar contin-
uous beam, the reinforcing effect of the rods is 
noted, since the glued joint rods prevent mutual 
displacement of the layers. 
Short-term tests as a whole showed viable solu-
tions when designing joints on glued rods [24], 
however, to complete the picture of the opera-
tion of such parts, it is necessary to conduct 
long-time based experiments, including fire 
tests and vibration load tests. It is necessary to 
take into account the aging of composites. Also, 
a long-time experiment is designed to show the 
joint work of the composite and wood, because, 
for example, steel rods form an oxide corrosion 
shell over time and after several years of opera-
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tion cease to provide the initial joint work in the 
wood nests. It is assumed that composite solu-
tions for joints of glued wooden structures will 
be free from such drawbacks. 
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