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Abstract. Although research into longitudinal
reinforcement of timber beams has continued for
approximately seven decades, the leading
industrialised countries still lack basic normative
documents governing the design of such structures.
One reason is the absence of unified test methods,
which precludes the formation of a comparable
experimental database. This paper provides a
rationale for the selection of geometric parameters
of test specimens of glued laminated timber
(glulam) beams reinforced with longitudinal
reinforcement for four-point bending tests. A
comparative analysis of the requirements of
European (EN 408), international (ISO 8375,
ISO 13910) and American (ASTM D198,
ASTM D4761) standards for bending tests of timber
beams has been carried out. A search of the Scopus,
Web of Science and Google cholar databases
yielded a sample of 31 experimental studies on
reinforced beams, the analysis of which revealed a
considerable scatter in the geometric parameters of
test specimens: span-to-depth ratios ranging from
7.7 to 25.0; depth-to-width ratios from 1.0 to
4.29; and cross-section depths from 90mm to
605.5mm. It has been established that the choice
of parameters was independent of the reinforcement
ratio and reinforcement method, and shows no trend
towards standardisation over time. Limiting values
of the geometric parameters have been analytically
justified on the basis of four independent criteria:
ensuring a flexural failure mode allowing for the
increased bending capacity of the reinforced cross-
section; minimising the influence of shear
deformations on the determined modulus of
elasticity; ensuring statistical representativeness in
terms of the Weibull size effect and the minimum
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number of laminations; and ensuring lateral stability
of the beam without additional lateral restraints. It
is shown that longitudinal reinforcement increases
the risk of lateral instability, because the bending
capacity increases far more than the critical buckling
moment. Recommendations for the geometric
parameters of test specimens are formulated:
1/h=18..21; h/b<24 for moderate and
h/b<2.0 for high reinforcement ratios; cross-
section depth 180..600mm ; and a minimum of four
laminations.

Keywords: glued laminated timber; longitudinal
reinforcement; test specimen geometry; four-point
bending; FRP.

INTRODUCTION

Research into reinforcement of timber
beams began in the 1960s [1] with the use of
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conventional metallic (steel or aluminium)
plates and bars; the first attempt to apply glass-
fibre reinforced polymers (GFRP) dates back to
1965 and their use became widespread during
the 1970s, while from 1992 carbon-fibre
reinforced polymers (CFRP) began to be
employed for structural strengthening. Over
nearly seven decades of experimental and
analytical investigation a substantial body of
data has been accumulated confirming the
effectiveness of the technology. A consolidated
review of research on the reinforcement of
glued laminated timber structures and on the
application of composite strips and fabrics for
the strengthening of timber structures is
presented in [2, 3]. Despite this, as of 2026, no
major building code in economically developed
countries contains provisions for the design and
analysis of timber structures with longitudinal
reinforcement.

The lack of a corresponding normative
framework deprives engineers of the ability to
exploit the full advantages of longitudinal
reinforcement, among which are: an increase in
bending capacity of 20.90% [1, 4]; an
increase in stiffness; a transition from a brittle
failure mode to a more ductile one [5]; the
possibility of reducing the depth of structural
members  while maintaining  equivalent
serviceability characteristics; and a more
efficient use of lower-grade timber.

Certain advances in the regulatory landscape
occurred in the 21st century, when the Italian
National Research Council (CNR) published
guidelines [6] on the strengthening of existing
timber structures with externally bonded FRP
systems virtually simultaneously with the
publication in the United States of a standard
practice [7] that establishes procedures for
manufacturers to determine the characteristic
values of strength and modulus of elasticity of
reinforced glulam beams.

During the preparation of the new generation
of Eurocode 5, the working group CEN /
TC 250/SC5/WG 7 "Reinforcement” decided
against codifying longitudinal reinforcement
and focused exclusively on reinforcement
resisting stresses perpendicular to the grain
(notches, holes, curved beams, connections).
The decision of WG 7 [8] was motivated by the
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fact that longitudinal reinforcement does not
represent a typical design situation in European
practice; the technology has not been validated
by sufficient practical experience; and there are
no harmonised product standards or European
Technical Assessments (ETA), without which a
design standard cannot be drafted.

For the future incorporation of design
provisions  for  timber  structures  with
longitudinal reinforcement into normative
documents, it is necessary not only to increase
the volume of the experimental database but also
to improve its quality, which cannot be achieved
without unified test methods. This paper
attempts to standardise the geometric parameters
of test specimens of reinforced glulam beams for
four-point bending tests, in a manner analogous
to what has been done in the current standards
for unreinforced glulam beams [9, 10, 11].

AIM AND METHODS

The aim of this work is to formulate
recommendations for the selection of geometric
dimensions of test specimens of glued
laminated timber beams reinforced with
longitudinal reinforcement, compliance with
which will ensure the realisation of a flexural
failure mode, minimise the influence of
secondary factors on the experimental results,
and enable a correct comparison of data from
different researchers.

To achieve this aim, a comparative analysis
was carried out of the requirements for bending
tests of timber beams established by
European [9], American [10, 11] and
international [12, 13] standards. The key
parameters of the loading configurations were
systematised: the span-to-depth ratio of the
beam, the distances from supports to loading
points, the distance between loading points, and
the restrictions on the cross-sectional geometry.

To evaluate the current state of the
experimental database, a search was conducted
of the Scopus, Web of Science and Google
Scholar databases covering the past 30 years.
The inclusion criteria were: an experimental
investigation of four-point bending behaviour
of reinforced beams of either sawn timber or
glulam, and sufficient completeness of the
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information on specimen geometry and
reinforcement parameters. The search yielded a
sample of 31 experimental studies, for each of
which the cross-sectional dimensions, span
length and their ratios, timber type, and
reinforcement type, ratio and method were
recorded.

The limiting values of the geometric
parameters  were  justified analytically,
proceeding from the requirement that the
geometry of a test specimen of a reinforced
beam must simultaneously satisfy several
conditions. First, the proportions of the beam
must ensure the realisation of a flexural failure
mode rather than premature shear failure.
Second, the proportion of shear deformations in
the total deflection must be sufficiently small so
as not to distort the results of determining the
modulus of elasticity in bending. Third, the
cross-section depth must be sufficient to ensure
statistical representativeness of the mechanical

properties of glulam in terms of the Weibull
size effect and the minimum number of
laminations. Fourth, the depth-to-width ratio
must ensure lateral stability of the beam without
additional lateral restraints.

RESULTS AND EXPLANATIONS

Normative requirements for bending tests and
analysis of the experimental database

The current standards for bending tests of
timber beams [9, 10, 11, 12, 13] prescribe a
four-point bending configuration and specify
the span-to-depth ratio, but do not restrict the
absolute dimensions of the cross-section
(Table 1). All of the above standards have been
developed for unreinforced timber, and none of
them contains provisions specific to the testing
of beams reinforced with longitudinal
reinforcement.

Table 1. Comparison of requirements for bending tests of beams
Tao6.. 1. [lopiBHSIHHS BUMOT A0 BUIPOOYBaHHS OAlOK Ha 3TMH

s | p | P [ Dt
EN 408 [9] 18+3 6h+1.5h 6h
ISO 8375 [12] 18+3 6h +1.5h 6h
ISO 13910 [13] 18+3 6h +1.5h 6h
ASTM D198 [10] 12..18 (4..6) 1 or (0.4.0.6) fu/fs
ASTM D4761 [11] 17..21 /3

Table 2 summarises the data from 31 studies
that satisfy the defined inclusion criteria. The
sample does not claim to be exhaustive;
however, it is sufficiently representative to
identify characteristic trends.

For each study, the cross-sectional
dimensions and span, the timber type, and the
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type, ratio and method of reinforcement are
recorded, which allows not only the scatter of
parameters to be analysed but also potential
correlations between them. The analysis of the
data in Table 2 reveals a considerable
heterogeneity in the geometric parameters of
the test specimens.
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Table 2. Overview of experimental studies on reinforced timber beams in four-point bending

Tao.. 2. [Ipuknanu nocmimpkeHs apMyBaHHS AepeB’THUX OaJIOK Ha YOTHPUTOYKOBUH 3THH

ISSN 2522-4182

Ref| ™ | b Lo | g | Timber| A, A Compr. | Tens. |\ hod
mm mm mm type o, 9% reinf. reinf.
1 2 3 4 5 6 7 8 9 10 11 12
[14]] 200 100 2700 2.00 | 135 ST - 0.15..0.42 - CFRP EBR
[15] 175 85 1350 206 | 7.7 GLT 0..1.06 0.53..1.06 A400 A400 NSM
0.52..1.03 GFRP
100 100 1800 1.00
0.15..0.59 CFRP
[16] 180 | GLT - - INT
0.14..0.86 GFRP
600 200 10800 3.00
0.09..0.60 CFRP
[171] 200 200 3600 1.00 | 18.0 ST - 0.08..0.12 - CFRP EBR/NSM
[18]| 223.6 96 3960 233 | 17.7 | GLT - 1.64 - FRP EBR
[19]] 480 203 7620 2.36 | 159 ST - 0.88 - CFRP EBR
[20]] 150 75 1800 2.00 | 12.0 ST - 0.62..1.39 - CFRP NSM/EBR
50 1.80 0.44
[21] 90 1350 15.0 | GLT - - CFRP EBR
70 1.29 0.56
600 2.73 | 18.0 0..1.70 0.80..1.70 CFRP CFRP INT/EBR
[22] 220 10800 GLT
605.5 275|178 - 0.80 - CFRP
298.5 3.69 | 16.3 1.10
[23] 81 4877 GLT - - FRP INT
307.8 3.80 | 15.8 3.10
1.10 GFRP
[24]| 305 130 6400 2351 21.0| GLT - - INT
3.30
200 2.86 | 19.0 1.20..3.30 GFRP
[25] 70 3800 ST - - EBR
300 4.29 | 12.7
1.00..3.00 GFRP
[26]] 120 60 3000 2.00 | 25.0 | GLT - - INT
0.40 CFRP
300 100 4000 3.00 | 13.3 ST - 0.39..0.79 - GFRP
[27] NSM
600 200 10000 3.00 | 16.7 - 0.26..0.44 - GFRP
0.46
[28] 210 80 3780 2.63 | 18.0 GLT - - CFRP EBR
0.93
[29] 240 100 2200 240 | 9.2 GLT - 0.50 - CFRP EBR
120 2.50 0.46 H-CFRP
0.40 H-CFRP
[30] 300 2700 9.0 GLT - - INT
140 2.14 0.40 L-CFRP
0.80 H-CFRP
111.5 1.86 1.36 S355 EBR
[31] 60 1650 14.8 GLT - -
111.2 1.85 0.91 CFRP
160.8 93.5 1.72 | 11.2 - 0.87 - CFRP
[32] 1800 GLT INT
162.1 93.3 1.74 | 111 0.86 0.86 CFRP CFRP
ByaiBenbHi kKOHCTPYKUii. Teopis i npakTuka ¢ 18/2026 133
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Table 2. (continued)
Ta6u. 2. (TpogOBKEHHS)

[33]| 138 38 2440 3.63 | 17.7 GLT 0.66..0.92 - CFRP EBR
0..1.00 1.00..2.00 S275 S275
[34]| 200 115 3600 174 | 180 | GLT NSM
0.75..0.83 0.75..1.67 CFRP CFRP
[35]1| 260 90 3740 289 | 144 | GLT 1.28 - $235 INT
[36] | 300 75 5700 4.00 | 19.0 | GLT 0..0.66 0.33..1.32 CFRP CFRP NSM
[37]| 150 60 2700 2.50 | 18.0 | GLT 0.78 - CFRP EBR
190 1.98 | 18.0 1.27 FRP
[38] 96 3420 GLT - EBR/INT
215 224 | 159 1.12 FRP
308 100 4200 3.08 | 13.6 | GLT 0.39 - CFRP EBR/INT
310 3.10 | 135 0.90
[39]
312 3.12 | 134 0.90
2.31 AFRP
[40]| 162 82 3000 198|185 | GLT 0.37 - BFRP EBR
0..0.50 0.50..1.79 GFRP GFRP
[5] 300 75 5700 4.00 | 19.0 | GLT 1.00..1.79 - B400B NSM/INT
0..0.66 0.33..0.99 CFRP CFRP
[41]| 240 100 3750 240 | 156 | GLT 0.50 - CFRP EBR
[42]| 150 100 2700 1.50 | 18.0 ST 1.51 0.40 A500C CFRP NSM/EBR
0.75 GFRP
[43]| 210 100 2700 2.10 | 129 | GLT 0.75 - BFRP ER
0.75..1.91 A400C

Notes:

o Timber type: ST — sawn timber, GLT — glued laminated timber.

. A, , 0% — reinforcement ratio in the compression zone; A, s 06 — reinforcement ratio in the tension zone.

o FRP reinforcement types: CFRP — carbon fibre reinforced polymer, GFRP — glass fibre reinforced polymer, BFRP — basalt
fibre reinforced polymer, AFRP — aramid fibre reinforced polymer.

o Steel reinforcement: S235, S275, S355 — structural steels according to EN 10025; A400, AS00C, A400C — reinforcing bar
grades according to DSTU 3760:2019; B400B — reinforcement for concrete according to ISO 6935-2 / EN 10080.

o Reinforcement method: EBR — externally bonded reinforcement, NSM — near-surface mounted, ER — embedded rod, INT —

internal reinforcement bonded in the glueline.

Cross-sectional dimensions range from
90x50mm to 605.5x220mm, span lengths
from 1350mm to 10800mm, span-to-depth
ratios from 7.7 to 25, and depth-to-width
ratios from 1 to 4.29.

The reinforcement ratio in the tension zone
varies from 0.08% to 3.30%, while
compression-zone reinforcement has been
applied in only 8 out of 31 studies. The vast
majority of studies were conducted on glulam
beams, whereas sawn timber is represented in
6 studies. Among the reinforcing materials,
CFRP predominates (22 studies), followed by
GFRP (10 studies), steel elements (5 studies),
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basalt fibre (2 studies) and aramid fibre
(1 study). The reinforcement methods are
distributed among  externally  bonded
reinforcement, near-surface mounted
reinforcement, internal reinforcement bonded
in the glueline and embedded rods, often in
combination.

Comparison with the normative
requirements (Table 1) reveals that a significant
proportion of the specimens fall outside the
recommended range |/h=18+3, with a
noticeable tendency towards lower values of
this ratio. Studies with very low I/h values
occur both among early and among the most
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recent works ([15, 29, 30]), indicating no trend
towards standardisation over time.

The standard practice [7], which specifically
addresses beams reinforced with longitudinal
reinforcement, establishes typical
reinforcement ratio ranges depending on the
material type: 1.0..3.0 % for GFRP, 0.3..0.9 %
for CFRP, and 0.2.0.6% for steel.
Comparison with the data in Table 2 shows that
some studies fall outside these limits, both
below and above.

A check for possible correlations between
specimen parameters revealed no systematic
dependencies. Studies with high reinforcement
ratios are found at both low I/h values ([15,
20, 39]) and high values ([24, 26]), which
indicates that the researchers did not adjust the
specimen proportions to account for the
increased bending capacity of the reinforced
cross-section. Similarly, the reinforcement
method does not influence the choice of |/h:
each method (EBR, NSM, INT, ER) exhibits an
internal scatter comparable with the overall
range of the sample.

The demonstrated unsystematic selection of
the geometric parameters of test specimens can
fundamentally distort the understanding of the
behaviour of reinforced beams.

Span-to-depth ratio of the test beam

The span-to-depth ratio (I1/h) is a key
parameter that determines the structural
behaviour of the member during testing, since
at a low value of | /h failure may be governed
by shear stresses, rendering the experimental
results unsuitable for evaluating the bending
capacity. For unreinforced beams this problem
is discussed in detail in section X5.3 of
standard [10].

As stated in clause X5.3.1 of [10], for a beam
of rectangular cross-section under four-point
bending with the loads applied at the third
points of the span (a=1/3), assuming elastic
material behaviour, simultaneous flexural and
shear failure occurs at the ratio:

a_To 5. M0 )
h 4f, f

\Y
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where f_and f, are the bending strength and

shear strength of the timber, respectively (mean

or characteristic values, depending on the

method of determining the material properties).
If the factor k, =0.67 (clause 6.1.7 of [44])

is applied to account for the reduction of the
effective cross-section width due to cracks, the
critical ratio becomes:

a_02 fy _g73.0n @)
h Kk, f f

This is in good agreement with the
recommendations of clause X5.3.3 of [10],
where it is stated that specimens tested in
bending should have a ratio a/h in the range
from 04.f /f =4 to 06-f /f =6 at
f,/ f, =10 (clause X5.3.2 of [10]):

04.Tm <8 g6 fn. 3)
f o h f

) )

For convenience, this expression can be
rewritten as:

K f

m_a m
Iow'f_vgﬁgkhigh'f_va (4)

where k,,, = 0.4 is the lower-bound coefficient
and Ky;,, = 0.6 is the upper-bound coefficient of

the range.
The above relationships apply to
unreinforced beams. Longitudinal

reinforcement of the tension zone increases the
bending capacity of the beam, while the shear
capacity remains essentially unchanged. The
validity of this assumption is confirmed by
clause 4.10.2 of the standard practice [7], which
states that at typical reinforcement ratios (up to
3% GFRP or 0.9% CFRP) the maximum
shear stresses at the neutral axis of a reinforced
beam are practically identical to those of an
unreinforced rectangular cross-section.
Consequently, as the reinforcement ratio
increases, the ratio of the flexural failure load to
the shear failure load also increases, and a
higher value of a/h is required to ensure a
flexural failure mode.

Given that reinforcement of timber beams
increases  their  bending capacity by
approximately 20..90 % [1], let us introduce
the strengthening factor k. =M. /M, =
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=1.2..1.9, which is the ratio of the ultimate
moments for the reinforced and unreinforced
beams. Accounting for the increased capacity,
the lower bound of the recommended range
increases: k.. .=k -k . Substituting the

low " "r
0.5<k,,, <0.80. Thus, at

significant reinforcement ratios (k, >1.5), the

lower bound for reinforced beams exceeds the
upper bound for unreinforced beams
(Kowy > Kygn =0.6) . At the same time,

according to clause X5.3.4 of [10], beams with
a/h>6 are intended exclusively for deflection
testing, since at such slenderness the effect of
horizontal components of support reactions
becomes significant and the beam enters a
complex stress state.

Therefore, when selecting the proportions of
test specimens of beams reinforced with
longitudinal reinforcement, according to [10]
one should target a value of a/h=6, which
corresponds to 1/h=18 for third-point
loading. This proportion provides a sufficient
margin for realising a flexural failure of the
reinforced cross-section and minimises the
influence of secondary factors on the
experimental result.

An additional argument in favour of
| /h>18 is the effect of shear deformations on
the determined modulus of elasticity. The total
instantaneous deflection (w,,) comprises the

pure bending deflection (w,, ) and the additional
shear deflection (w,). According to row 4 of

Table X2.1 in [10], for equal concentrated forces
applied at the third points of the span:
3
Wm:L'Is,WV:P—'I. (5)
108-E-b-h 5-G-b-h
The ratio of the shear deflection to the
bending deflection is then:

ﬂ_@.E.(ET ©)
w115 G (I ) °

m

low,r

values gives
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For timber, the ratio of the modulus of
elasticity to the shear modulus is typically taken
as 16 inaccordance with [45]; hence, for a beam
with 1 /h=18:

2
W —108-16-(ij ~0.046. (7)

W, _E 18

Thus, even at |/h=18 the shear
deformations amount to approximately 5 % of
the bending deformation, or more than 4 % of
the total deflection. For a beam reinforced with
longitudinal reinforcement, stiff reinforcement
in the tension zone (E, =~40..210GPa)

increases the effective bending stiffness (EI)

ef
of the cross-section, whereas the shear modulus
of the timber G remains unchanged because
the reinforcement does not contribute to the
shear resistance. As a result, the ratio E, /G

for the reinforced cross-section exceeds the
E /G ratio of the unreinforced one. For typical
reinforcement ratios (0 =0.3..0.9% CFRP)

E,; =1.1..1.4-E,, while at high ratios it can
reach E, >2-E,.

ef —
Thus, in a reinforced beam the proportion of
shear deformations increases in proportion to

the ratio E, /G and to the square of (h/1)".

For typical reinforcement ratios at 1/h=18,
the shear deformations amount to 5..7 % of the
bending deformation, and at the value
I/h=15, which is permissible under [9, 12,
13], they increase to 7.9%. The overall
cumulative effect of the above factors
(E4 =2-E, and 1/h=15) on the level of

shear-induced deformation can reach more than
13% of the bending deformation, or
approximately 12 % of the total deflection.

If during the experiment only the apparent
(global) modulus of elasticity was determined
without separating the local and global
components, this would lead to a systematic
underestimation of the measured stiffness and
to an erroneous conclusion of a lower-than-
expected stiffness gain from reinforcement.

It should be noted that the validation matrix
of the standard practice [7] prescribes testing of
reinforced glulam beams at 1/h=21 for both
regulated specimen sizes, which corresponds to
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the upper bound of the ranges given in [11]
(1/'h=17..21) and [9, 12, 13] (I/h=18+3).
This further confirms that for beams reinforced
with longitudinal reinforcement, 1/h values in
the range 18..21 are well justified.

Cross-section depth and the minimum number
of laminations in the test beams

The bending strength of timber is described by
Weibull's weakest-link statistical theory [46].
According to this theory, the strength depends on
the volume (depth) of the stressed zone:

fm,l _ & %
el e

where k is the shape parameter of the
distribution (k =5 for sawn timber, k =10 for
glulam, according to [44]). On the basis of this
relationship, EN 1995-1-1 [44] establishes the

1
600mm jlo
h
, Which normalises the bending strength to a
reference depth of 600mm . This means that the
test results for beams of different depths can be
correctly compared only when the appropriate
size factor is applied.

Proceeding from the definition of the size
factor, the ideal depth of test specimens would
be h=600mm, at which k, =1.0. However,

given 1/h=18 as justified in the preceding
subsection, the total length of such a specimen
including overhang beyond the supports would
be | | +2x0.5h=11400mm. The

total — span

fabrication and testing of beams of this size is
not only costly but also technically unfeasible
for a large number of laboratories.

It is therefore necessary to determine the
minimum acceptable cross-section depth that
will ensure an acceptable value of the size
factor and statistical representativeness of the
mechanical properties of glulam. The limiting
factor may be taken as the minimum number of
laminations and their maximum thickness.

Standard [47] permits the manufacture of
structural glulam from two laminations;
however, the system of strength classes and the
design characteristic values are oriented

size factor for glulam beams k, :(
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towards cross-sections with four or more
laminations. The preceding standard [48]
established strength classes exclusively for
members with four or more laminations. An
analogous approach is adopted in the American
standard [49], where the tabulated design
values are given for members with four or more
laminations, while for two- or three-layer
constructions the application of reduction
factors is required. This is because with fewer
than four laminations the statistical averaging
of timber defects is insufficient, leading to
increased variability in the mechanical
properties and reduced reliability of the results.

The maximum lamination  thickness
according to [47] must not exceed 45mm;
therefore, the minimum depth of a test beam is
h,, =4x45=180mm. In this case the size

factor k, =(600/ 180)0'l ~1.13, corresponding

to an increase of approximately 13 % in the
characteristic bending strength compared with
the reference depth. This value is acceptable, as
it can be accounted for when processing the test
results, whereas a further reduction in depth
would lead to excessive corrections and would
call into question the representativeness of the
data.

Although the upper bound of the cross-
section depth is formally limited only by the
capacity of the laboratory equipment and the
cost of specimen fabrication, from a practical
standpoint it is advisable to target the range
180mm <h <600mm, which corresponds to
total specimen lengths from approximately
3420mm to 11400mm at | ., /h=19.

total

Width of the beam cross-section

The depth-to-width ratio of the cross-section
determines the susceptibility of the beam to
lateral instability during bending. Standards [10,
11] and the ISE/TRADA manual [50] state that
at h/b>3 additional lateral restraints must be
provided to ensure lateral stability.

The limiting value of h/b can be obtained
by means of a lateral stability check in
accordance with clause 6.3.3 of [44], according
to which the critical bending stress for a simply
supported beam of rectangular cross-section is:
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0.78-b?
O-m,crit = : E0,05 > (9)
h-1

where |, is the effective length for lateral

buckling, determined in accordance with
Table 6.1 of [44].

Equation (9) is derived from the elastic
lateral-torsional buckling solution for a beam of

rectangular  cross-section under constant
bending moment:
Mcrit
O = (10)
m,crit Wy
where:
T

M

crit — |_

'\/Eo,os'lz'Go,os'Itor , (1D
ef

and G, o5 = E; o5 /16 [45].

For unreinforced glulam beams with
I/h=18 wunder four-point bending, the
calculation shows that the stability condition is
satisfied at h/b=~2.9..3.2, depending on the
timber properties.

For beams reinforced with longitudinal
reinforcement, the limiting h/b ratio must be
smaller, because longitudinal reinforcement
substantially increases the bending capacity
(Mg, =k, -Mg) but has a negligible effect on

the critical buckling moment M, . Although
for CFRP strips at typical reinforcement ratios
(EBR, INT) with E,/E, =13 and p=0.9 %,
the relative increase in the second moment of
area about the weak axis I, is approximately

11%, the torsional rigidity |1, remains
practically unchanged (increase of 0.004 %).

From (Eq. 11) it follows that M, oc /1, -1,
therefore, the overall increase of M ,
to M, is approximately 5 % . For bars placed

in grooves (NSM), the contribution to 1, will

be even smaller. At the same time, the bending
capacity increases by 20..90 % [1].

This means that the relative slenderness of
the reinforced beam is greater than that of the
unreinforced beam:

or !

relative

fmr
A = >4

rel,m,r

(12)

rel,m »
m,crit,r

since the numerator ( f ==k - f_)increases far

more than the denominator.
As a consequence, the lateral stability factor
K. (EQ.6.34 of [44]) decreases, and the beam

may require lateral restraints at smaller h/b
values than for an unreinforced beam.

Limiting the depth-to-width ratio of the test
beam ensures lateral stability without additional
lateral restraints, which could distort the test
results due to friction and partial restriction of
the free deformations of the specimen. The
limiting values of h/b are determined from the
stability condition using (Egs. 9..12) at
I/h=18 and E,,/G,, =16. The boundary

between moderate and high reinforcement
ratios is defined by the criterion
k. =Mg, /Mg =15. The reinforcement ratios

at which this level is reached have been
determined analytically following [7] for
glulam of strength classes GL20h to GL32h; the
results are summarised in Table 3.

Table 3. Limiting depth-to-width ratio as a function of the reinforcement ratio
Tao6.. 3. ['pannuHe BiIHOLIEHHS BUCOTH A0 IIHUPUHHU IIepepi3y B 3aJ€XKHOCTI Bifl BIICOTKA apMyBaHHS

Reinforcement h/b Reinforcement ratio by material type
level CFRP GFRP Steel
Moderate <2. <1.0% <3.0% <0.8%
High <20 >1.0% >3.0% >0.8%
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The computed values for the moderate
reinforcement level are in good agreement with
the typical maximum values given in Table 3 of
[7], which indicates the validity of selecting
k, =1.5 as the boundary between moderate and

high reinforcement levels.

CONCLUSIONS AND
RECOMMENDATIONS

Analysis of 31 experimental studies on
beams reinforced  with longitudinal
reinforcement revealed a considerable scatter in
the geometric parameters of the test specimens:

90mMmM<h<6055mm,7.7<1/h<25,
1<h/b<4.29.The selection of parameters was
unsystematic: it was independent of the
reinforcement ratio and method, and shows no
trend towards standardisation over time. None
of the current test standards contains
requirements specific to the geometry of
specimens of beams reinforced with
longitudinal reinforcement, and the standard
practice [7] for the test procedure refers entirely
to the standard [10], which was developed for
unreinforced timber.

Based on an analytical justification that
accounts for ensuring a flexural failure mode,
minimising the influence of shear deformations,
the Weibull size effect, the minimum number of
laminations and lateral stability, it s
recommended that test specimens of reinforced
glulam beams for determining bending strength
and stiffness under four-point bending be
fabricated with the following geometric
characteristics:

«18<1/h<21;

e h/b<24 for moderate reinforcement
ratios, and h/b < 2.0 for high reinforcement
ratios;

¢ 180mm<h<600mm;

e number of laminations >4 ;

e overhang of the beam beyond each support
>0.5h.

The recommended range 1/h=18.21 is

justified by two independent arguments. First,
it follows from the condition of predominance
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of bending stresses over shear stresses at typical
strengthening levels of reinforced beams.
Second, as |/h decreases, the proportion of
shear deformations in the total deflection
increases disproportionately, distorting the
stiffness determination results.

Limiting the ratio to h/b<24 ensures
lateral stability of the beam at moderate
reinforcement levels without additional lateral
restraints; at high reinforcement levels the ratio
reduces to 2.0 owing to the fact that the bending
capacity increases far more than the critical
buckling moment. At the same time, when
h/b<2 the beam acquires proportions
uncharacteristic of glulam structures, leading to
an inefficient use of material and not reflecting
typical structural solutions.

The  minimum  cross-section  depth
h., =180mm is determined from the

requirement of accommodating at least four
laminations of maximum thickness 45 mm [47],
which ensures statistical representativeness of
the mechanical properties of glulam.

Outlook for further research

The formulated recommendations concern
the geometric parameters of test specimens and
do not cover a number of related questions that
require separate investigation: the effect of the
type and configuration of reinforcement on the
effective length for lateral buckling; the
refinement of the size factor for reinforced
beams in which the reinforcement reduces the
influence of local timber defects; and the
formulation of minimum sample size
requirements for obtaining statistically reliable
characteristic values for reinforced glulam
beams.
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OBIPYHTYBAHHSI BUBOPY
I'EOMETPUYHUX ITAPAMETPIB
JOCJIAHUX 3PA3KIB KJIEECHUX

JAEPEB’SIHUX BAJIOK, APMOBAHUX
IMHO3J0B)KHbOIO APMATYPOIO

Opecm JINCIOK
Anopiti MA3YVPAK

AHoTaniss. He3Bakaroun Ha Te, 10 TOCHIA-
KEHHS TI037I0BKHBOTO apMyBaHHsS JIepeB’ THUX
0aJIOK TPHUBAIOTH YXKe OJU3BKO CEMU JICCSITHIITD, Y
MPOBIAHMX KpaiHax CBITy A0cCi BiACyTHI 0a30Bi
HOpPMAaTUBHI JOKYMEHTH, AKi O periaMeHTyBalH
MMPOEKTYBAHHS TAaKWX KOHCTPYKMiK. OnHiero 3
NPUYMH € BiACYTHICTH YHI(QIKOBaHMX METOAMK
BHIPOOYBaHb, IO YHEMOXIIMBIIOE (OPMYBaHHS
MOPIBHSIHHOI eKclepuMeHTalbHOi 0a3u. Y craTTi
OOTpYHTOBAaHO BHOIp TCOMETPHUYHHX TapaMeTpiB
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JIOCTITHUX 3pa3KiB KJIEEHWUX JepeB’STHUX OalloK,

apMOBAaHMX  TO3JOBXKHBOIO — apMaTrypor, s
BUNIpOOYyBaHh ~ HA  YOTUPHUTOYKOBHH  3THH.
[IpoBeneHO  MOPIBHSUIBHMI ~ aHAN3  BUMOT

eBpomneiicbkux (EN 408), mixaapogaux (ISO 8375,
ISO 13910) ta amepukancekux (ASTM D198,
ASTM  D4761) crangaptiB  BUIpPOOyBaHb
JiepeB’ssTHUX OaJok Ha 3ruH. 3a pe3yJbTaTaMu
MIONIYKY y HayKOMETPHUYHHUX 0a3zax JaHux SCOpUS,
Web of Science ta Google Scholar chpopmosano
BHOIpKY 3 31 eKCepuMEHTATBHOTO JOCITIKEHHS
apMoOBaHUX O0aJlOK, aHaN3 SKOi BUSBUB 3HAYHHMA
PO3KHA TEOMETPUYHHX TMapaMeTpiB  3pa3KiB:
CHIBBIJHOIIEHHSA TPOJBOTY 10 BHCOTH Bin 7,7 10
25,0; BiAHOIIEHHS BUCOTU J0 ImupuHU Bix 1,0 10
4,29; Bucoru mepepizy Bimx 90 MM mo 605,5 mm.
BcranoneHo, 1o BHOIp mapaMeTpiB HE 3ajieXkaB
Bil BIJCOTKa Ta METOQy apMyBaHHA 1 He
JIEMOHCTPY€E TEHJICHIII 10 yHiikaiii 3 yacom.
I'pannyHi 3Ha4eHHS TEOMETPUYHHX TapaMeTpiB
00TIPYHTOBAHO aHATITUIHO 3a 4OTUpMA
HE3aJISKHIME KPHTEPisIMHU: 3a0e3TmeYeHHS
3TUHAILHOTO XapakTepy pyHHYBaHHS 3
ypaxyBaHHSAM 30UTbIIEHOI HECydol 3aTHOCTI
apMOBAaHOTO  Tepepidy; MiHIMi3alis  BIUIMBY
3CYBHHX JAeopMaIiiii Ha pe3ylbTaTH BU3HAYCHHS
MOJYJISI TIPYKHOCTI; 3a0€3NeUeHHs] CTaTUCTUYHOT
pENpPe3eHTATUBHOCTI 3 TO3HWIIA  MacmTaOHOTO
¢dakTopa Belibymia Ta MiHIMaIbHOT KUIBKOCTI

jJaMenei; 3a0e3leueHHs CTIWKOCTI Oalku 3
IUIOIIMHU 3TUHY ©0€3  JO0JaTKOBHX  OIYHHX
PO3KPITUICHB. TTokazamno, 110 [MO30BXKHE

apMyBaHHS MiJBUINYE PU3UK BTPATH CTIHKOCTI 3
TUIOIIMHN 3THMHY, OCKUIBKM Hecyda 3/aTHICTh Ha
3THH 3pOCTa€ 3HAYHO CHJIBHIIIE 32 KPUTHYHHUA
MOMEHT BTpaTH criiikocti.  CdopMyabOBaHO
peKoMeHnamii MoJ0 TEOMETPHYHUX IAapaMeTpiB
nocmignux 3paskis: |1/ h=18..21; h/b<2,4 nna

nomipaoro Ta h/b<2,0 mna Bucokoro pisus

apMmyBanHsi; Bucota mepepisy  180..600Mm ;
KiIBKICTD JIaMelnell — He MEHILE YOTUPHOX.

KrouoBi ciioBa: xieeHa gepeBrHa; MO3L0BKHE
apMyBaHHS; TE€OMETpis  JIOCHIIHUX  3pa3KiB;
yotupuToukoBuii 3run; FRP
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