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Abstract: Strengthening the carpentry joints is considered
a big challenge for designers to maintain the joined timber
elements’ load transfer and integrity. This research work
investigates different techniques to strengthen the lap
joints in glulam timber beams using carbon fiber-reinforced
polymer (CFRP) sheets. For this purpose, 12 specimens of
glulam timber beams were tested using the four-point
loading method. One of the glulam timber specimens was
an intact nonlapped specimen, and the others were lapped
at mid-span using half-height lap joints. The lap joints were
strengthened using different configurations of the CFRP
sheets. The test variables were the clamping scheme, bond
length, and reinforcement ratio of the CFRP sheets. The
analysis of the test results indicates that the CFRP strength-
ening configuration could be more effective in strength-
ening the lapped glulam timber beams when the reinfor-
cement ratio of the longitudinal CFRP sheets was equal to
0.303%, and the wrapping CFRP sheets continued beyond
the lapped joint by a distance equal to the beam height.
Such a strengthening configuration could succeed in
increasing the effective stiffness and ultimate load of
the lapped timber specimen to 109 and 110%, respectively,
relative to those of the intact nonlapped specimen. Moreover,
the results reveal that increasing the length or the reinforce-
ment ratio of the longitudinal CFRP sheets without increasing
the width of the wrapping CFRP sheets could not succeed in
achieving the required improvements in the structural beha-
vior of the lapped timber beams.

Keywords: CFRP sheet, glulam timber beams, lap joints,
reinforcement ratio, wrapping sheet

1 Introduction

For ages, wood has been widely used as a structural
member in the construction field due to its strength-to-
weight ratio, good availability, and ease of work compared
to other construction materials [1–4]. Introducing the glued
laminated (glulam) technique in producing timber ele-
ments increases their strength-to-weight ratio and makes
it easy to produce timber elements with a wide variety
of cross-sectional dimensions. However, in many cases,
production and transportation issues limit obtaining the
required length of glulam timber elements. To obtain the
required large length of a timber element, it is necessary to
splice two or more timber pieces together using carpentry
joints [5,6]. In addition, the carpentry joints are commonly
used to perform required interventions, repairing or strength-
ening works in the existing timber structures [1,4,7]. A car-
pentry joint is a connection technique that allows timber
elements to be assembled together and provides a proper
load transfer between them. There are many different forms
of carpentry joints; the lap joint is considered one of the easiest
forms to connect two timber pieces lengthwise. In the simple
form of a lap joint, the interface plane is parallel to the axis of
the joined pieces as the wood of one-half of the cross-section
height or width of each piece is removed, as shown in Figure 1
[7,8]. The analysis of the whole timber structure is significantly
influenced by the behavior of such joints [9]. One of the most
critical issues in the design of timber joints is their ability in
transfer internal forces between joined elements. The joints
are mostly designed to carry axial and shear forces, but some-
times additional enhancements could be introduced to the
joints to achieve a certain rotational restriction to carry
bending moments [4,5]. However, the bearing capacity of
timber structural members with unreinforced joints could
never reach that of corresponding intact members [7,10].
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The applicable standard (PN-EN 1995-1-1:2010) [9] does not
specify any suggestions on how to conduct the right analysis
with regard to the structural behavior of the carpentry joints.
The current literature in this field is likewise incomplete. Per-
haps since craftsmen in more recent times depended mostly
on their personal experiences and own practice in this area,
there are not enough thorough explanations of how the car-
pentry joints are made [7,8]. However, while describing the
structural behavior of the carpentry joints provides the infor-
mation needed to design appropriate solutions and interven-
tions for timber connections, it is also necessary to describe
the structural behavior of the entire structure. Therefore,
research on carpentry joints’ static behavior, repairs, and
strengthening techniques is ongoing. In addition to this, it is
pointed out that there is a lack in the number of studies that
investigate the behavior of carpentry joints under the effect of
bending moments [4,11]. Some of the studies done on the
behavior of carpentry joints under bending are described
briefly later.

Fajman and Máca [12–15] conducted a series of studies
to investigate the effect of pins, keys, dovetails, the number
of dowels, and the joint inclination on the structural beha-
vior of scarf joints under bending. They suggested theore-
tical solutions to predict the effect of the number of dowels
and the joint inclination on the structural behavior of scarf
joints. Arciszewska-Kedzior et al. [16] utilized a scarf lap
joint with inclined sides and dowels made of wood to
restore the beam-end in ancient timber beams under
bending. The authors concluded that the joint could be
most efficient when it included three dowels and was
located at the fifth of the beam’s span from the support.
Kunecký et al. [17,18] investigated experimentally and by
means of the finite element method (FEM) the behavior of
a lap timber joint with oblique sides and a dowel under
bending. The authors stated that the joint’s effective strength
was between 55 and 60% of that of the reference solid
beams. Karolak et al. [11] tested experimentally timber
beams with carpentry joints of the type stop-splayed scarf
joint under bending loads. They found that the timber
beams strengthened with wooden pegs and additional steel
clamps gave higher failure load and stiffness, while beams

strengthened with drawbolts gave the lower values. Ye et al.
[10] strengthened the lap joints in standard timber beams of
circular cross-section using carbon fiber-reinforced polymer
(CFRP) bars, CFRP sheets, and steel bars in addition to draw-
bolts. The authors came to the conclusion that strengthening
the joints using CFRP sheets gave better results than using
CFRP bars or steel bras in terms of strength and stiffness.
Karolak [8] investigated the behavior of different types of
lap timber joints with different numbers of bolts under
bending. According to the results of this study, timber beams
with joints reached up to 40 and 60% of the reference intact
beams’ failure load and stiffness, respectively. It was also
noticed that the main stress concentrations were found in
the regions close to the bolt’s holes. Karolak and Jasieńko
[19] studied experimentally and using FEM the structural
behavior of timber beams, including lightning sign scarf
joints. They concluded that the vertically jointed beams
had higher stiffness than the horizontally jointed beams.
Patalas et al. [4] presented numerical analyses to study the
structural behavior of stop-splayed scarf joints. On the basis
of the results of this study, the authors expected that the
extreme location of bolts, using additional clamping steel
plates and strengthening the joint bottom surface using
CFRP tapes, could significantly enhance the joint’s loading
resistance and stiffness.

FRP materials are synthetic composites produced using
high-strength fibers [20,21]. The FRP reinforcing method was
first introduced for strengthening concrete elements, as
shown, for instance, by Kaiser [22], Ritchie et al. [23], and
Saadatmanesh and Ehsani [24]. FRP composites are advan-
tageous due to their high strength, elastic modulus, and
resistance to corrosion. When it comes to reinforcing
wood, CFRPs have various benefits. They have a low density,
high durability, and easily adhere to wood. When the CFRP
composites are connected to a tension face of a timber ele-
ment, tensile stresses are transferred from the timber,
allowing the compression fibers of the wood section to yield
and better use the material’s flexural capacity [25]. Begin-
ning in 1992, CFRP was first used to reinforce timber [26,27].
Over the last three decades, many experimental, analytical,
and computational studies have been conducted to learn
more about the topic of timber reinforcement using CFRP
materials. It was found that reinforcing timber members
with CFRP materials improves their strength, ductility, and
stiffness [25,28–30].

Yeboah and Gkantou [31] presented a general theore-
tical model to estimate the bending moment capacity of
timber beams strengthened using FRP products based on
assumption of the full bond between wood and FRP mate-
rials. According to this model, the theoretical resistance
moment (Mu,theoretical) of timber beam section strengthened

Figure 1: Simple lap joint [7,8].
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with FRP materials can be calculated from the expression
in equation (1) based on the equilibrium of the strength-
ened timber beam cross-section shown in Figure 2.

· ·

· ·

= ⎛
⎝ − ⎞

⎠ + +

+ +

M F d d F d F a

F d F a

1

2

2

3

2

3
,

u,theoretical wc1 c c1

wc2

c2 fc fc

wt t ft ft

(1)

where F is an abbreviation for the subscript’s force and d
stands for the depth zone of the subscript. The subscripts w
and f represent timber and FRP, respectively, and the
subscripts c and t represent compression and tension,
respectively. afc and aft stand for the arm of the FRP in
compression and tension, respectively. While dc is con-
sisted of dc1 and dc2 for the plastic and elastic timber part
region, respectively. Moreover, ε stands for the strain of
the subscript and the subscripts y and u correspond to
yield and ultimate state, respectively.

1.1 Research significance

The issue of strengthening the lap joints in the glulam
timber beams considered a challenging for designers to
maintain the joint load transfer and integrity to obtain
the required large length of a timber element as well as
to perform required interventions and repairing works in
the existing timber structures. Notably, most researchers
who investigated timber joints reached the conclusion that
further experimental and numerical research is needed to
learn more about the most appropriate strengthening and
repairing techniques for the joints. At the same time, not
much research has been done on how to strengthen timber
joints with CFRP materials, even though using these mate-
rials to strengthen wood elements has shown promising

results. Therefore, this article investigates experimentally
different techniques to strengthen the lap joints subjected
to bending in glulam timber beams using CFRP sheets to
find out the more effective technique that can strengthen
such lap joints and achieve the better load transfer and
integrity between the joined elements. Continuous nonspliced
timber beam and spliced timber beams with strengthened
and not strengthened half height lap joints were experimen-
tally tested to examine the ultimate load, failure modes, and
effective flexural stiffness. The factors, such as the clamping
scheme, bond length, and reinforcement ratio of CFRP
sheets that affect the structural behavior of the lap joint
will be studied. As the literature survey demonstrated, there
are only limited descriptions of research and analyses of
strengthening such joints using FRP products. That is what
makes the information in the paper novel, and it also repre-
sents the author’s contribution to the development of this
field of science.

2 Materials and methods

2.1 Test beams

Twelve homogeneous glulam timber beam specimens were
included in this study. Each beam had overall dimensions
of 70 mm in width, 120 mm in height, and 1,500 mm in
length and was made of six laminates manufactured by
HS Timber Group. The bending strength of the glulam
timber beams was 46.5 MPa, and the compressive strength
was 39 MPa. The tests were carried out in accordance with
EN 408 [32]. One timber beam specimen was an intact
nonspliced beam without any lap joints, while the other
11 timber specimens were spliced beams. Each spliced

Figure 2: Equilibrium of the strengthened timber beam cross section [31].
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timber beam was constructed of two elements joined
together by means of a half-height lap joint at mid-span,
where the interface plane was parallel to the axis of the
joined pieces as the wood of one-half of the cross-section
height of each piece was removed, as shown in Figure 3.
The joint was set at mid-span in the region of maximum
bending moment to make sure that the joint is subjected to
bending and the behavior of the joint under bending gov-
erns the behavior of the whole beam. The lapped parts of
each spliced beam were glued using PVA water-based glue
at the interface plane without the use of any bolts to avoid
stress concentration near the bolt hole. The lapped parts
were held together and pressured using manually acti-
vated clamps until the glue had completely cured. One
spliced timber beam was tested without any additional
strengthening. The remaining ten spliced timber beams
were strengthened using different clamping schemes of
CFRP sheets bonded around the beam cross section and
different bond lengths and reinforcement ratios of long-
itudinal CFRP sheets stuck on the beam bottom face. The
details of the tested timber specimens are described in
Table 1 and Figure 4. Figure 4a illustrates the drawing
details of the specimen B2 (S) that was spliced at mid-
span without any strengthening. The joint length was equal

to 240 mm, which was designed to be 2 times the specimen
depth. The joint length of 240 mm was kept constant in all
the spliced specimens. Figure 4b shows the design drawing
of specimen B3 (SW28), which was strengthened by fully
wrapping the joint using a 280-mm-wide CFRP strip. The
design drawing of specimen B4 (SIW9) is shown in Figure
4c. The joint of this specimen was strengthened using two
inclined wrapping CFRP strips. The width of each strip was
90 mm. Each strip was inclined by 45° relative to the long-
itudinal axis of the specimen. The strips were stuck ortho-
gonally to each other so that each strip covered the lower
vertical interface plane of the joint on each side of the
specimen. At the same time, both inclined strips were
passed over the lower horizontal interface plane on the
bottom of the specimen. Figure 4d illustrates the design
details of the specimens B5 (SL48P1) and B6 (SL72P1). The
specimen B5 (SL48P1) was strengthened using a longitu-
dinal CFRP strip of 480 mm long bonded on the bottom
side so that the strip extended 120 mm (equal to the spe-
cimen depth) outside the joint on each side. One U-shaped
CFRP sheet of 50mm wide was stuck at each end of the
longitudinal strip as an anchoring technique. The only differ-
ence between specimens B5 (SL48P1) and B6 (SL72P1) was the
bonded length of the longitudinal CFRP strip. In the B6
(SL72P1), the bonded length was equal to 720mm, which
means the longitudinal strip extended 240mm (equal to twice
the specimen depth) outside the joint on each side. Figure 4e
shows the design details of the specimens B7 (SW28L48P1)
and B8 (SW28L72P1). The specimen B7 (SW28L48P1) was
strengthened using both the longitudinal strengthening

Figure 3: Half-height lap joint.

Table 1: Details of the tested timber beam specimens

Specimens symbol* Joint
length (mm)

CFRP sheet

Wrap Longitudinal on bottom face

Angle (°) Width
(mm)

Length
(mm)

Width
(mm)

Plies Area of
CFRP (%)

Width of U-sheet at
each end (mm)

B1 (NON.S) — — — — — — — —

B2 (S) 240 — — — — — — —

B3 (SW28) 240 90 280 — — — — —

B4 (SIW9) 240 45 90 — — — — —

B5 (SL48P1) 240 — — 480 70 1 0.152 50
B6 (SL72P1) 240 — — 720 70 1 0.152 50
B7 (SW28L48P1) 240 90 280 480 70 1 0.152 50
B8 (SW28L72P1) 240 90 280 720 70 1 0.152 50
B9 (SW28L48P2) 240 90 280 480 70 + 70 2 0.303 50
B10 (SW28L72P2) 240 90 280 720 70 + 70 2 0.303 50
B11 (SW48L72P1) 240 90 480 720 70 1 0.152 50
B12 (SW48L72P2) 240 90 480 720 70 + 70 2 0.303 50

*S: Spliced beam, W: Wrapping sheet, IW: Inclined wrapping sheet, L: Longitudinal sheet, P1: 1 Ply of longitudinal sheet, P2: 2 Plies of longitudinal
sheet, number after the letter “W”: Width of Wrapping sheet in cm, and number after the letter “L”: Length of Longitudinal sheet in cm.
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scheme used in B5 and the wrapping scheme used in B3. The
only difference between specimens B7 (SW28L48P1) and B8
(SW28L72P1) was the bonded length of the longitudinal
strips, as described between specimens B5 and B6. The
strengthening schemes of specimens B9 (SW28L48P2) and
B10 (SW28L72P2) were similar to those of specimens B7
and B8, respectively, but with an additional ply of the
CFRP longitudinal strip in each one. Finally, Figure 4f illus-
trates the drawing details of the specimens B11 (SW48L72P1)
and B12 (SW48L72P2). In the specimen B11 (SW48L72P1), the
width of the wrapping CFRP strip was 480mm,whichmeans
the wrapping CFRP strip was extended 120mm (equal to the
specimen depth) beyond the joint on each side. In addition
to the longitudinal CFRP strip of 720mm long bonded on the
bottom side, one U-shaped CFRP sheet of 50mm wide was
provided at each end. The only difference between specimens

B11 (SW48L72P1) and B12 (SW48L72P2) was using an addi-
tional ply of the longitudinal CFRP strip in specimen B12.

2.2 CFRP sheets and epoxy resin

The used CFRP sheets were 300 C carbon fiber fabric pro-
duced by Sika Group (Switzerland), and the bonding agent
that was used to stick the CFRP sheet on wood was Sikadur
330 epoxy resin produced by Sika Group (Switzerland). The
properties of the used CFRP sheets and epoxy resin are
presented in Tables 2 and 3, respectively.

The CFRP sheets were installed on the wood using a
“dry lay-up process” technique. The surface of the timber
specimen was treated with sandpaper and thoroughly
cleansed of any potential re-deposited particles before

Figure 4: Design drawings of the tested timber specimens. (a) Specimen B2 (S). (b) Specimen B3 (SW28). (c) Specimen B4 (SIW9). Gray strip was
installed first and then red strip was installed. (d) Specimens B5 (SL48P1) and B6 (SL72P1). (e) Specimens B7 (SW28L48P1) and B8 (SW28L72P1).
(f) Specimens B11 (SW48L72P1) and B12 (SW48L72P2).
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applying the epoxy. The two parts of the epoxy resin were
mixed according to the manufacturer’s datasheet. The
epoxy resin was applied concurrently to both the CFRP sheet
and the timber surface. After that, a CFRP sheet was put on
the timber surface. The CFRP sheet was then lightly pressed
using a metallic roller. In the case of the specimens strength-
ened with more than one ply of CFRP sheets, the new ply
was applied to the latter ply after being epoxy-impregnated
in the so-called the wet-on-wet procedure.

3 Instrumentation and test
procedure

The testing of the timber beam specimens was performed
in the structural laboratory of the Faculty of Engineering at
the University of Kufa. All the tested timber beams were
examined under a four-point loading setup to make the
middle third of the specimen span under pure bending.
A hydraulic machine of 2,000 kN capacity was used to

conduct the tests, with a loading rate of 2.5 kN/min. The
vertical displacement at the middle of the timber beam
was measured using a digital dial gauge of 50 mm capacity.
The testing arrangement is shown in Figure 5.

4 Results

With the goal of gaining a better understanding and rea-
lizing appropriate interpretations for the outputs of the
tests carried out in this study, the experimental data are
presented and discussed in terms of loading, midspan ver-
tical displacement response, failure mode, and effective
stiffness. Particularly, this work focused on studying the
effects of various CFRP sheet-strengthening techniques on
the flexural behavior of the spliced glulam timber beam
specimens. Consequently, additional tables and graph illus-
trations are provided and analyzed to offer reliable esti-
mates of the improvement in the flexural behavior of the
spliced glulam timber beams that was achieved due to
these strengthening schemes.

Table 2: Properties of CFRP sheet

Type Area density (g/m2) Thickness (mm) Ein-tension (GPa) Tensile strength (MPa) Elongation at break

Unidirectional Sika-Wrap®-300 C 304 0.167 230 4,000 1.7%

Table 3: Properties of epoxy resin

Type Density (kg/lt) Etension (MPa) Tensile strength (MPa) Elongation at break

Sika-dur®-330 1.31 4,500 30 0.9%

Figure 5: Testing arrangement. (a) Schematic view of 4-point-loading setup. (b) View of a specimen on the test stand.
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4.1 Load and vertical mid-span displacement
responses

To properly study the structural behavior of the spliced
timber beam specimens, the relationship between the
loading values of each tested timber beam and their corre-
sponding vertical mid-span displacements was plotted in a
graphical representation as shown in Figure 6. Hence, 12
curves are shown in Figure 6, one for each timber spe-
cimen. The ordinate of this figure corresponds to the
values of the applied load on the timber beams, and its
abscissa corresponds to the corresponding vertical mid-
span displacement values. To enable direct comparison
of the outcomes of all the tests, the 12 curves are plotted
on a single graph. Moreover, Table 4 lists the outcomes of
ultimate loads and associated values of ultimate vertical
displacement for the tested glulam timber beams. The ultimate
load and vertical displacement at mid-span for the control
nonspliced beam B1 (NON.S) were 33 kN and 17.5mm, respec-
tively, while the spliced nonstrengthened beam B2 (S) failed
prematurely at a load of 3.6 kN and a mid-span deflection of
6.28mm. The ultimate load values for the spliced timber beams
with wrapped joints B3 (SW28) and B4 (SIW9) were 15.6 and
18.6 kN, respectively. The load–vertical displacement curves of
these two beams, B3 and B4, were running near each other in a
similar manner and produced larger vertical displacements
among other tested specimens, which were 21.4mm for B3
and 22.19mm for B4. The curves for spliced specimens with

bottom-strengthened joints B5 (SL48P1) and B6 (SL48P1) were
running together and stiffer than those of B3 and B4 until the
load of 10 kN, and then the curve of specimen B6 deviated from
that of specimen B5 and failed at a load of 13.6 kN. The spe-
cimen B5 continued to gain load until it failed at a load of 16 kN.
The load–vertical displacement responses for the spliced speci-
mens with both bottom-strengthened and wrapped joints B7
(SW28L48P1) and B8 (SW28L72P1) were stiffer than those of
specimens with either only wrapping or only bottom strength-
ening. The response of specimen B8 was nearly similar to that
of specimen B7 up to a load of 18 kN, when the B8 suffered
from an excessive increase in the deflection and failed while
the specimen B7 continued gaining load until it failed at
a load of 25 kN. The responses for the spliced specimens
with wrapped and double bottom-strengthened joints B9
(SW28L48P2) and B10 (SW28L72P2) were running together
and stiffer than that of the control nonspliced specimen
B1 until the load of 22.5 kN. Then the curve of specimen
B10 deviated from that of specimen B9 until a load of
28 kNwas reached when this specimen failed after an exces-
sive increase in the deflection. While specimen B9 continued
to gain a consentient increase in the load and deflection,
it failed at a load of 28 kN, which is less than that of the
control nonspliced specimen B1 (33 kN). For the specimen
B11 (SW48L72P1), which was similar to the B8 but with a
widerwrap (48mm), the load–vertical displacement response
was nearly coinciding with that of the control nonspliced
specimen B1 till the load of 22 kN, and then it descended

Figure 6: Load versus mid-span vertical displacement for the tested glulam timber specimens.
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more and the specimen failed at a load of 25 kN. For specimen
B12 (SW48L72P2), which was similar to B10 but with a wider
wrap (48mm), the response was stiffer than all those of the
other tested timber beams, even than that of the control non-
spliced specimen B1; it failed at an ultimate load and vertical
displacement of 36 kN and 17.23mm, respectively.

4.2 Mode of failure

Table 4 lists also the failure mode of each tested glulam
timber beam. Figure 7 presents the failure modes of the
tested specimens. According to Figure 7a, the tension failure
of the wood fibers on the underside of the control beam B1
caused it to fail. This type of failure is referred to as simple
tension and is a flexural failure [33,34]. The nonstrength-
ened spliced timber specimen B2 separated early into two
segments due to joint loosening without any evidence of
tensile or compressive failure but rather due to failure
of glue material at the horizontal plane of the lap joint,
as shown in Figure 7b. The spliced specimen with fully
wrapped joint B3 failed due to a delamination crack that
initiated at the right part of the lap joint. This crack led to
the separation of the lower part (timber laminates) of the
right segment and the opening of the lower seam of the
joint. The failure of specimen B4 was characterized by
debonding in the inclined CFRP sheet along the lower ver-
tical interface of the joint, followed by rupture of this
inclined sheet at the lower corners of the lap joint, which
coincided with opening the lower seam of the joint. The
bond failure was also prevalent in both B5 and B6 speci-
mens. In each of these specimens, the left part of the joint
moved downward relative to the right part of the joint. The
bond failure of B5 was marked by the delamination of some
of the lower wooden fibers with the CFRP sheet. In specimen
B6, the bond failure occurred at the interface between the
CFRP sheet and wood surface to the right of the joint seam.
The delamination crack between the lower and upper parts
of the right segment was the main reason for the failure
mode of specimens B7 and B8. The failure of B7 was pre-
ceded by signs of debonding in the longitudinal CFRP sheet,
while no evidence of debonding was marked in specimen
B8. Although the bonded length of specimen B8 was larger
than that of specimen B7, the failure load of B8 was smaller
than that of B7. For specimens B9, the failure was due to
debonding of longitudinal CFRP plies, which led to tearing
the wrapping and clamping CFRP sheets at the right of the
joint. While for specimen B10, the failure was due to
debonding of longitudinal CFRP plies and a delamination
crack between the lower and upper parts of the right seg-
ment. Furthermore, for specimen B11, the failure occurredTa
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owing to rapture of the single longitudinal underside CFRP
ply at the lower seam of the joint without anymarked signs of
debonding or delamination crack. Finally, for specimen B12,
the failure was governed by debonding cracks outside the
jointed region at the end of the longitudinal underside
CFRP sheets, which coincided with flexural cracks within
the maximum constant bending moment region.

4.3 Effective stiffness

For the structural members, the effective stiffness can be
estimated based on the load–displacement plots as the
slope of the line crossing the point where the applied force
reaches 75% of the nominal strength. Thus, the effective
stiffness can be expressed as in equation (2) [35].

Figure 7: Failure mode of tested glulam timber specimens. (a) B1. (b) B2. (c) B5. (d) B6. (e) B8. (f) B9. (g) B10. (h) B12.

Table 5: Details of the effective stiffness for tested glulam timber beams

Specimen (( ))Pu kN (( ))0.75Pu kN ∆∆0.75Pu (mm) Keff (kN/mm) (Keff)i/(Keff)B1*

B1 (NON.S) 33 24.75 11.38 2.175 1
B2 (S) 3.6 2.70 3.13 0.863 0.40
B3 (SW28) 15.6 11.70 12.38 0.945 0.43
B4 (SIW9) 18.6 13.95 13.25 1.053 0.48
B5 (SL48P1) 16 12.00 9.12 1.316 0.60
B6 (SL72P1) 13.5 10.13 6.63 1.527 0.70
B7 (SW28L48P1) 25 18.75 10.60 1.769 0.81
B8 (SW28L72P1) 18 13.50 6.50 2.077 0.95
B9 (SW28L48P2) 28 21.00 9.13 2.300 1.06
B10 (SW28L72P2) 28 21.00 9.13 2.300 1.06
B11 (SW48L72P1) 25 18.75 8.38 2.237 1.03
B12 (SW48L72P2) 36 27.00 11.38 2.373 1.09

*(Keff)i: effective stiffness of considered timber beam, (Keff)B1: effective stiffness of control timber beam B1.
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= ∆K 0.75Pu/ ,eff 0.75Pu (2)

where Keff is the effective stiffness of the tested timber
glulam beam in kN/mm, Pu is the ultimate load of the
tested timber glulam beam in kN, and ∆0.75Pu is the mid-
span vertical displacement of the tested timber glulam
beam corresponding to 0.75Pu.

The details of the effective stiffness for the tested
timber beams are listed in Table 5. Figure 8 illustrates a
comparison between the effective stiffness values of each
tested specimen. Based on Table 5 and Figure 8, it is clear
that the effective stiffness of the glulam timber beam
dropped drastically due to the presence of a nonstrength-
ened lap joint, as in the specimen B2 (S). It is noticed that
the strengthening schemes containing only CFRP wrapping
sheets could not succeed in achieving a considerable enhance-
ment in the effective stiffness of the spliced glulam timber
beams, as in specimens B3 (SW28) and B4 (SIW9). Although
it was noted that the improvement in the effective stiffness
values for specimens with only underside strengthening CFRP
sheets, as in B5 (SL48P1) and B6 (SL72P1) beams, was better
than that due to only wrapping CFRP sheets, it is still not
large enough to recover the effective stiffness of the
spliced specimens. It is clearly observed that the increases
in the stiffness value were more pronounced when the
strengthening schemes of the spliced beams consisted of
the longitudinal underside and wrapping CFRP sheets. The
effective stiffness values of spliced specimens B7 (SW28L48P1)
and B8 (SW28L72P1) were 81 and 95%, respectively, of that of
the nonspliced one. Moreover, the effective stiffness
values were higher than that of the nonspliced one for
the spliced specimens B9 (SW28L48P2), B10 (SW28L72P2),
B11 (SW48L72P1), and B12 (SW48L72P2). The largest improvement

in the effective stiffness was achieved for B12 (SW48L72P2),
where it was 1.09% of that of the nonspliced intact specimen.

5 Discussion

The failure of the control intact beam B1 was a typical ten-
sion-controlled flexural failure. This failure can be attrib-
uted to that the flexural tensile stresses exceeded the tensile
strength of wooden fibers on the lower side of the timber
beam in the region of the maximum bending moment. On
the other hand, the joint loosening that occurred in the
nonstrengthened spliced specimen B2 was due to the failure
of the bonding material along the joint’s horizontal plane
between the opposite surfaces of the lapped segments. As
there was no other component that could counteract the
flexural tensile stresses that developed in the lower part
of the joint. Therefore, this specimen exhibited weak stiff-
ness and failed prematurely.

5.1 Effect of CFRP wrapping sheets

To study the influence of wrapping the joint with CFRP
sheets on the behavior of the spliced glulam timber beams,
the load–vertical displacement curve of nonstrengthened
spliced beam B2 is plotted in Figure 9 versus those curves
of B3 and B4, which were strengthened with vertical and
45° inclined CFRP wrapping sheets, respectively. Although
it is seen that the wrapping of the joint could improve the

Figure 8: Effective stiffness for tested beams.
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structural behavior of the lapped beams, the failure loads
increased by 36 and 45% for B3 and B4, respectively, com-
pared with the control intact beam. The corresponding
increases in effective stiffness were 3 and 8%. However,
it is clear that the strengthening schemes involving only
wrapping the joint were not adequate to achieve the
required improvement in the structural behavior of the
spliced timber beams. This can be interpreted by saying
that when the CFRP sheet wrapped the joint, it clamped the
spliced parts together and prevented any relative move-
ment between them. On the other hand, as the applied
load increased, the lower seam of the joint started to
open because of flexural tensile stresses at the underside
of the beam. As a result, at the right of the joint, only the
upper half of the cross section was able to withstand
the flexural stresses, which caused delamination between
the upper and lower parts of the right segment and
reduced its effective depth, as illustrated in Figure 10.

The load transfer and stress concentrations through
the abrupt change in the depth of the timber beam at the
joint can be interpreted by means of the “structural ele-
ment model” that was proposed by Serrano et al. [36,37].
This model is assumed to be consisted of two Timoshenko

beam elements jointed by an elastic spring and a fictitious
rigid rod as shown in Figure 11. The lapped part of the right
segment can be represented by beam 1, and the entire
nondelaminated (un-cracked) cross section of the right seg-
ment in front of the crack is represented by beam 3. The
additional rotation at the tip of the delamination crack is
simulated by the elastic spring, which results in increased
distortion and compliance.

Why the specimen with 45° inclined CFRP sheets gave
better strengthening than that of the vertical CFRP sheet
may be attributed to the fact that, in addition to the
clamping vertical component, the inclined sheets provided
a horizontal component that contributed to resisting ten-
sile stresses. Moreover, the inclined sheets were extended
at the right of the joint, which counteracted the delamina-
tion between the upper and lower parts of the right seg-
ment. It is important to mention that the installation of the
inclined sheets was more difficult than that of the vertical
sheets, and the total surface area of the CFRP sheets used in
the inclined wrap was larger than that used in the vertical
wrap by about 18%.

5.2 Effect of CFRP longitudinal underside
sheets

The load–vertical displacement curves of spliced timber
beams with different bonded lengths of longitudinal under-
side CFRP sheets, namely, 480 and 720mm, were plotted in

Figure 9: Effect of CFRP wrapping sheets.

Figure 10: Joint loosening and delamination failure modes.

Figure 11: Structural element model suggested by Serrano et al. [36,37].
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Figure 12 together with those of the intact and nonstrength-
ened spliced beams to study the influence of strengthening
the joint with the underside CFRP sheets on the behavior of
the spliced glulam timber beams. It is noted that the failure
load of the spliced timber beam increased by 37 and 30%
due to strengthening the lapped region with longitudinal
underside CFRP sheets of lengths of 480mm (for beam B5)
and 720mm (for beam B6), respectively, compared with the
control intact beam. The corresponding increases in effec-
tive stiffness were 20 and 30%. In general, the improvement
in the structural behavior of the lapped timber beams due to
this strengthening scheme can be ascribed to that the under-
side CFRP sheet tied the opposite sides of the joint lower
seam and contributed to counteracting the flexural tensile
stresses. However, the underside CFRP sheets debonded at
relatively low load values. This is due to that the left lapped
part deflected downward and thereby caused the peeling off
of the CFRP sheet from the right part, as shown in Figure 7d.
Moreover, it is observed that specimen B5 that was strength-
ened with the shorter CFRP sheet (480mm) endured an
ultimate load value higher than that of specimen B6 that
was strengthened with the longer CFRP sheet (720mm).
This can be interpreted by that in the case of the CFRP sheet
length of 480mm, the U-shaped CFRP sheets, which were
installed at the ends of the longitudinal CFRP sheet, were
closer to the joint than those in the case of a sheet length of
720mm and thereby provided better anchorage against the
peeling off stresses.

5.3 Effect of combination of wrapping and
underside CFRP sheets

To study the effect of strengthening the lap joint with both
wrapping and longitudinal underside CFRP sheets on the
behavior of spliced timber beams, the load–vertical displa-
cement curves of spliced beams with such strengthening
schemes are plotted together with those curves of spliced
beams with wrapping CFRP sheet only or with longitudinal
underside CFRP sheet only in Figure 13. It is clear that
strengthening the joint with both wrapping and longitudinal
underside CFRP sheets made the improvement in the
structural behavior of the spliced timber beams more pro-
nounced and significant than when the joint was strength-
ened with either wrapping or longitudinal underside CFRP
sheets. The ultimate load and the effective stiffness of the
spliced beams increased due to using such strengthening
schemes up to 65 and 55%, respectively, compared with the
control intact beam. This is because this strengthening
scheme, in addition to clamping the lapped horizontal parts,

tied the vertical sides of the lower seam of the joint and
contributed to resisting the tensile stresses and improving
the integrity of the joined segments. It was noticed again
that the specimen of shorter underside CFRP sheet B7
gave a higher ultimate load (25 kN) than that of the specimen
of longer underside CFRP sheet B8 (18 kN). This can be
attributed to that in the specimen with the longer underside
sheet, the U-shaped anchorage CFRP sheets were relatively
far away from the joint and did not contribute to preventing
or delaying the delamination between the upper and lower
halves of the right segment, which weakened the specimen
at the right segment by reducing its effective depth. On the
other hand, in the specimen with the shorter underside

Figure 12: Effect of CFRP longitudinal underside sheets.

Figure 13: Effect of wrapping and underside CFRP sheets.
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sheet, the U-shaped anchorage CFRP sheets were relatively
near the joint and delayed the delamination between the
upper and lower halves of the right segment. When this
specimen reached a relatively higher load value (21 kN), the
short underside CFRP sheet underwent signs of debonding
failure, which weakened the joint and then caused the dela-
mination failure at the load value of 25 kN.

5.4 Effect of increasing reinforcement ratio
of the underside CFRP sheets

To inspect the influence of increasing the reinforcement
ratio of the longitudinal underside CFRP sheets on the
structural behavior of the spliced timber beams, the load–
vertical displacement curves of spliced timber beams with
one and two plies of the underside CFRP sheets were
plotted together in Figure 14 in comparison with that of
the intact beam. Figure 14 shows clearly that increasing the
area ratio of the underside CFRP sheets led to increasing
the flexural stiffness of spliced timber beams. The effective
stiffness of specimens B9 and B10 with a CFRP area ratio of
0.303% (with different bonded lengths) increased by 30 and
11%, respectively, relative to the corresponding specimens
with a CFRP area ratio of 0.152%. The corresponding
increases in the ultimate failure load were 12 and 56%,
respectively. Generally, these enhancements can be attrib-
uted to that increasing the CFRP area ratio by using an
additional CFRP ply resulted in an increase in the area of
the component that resists tensile stresses and ties between
the opposite sides of the joint lower seam. Thereby, this led

to improving the joint integrity and reducing the deflection
and the relative movement between the lapped parts. It is
also noticed that specimen B10 exerted a relatively exces-
sive vertical displacement before the failure. This can be
ascribed to the fact that the failure of specimen B10
occurred in two steps: debonding followed by delamina-
tion. The effect of the U-shaped anchorage CFRP sheet
near the joint in the specimen of the shorter underside
CFRP sheets (B8) was also marked where it could prevent
the delamination in the right segment.

5.5 Effect of increasing the width of CFRP
wrapping sheet

Figure 15 was plotted to study the influence of increasing
the width of the CFRP wrapping sheet on the structural
behavior of the spliced timber beams. Figure 15 includes
the load–vertical displacement curves of the specimens
with CFRP wrapping sheets of 48 mm width (B11 and B12)
together with those curves of the corresponding specimens
with CFRP wrapping sheets of 28 mm width (B8 and B10). It
is clear that increasing the width of the CFRP wrapping
sheets led to increases in the flexural effective stiffness
and ultimate load values of the spliced timber beams.
The ultimate load and effective stiffness of specimen B11
(with a single ply of longitudinal underside CFRP sheet)
increased by 39 and 8%, respectively, relative to those of
the corresponding specimen B8. As well, the failure mode
was changed from the delamination crack in specimen B8
to the rapture of the longitudinal underside CFRP sheet in

Figure 14: Effect of reinforcement ratio of the underside CFRP sheets. Figure 15: Effect of the width of CFRP.
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specimen B11. The effect of increasing the width of CFRP
wrapping sheets was more significant in specimen B12
(with double plies of longitudinal underside CFRP sheet).
The largest improvements in the effective stiffness and
ultimate load were achieved in this specimen (B12), where
its effective stiffness and ultimate load were higher than
those of the nonspliced intact specimen by 9 and 10%,
respectively. Moreover, the lapped parts of specimen B12
acted integrally as one unit, and failure occurred outside
the region of the constant maximum bending moment.
This was because increasing the width of the CFRP wrap-
ping sheets could succeed in providing adequate clamping
to the lapped and laminated timber layers in addition to
anchoring the longitudinal CFRP sheets along the region of
constant maximum bending moment. Consequently, this
led to preventing the debonding and delamination failures
in the region of constant maximum bending moment and
allowed greater use of the tensile strength available in the
longitudinal CFRP sheets.

Ultimately, the results of this study conform to the
results that were obtained by Ye et al. [10] when they
strengthened the lap joints in standard (not laminated)
timber beams of circular cross section using CFRP sheets
under bending. They could achieve an increase in the ulti-
mate load of the lapped timber beam by 112% relative to
that of the intact beam when they increased the CFRP
reinforcement ratio to 0.34% and used four clamping
CFRP sheets – two at the ends of the lap joint and two at
the ends of the longitudinal CFRP sheet in addition to two
steel bolts within the joint.

6 Conclusions

The article focused on studying the flexural behavior of
glulam timber beams with half height lap joints strength-
ened using CFRP sheets in terms of ultimate load, failure
mode, and effective flexural stiffness. Based on analyzing
the experimental results of the 12 adopted specimens, the
following can be concluded:

The experimental tests of this study demonstrate the
effectiveness of using CFRP sheets in reinforcing the half-
height lap joints in glulam timber beams under bending.
The findings show that strengthening the half-height lap
joints using CFRP sheets led to considerable improvements
in the structural behavior of the glulam timber beams that
contained such joints.

The experimental data indicate that strengthening the
joints with both wrapping and longitudinal underside
CFRP sheets made the improvement in the structural

behavior of the spliced timber beams more pronounced
and significant than when the joints were strengthened
with either wrapping or longitudinal underside CFRP sheets.
The longitudinal CFRP sheets tied the vertical opposite sides
of the lower seam of the joint and contributed to resisting
the tensile stresses, and the wrapping CFRP sheets clamped
the lapped horizontal parts and the laminated timber
layers, which led to improving the integrality of the
joined segments.

Moreover, the results reveal that increasing the length
or the reinforcement ratio of the longitudinal CFRP sheets
without increasing the width of the wrapping CFRP sheets
could not succeed in achieving the required improve-
ments in the structural behavior of the lapped timber
beams. More specifically, the results demonstrate that
to obtain the greater use of the tensile strength available
in the longitudinal CFRP sheets, it was required to
increase the width of the wrapping CFRP sheets to be
continued outside the joint by a distance equal to the
beam height (120 mm). This is because increasing the
width of the CFRP wrapping sheets led to adequate
clamping of the lapped and laminated timber layers in
addition to anchoring the longitudinal CFRP sheets for a
sufficient length.

Ultimately, the research found that the configuration
of CFRP sheets could be more effective in strengthening the
lapped glulam timber beams when the reinforcement ratio
of the longitudinal CFRP sheets was equal to 0.303% and
the wrapping CFRP sheets continued beyond the joint by a
distance equal to the beam height. Such a strengthening
configuration could succeed in increasing the effective
stiffness and ultimate load of the lapped timber specimen
to 109 and 110, respectively, relative to those of the intact
nonlapped specimen.
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