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ABSTRACT Modular timber construction faces critical challenges in connection performance, with mechanical joints representing the weakest
structural elements in segmented systems, particularly for rapid-deployment infrastructure applications such as temporary forest bridges. This research
addresses the fundamental knowledge gap regarding the combined effects of mechanical connections and reinforcement strategies on modular timber
beam structural behavior. The study investigates modular timber beam flexural performance through experimental evaluation of steel U-shaped
connectors and Chopped Strand Mat (CSM) reinforcement applied to the tension zones, examining how beam segmentation affects structural integrity.
Ten I-section modular timber beams with lattice-web configuration underwent three-point bending tests using a Shimadzu AG-IS 100 kN Universal
Testing Machine at 6.6 mm/min loading rate, with specimens spanning 3.0 meters supported at 2.7-meter intervals. Test specimens featured varying
segmentation patterns (0.6m, 0.75m, 1.0m, and 1.5m segment lengths) connected via U-shaped steel connectors and bolts, with selected beams
receiving 5mm thick CSM reinforcement at the bottom flanges. Mechanical properties including modulus of elasticity (MOE), modulus of rupture (MOR),
and flexural stiffness were systematically measured to quantify reinforcement and segmentation effects on joint behavior and structural continuity.
Results demonstrate that CSM reinforcement provides substantial performance improvements, with ETR136 achieving a 49% increase in ultimate load
capacity (29,397 N vs 19,709 N for ETN131) and superior ductility characteristics. However, segmentation introduces significant structural vulnerabilities,
with five-segment beams (ETN50.65) showing a 49.5% capacity reduction compared to continuous specimens. The research reveals that while CSM
reinforcement effectively delays crack initiation and reduces peak tensile strain by an average of 31%, mechanical joints remain critical failure points due
to stress concentrations at the timber-bolt interfaces. The three-segment configuration emerges as optimal for balancing structural performance with
practical modularity requirements. These findings provide essential design guidance for modular timber systems in rapid-deployment applications,
emphasizing the need for optimized connection strategies and hybrid reinforcement techniques to enhance the structural integrity and durability of
segmented timber infrastructure.
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1 INTRODUCTION

Modular construction provides enhanced efficiency
and structural performance, with timber materials of-
fering economical solutions for developing markets
(Rahman et al., 2024). Research on modular systems
demonstrates that beam-column connections signifi-
cantly affect seismic performance (Boafo et al., 2016),
load-bearing capacity (Wang et al., 2019), and struc-
tural behavior (Lee et al., 2020), establishing mechani-
cal connections as critical performance determinants.

Modern timber frame construction heavily depends on
timber-bolt connections. The United States, Canada,
and Europe design codes classify these connections as
pin joints (Shu et al., 2022). Research indicates that
bolt connectors with ductile properties function effec-
tively in timber and lightweight concrete composite
beams because bending failure occurs before any other

failure mode (Hu et al., 2021). The cyclic loading of tim-
ber structures with conventional bolted connections
results in decreased stiffness and strength, often man-
ifesting as pinching effects in hysteresis loops.

Bolted connections in timber structures present com-
plex simulation challenges (Karagiannis et al., 2016),
though perpendicular reinforcement shows beneficial
results (Okunrounmu et al., 2022). Research on tim-
ber frame behavior demonstrates that connection de-
sign determines structural performance (Liu and Xiong,
2018), while studies have analyzed connections under
various loading scenarios, examining end distance and
moisture content effects (Lokaj et al., 2020). However,
timber-bolt connections in modular systems require
further investigation.

11



Journal of the Civil Engineering Forum

Hu et al. (2021) examined timber-lightweight concrete
composite beams with ductile bolt connectors to iden-
tify failure mechanisms and connection effectiveness.
Manalo and Mutsuyoshi (2011) investigated mechani-
cal joint behavior in fiber-reinforced composite beams
under flexural loading, providing essential insights for
connection performance in composite systems. Both
studies address segmentation optimization in hybrid
material systems, where mechanical connections gov-
ern stress transfer and determine the balance between
modular flexibility and structural performance, which
is directly relevant to CSM-reinforced timber systems.

Recent studies have examined ductile moment-
resisting timber joints for energy dissipation (Reboucas
et al., 2022) and axial behavior of steel-laminated tim-
ber connections (Shi et al., 2023). Research has
investigated various connection characteristics in-
cluding fire performance, bolt connectors, and loading
conditions (Okunrounmu et al., 2022; Hu et al., 2021;
Liu and Xiong, 2018), though flexural bending behavior
requires further investigation. Extensive research on
modular timber beam flexural strength has focused
on bolt spacing (Yang et al., 2020), bolt loosening
under transverse loads (Chen et al., 2020), and load-
slip behavior under bending conditions. However,
additional investigation is needed into the flexural
bending response of modular timber beams with and
without reinforcement. This study examines the flex-
ural characteristics of modular timber beams through
segment length analysis and mechanical connection
assessment. Ten beams with varying configurations
were evaluated, with selected specimens receiving
Chopped Strand Mat (CSM) reinforcement.

2 METHODS
2.1 Preparation of Modular Timber Beams

The experimental specimens consisted of I-shaped
modular timber beams (as shown in Table 1). The
beams consisted of two timber flanges, which were con-
nected by a lattice-patterned web. The beams were de-
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signed to transfer loads efficiently while minimizing
their weight. The beam sections had a width of 80 mil-
limetres and a height of 240 millimetres with lengths
spanning from 0.6 meters to 3.0 meters.

The segmental assembly used U-shaped steel con-
nectors together with high-strength bolts to connect
beam modules and employed a system-level experi-
mental approach to evaluate segmented versus con-
tinuous modular timber beam performance. The pri-
mary objective was quantifying how segmentation af-
fects overall structural behavior (deflection, stiffness,
load capacity) rather than isolating connection posi-
tioning effects. Connection locations were geometri-
cally determined by segmentation patterns and repre-
sented realistic modular configurations. Denting cor-
rections were systematically applied to ensure compa-
rable deflection measurements between specimens in
which loading contacted timber versus connector sur-
faces, enabling valid system-level comparisons. The
experimental approach recognizes that connection po-
sitioning represents a secondary effect compared to the
dominant influence of segmentation level on system
performance. This system-level methodology provides
practical guidance for segmentation strategy selection
while acknowledging that connection stress variations
are inherent to modular configurations but do not sig-
nificantly alter the primary findings regarding segmen-
tation effects.

To enhance tensile resistance in selected beams, a CSM
reinforcement layer, 5 mm thick and impregnated with
epoxy resin, was applied to the tension zone (i.e., the
bottom flange) of specific specimens. This layer was
uniformly distributed along the lower flange to improve
tensile strength, delay crack initiation, and reduce stiff-
ness degradation under flexural stress. The reinforce-
ment technique aimed to create a composite action be-
tween the timber and CSM layer, thereby enhancing
the strength-to-weight ratio and resistance to defor-
mation. The improved ductility and reduced suscepti-
bility to cracking contributed significantly to the struc-
tural performance of the beams.

Table 1. Summary of specimen configurations including CSM reinforcement, segment count, and segment lengths

Specimen ID CSM Reinforcement Number of Segments Segment Length (m)
ETN131 No 1 (continuous) 3.00
ETN21.52 No 2 1.50
ETN313 No 3 1.00
ETN40.754 No 4 0.75
ETN50.65 No 5 0.60
ETR136 Yes (5 mm) 1 (continuous) 3.00
ETR21.57 Yes (5 mm) 2 1.50
ETR318 Yes (5 mm) 3 1.00
ETR40.759 Yes (5 mm) 4 0.75
ETR50.610 Yes (5 mm) 5 0.60
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A total of ten beams were fabricated and divided into
two main groups: unreinforced and CSM-reinforced.
The unreinforced group (ETN131, ETN21.52, ETN313,
ETN40.754, ETN50.65) relied solely on the inherent
mechanical properties of timber and the structural ef-
ficiency of the lattice web (as shown in Figure 1). The
ETN131 specimen, in particular, was constructed with-
out any joint or reinforcement elements, providing a
baseline for comparison. The triangular lattice geome-
try facilitated uniform load distribution along the span,
thereby enhancing bending resistance.
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Figure 1 Modular timber beam unreinforced with chopped
strand mat.

The reinforced group (ETR136, ETR21.57, ETR318,
ETR40.759, ETR50.610) included beams with CSM rein-
forcement applied to their lower flanges and joined via
bolted metal plates (as shown in Figure 2). These spec-
imens were expected to demonstrate improved flexu-
ral behavior, including higher stiffness, reduced deflec-
tion, and delayed onset of plastic deformation when
subjected to bending.

2.2 Connection Design Verification

The mechanical connectors were specifically designed
to handle both static and dynamic loads and play-
ing an essential role in transmitting loads between
beam segments. The bolts served dual roles by with-
standing both shear and tensile forces while main-
taining joint integrity. The mechanical assembly in-
cluded beam specimens labeled ETN21.52, ETN313,
ETN40.754, ETN50.65, ETR21.57, ETR318, ETR40.759,
and ETR50.610, all connected using bolted metal plates
to ensure efficient force transfer and structural conti-
nuity across interfaces of the modular timber beam.

The U-shaped steel connectors were specifically de-
signed to handle both static and dynamic loads through
comprehensive capacity verification. Design calcu-
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flange to enhance tensile resistance

Figure 2 Modular timber beam reinforced with chopped strand
mat applied at bottom flange.

lations were based on the critical loading condition
of ETR318 (three-segment reinforced configuration)
which achieved 13,078 N maximum load.

Internal force analysis determined a critical shear force
of V. = 6,539 N at connection locations, resulting in
1,635 N load per bolt when considering the 4-bolt pat-
tern and uneven load distribution observed in experi-
mental testing. Bolt capacity verification for @10mm
high-tensile galvanized steel showed 26.0% shear ca-
pacity utilization when accounting for experimentally
observed stress concentration factors of 3.0.

Bearing stress analysis revealed timber bearing utiliza-
tion of 49.2% (safety factor 2.03) and steel bearing uti-
lization of 39.2% (safety factor 2.55), confirming ade-
quate capacity margins. The experimental validation
showed 62.5% efficiency between theoretical capacity
(20,944 N) and achieved performance (13,078 N), re-
flecting real-world complexity such as stress concen-
trations and load redistribution effects documented
through bolt deformation analysis.

2.3 Test Set-up

A comprehensive experimental setup in this study aims
to assess the flexural strength and rigidity of modu-
lar timber beams through three-point bending tests
on reinforced and non-reinforced beams with CSM in
the tension zone. This research focuses on evaluating
modular girder concepts for portable bridge applica-
tions, where segmentation represents the primary de-
sign parameter under investigation. Three-point bend-
ing was selected to provide consistent midspan peak
moment conditions across all specimen configurations,
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enabling direct comparison of segmentation effects
on structural performance. This methodology ensures
that all specimens are evaluated under the same criti-
cal loading condition that governs girder performance
in portable bridge applications, providing a standard-
ized basis for assessing both segmentation effects and
reinforcement effectiveness, regardless of segmenta-
tion level or reinforcement configuration applied to the
specimen.

The research evaluated essential parameters includ-
ing MOE, MOR and load-deflection response to enable
performance assessments between different configura-
tions. The Shimadzu AG-IS 100 kN Universal Testing
Machine operated as the experimental testing device
for three-point bending tests. The timber beam spec-
imens rested on rigid steel supports which were placed
2.7 meters apart to create a simply supported boundary
condition. The supports were positioned 150 mm away
from each beam end to maintain uniform test condi-
tions throughout all samples. A cylindrical steel load-
ing head with a 28 mm diameter served as the cen-
tral point for applying vertical loads. The testing setup
duplicated real-world structural bending and shear ef-
fects while reducing stress concentrations at the load-
ing point. Tests were conducted in displacement con-
trol mode at 6.6 mm/min using the Shimadzu AG-IS 100
kN Universal Testing Machine in accordance with ASTM
D198 procedures.

Deflection data were collected in real time using Linear
Variable Differential Transformers (LVDTs) installed at
midspan and critical points along the span. Addition-
ally, strain gauges were affixed to the top and bottom
flanges to capture compressive and tensile strain re-
sponses, respectively. This dual monitoring approach
provided insight into stress distribution, stiffness loss,
and the role of reinforcement under flexural action.

Failure modes were visually and quantitatively docu-
mented, including tensile rupture in the bottom flange,
compression-induced buckling in the top flange, and
localized failures at mechanical joints. Special at-
tention was given to the behavior of bolted connec-
tors under increasing flexural demands. The experi-
mental procedures conformed to ASTM D198 (ASTM
International, 2021a) bending tests and ASTM D5652
(ASTM International, 2021b) for evaluating joint be-
havior. These standards ensured methodological con-
sistency and allowed for rigorous, reproducible com-
parisons between reinforced and unreinforced modular
timber beams. Key mechanical properties were derived
from the recorded data of a) Modulus of elasticity (F)
which is calculated from the elastic region of the load-
deflection curve, offering insights into beam stiffness
b) Stiffness evaluation from deflection data at specific
load levels was analyzed to compare the performance
of beams with and without CSM reinforcement.
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The modulus of elasticity was determined using the
standard three-point bending test Equation (1) (ASTM
International D198, 2021) as follows:

_ prr?
T 48176

(D

Where, P is applied load (N), L is the beam span (mm),
I is the moment of inertia (mm*), and ¢ is mid-span de-
flection (mm). To assess the stiffness degradation over
repeated loading cycles, the stiffness degradation index
(SDI) was calculated using Equation (2):

kinitial - kfinal

SDI = x 100% )

Kinitial
Where FEipitiai and kgna represent stiffness values cal-
culated from the first and final segments of the load-
deflection curve, respectively. The SDI calculation em-
ploys a systematic 10-segment approach where each
load-deflection curve is divided into 10 equal segments
based on the total deflection range. Initial stiffness
(Kinitia1) is calculated from the first segment represent-
ing early loading response, while final stiffness (kfna1) is
calculated from the tenth segment representing late-
stage behavior. Positive SDI values indicate stiffness
degradation, while negative SDI values indicate pro-
gressive stiffness enhancement due to reinforcement
engagement, where kgna exceeds Kinitiai @5 CSM rein-
forcement becomes increasingly effective at sharing
tensile loads during loading.

3 RESULTS

3.1 Load-deflection of Unreinforced Modular Timber
Beams

The unreinforced modular timber beams exhibited dis-
tinct mechanical responses under flexural loading,
characterized by variations in stiffness retention, max-
imum load capacity, and failure behavior. All speci-
mens initially followed a linear elastic trend, in which
midspan deflection increased proportionally with the
applied load, indicating elastic deformation governed
by the timber material and lattice web configuration.

As loading progressed beyond the elastic limit, as
shown in Figure 3, divergence in flexural performance
was observed across different beam types. The beam
specimen ETN131 (3m x 1 segment), constructed with-
out any mechanical joints, demonstrated the high-
est maximum load capacity of 19,709 N, reflecting
the efficiency of uninterrupted material continuity in
load transfer. In contrast, ETN50.65 (0.6m x 5 seg-
ments), which was comprised multiple bolted seg-
ments, recorded the lowest maximum load at 9,956 N,
indicating that mechanical discontinuities contributed
to stress concentrations and early stiffness degrada-
tion.
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Figure 3 Load-deflection relationships for all unreinforced mod-
ular timber beams.

Intermediate specimens such as ETN313 (1m x 3 seg-
ments) and ETN21.52 (1.5m x 2 segments) reached
maximum load capacities of 14,403 N and 11,728 N,
respectively, exceeding that of ETN40.754 (0.75m x 4
segments) at 10,844 N, but exhibited pronounced post-
yield stiffness reduction. This suggests that although
these beams could carry relatively higher loads, their
ability to sustain structural rigidity diminished rapidly
after initial yielding. The post-peak behavior varied
significantly among samples, with ETN313 showing a
sharp decline after reaching its maximum load capac-
ity, indicating rapid connection shear failure with im-
mediate load loss, while ETN40.754 demonstrated a
more gradual decline in load-carrying capacity.

A particularly notable response was observed in
ETN21.52, which displayed an extended plateau region
in the load-deflection curve. This behavior indicates
of improved energy dissipation, potentially resulting
from enhanced stress redistribution at the bolted joints
that delayed the onset of sudden connection failure and
structural discontinuity. Unlike the other segmented
beams, ETN21.52 maintained a relatively constant load
despite increasing deflection, demonstrating superior
ductility in its post-peak phase. This suggests that the
two-segment configuration with 1.5m segments may
offer an optimal balance between modularity and struc-
tural integrity.

Across all specimens, timber-bolt connections were
consistently identified as critical failure points. Com-
mon issues included stress concentrations at connec-
tor points, bolt bending and deformation (particularly
at central connectors), and localized material yielding
with connector slippage. These connection vulnerabil-
ities significantly impacted the overall structural per-
formance and failure modes of the segmented beams.

Figure 4 shows that the analysis of segmented beam
specimens comprising 2 to 5 segments indicated that
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non-reinforced beams achieved a higher average max-
imum load capacity (11,733 N) compared to their re-
inforced counterparts (10,834 N). This finding sug-
gests that segmentation introduces greater perfor-
mance degradation in reinforced beams, likely due
to stress concentrations and potential delamination
effects at the mechanical joints. Furthermore, the
average maximum load capacity of the segmented
non-reinforced beams exhibited a significant reduction
compared to the full-length unreinforced control spec-
imen ETN131 (19,709 N), underscoring the detrimen-
tal impact of segmentation on load-carrying capacity.
These results highlight that segmenting timber beams
without reinforcement leads to a pronounced loss in
stiffness and structural efficiency, with a general trend
of more segments correlating with more rapid failure
progression and reduced energy dissipation capacity
due to the additional connection points where stress
concentrations develop.

mm Non-Reinforced Samples mmReinforced Samples
---Average Non-Reinforced ---Average Reinforced
30000

25000
20000

15000

Load (N)

10000

5000

0

ETN131 ETN21.52 ETN313  ETN40.754ETN50.65 ETR136 ETR21.57 ETR318 ETR40.759 ETR50.610
Sample

Figure 4 Maximum loading for all reinforced and unreinforced
modular timber beams.

3.2 Failure Modes of Unreinforced Modular Timber
Beams

Table 2 shows that the visual inspection of the tested
specimens identified critical failure zones concentrated
at mechanical connection interfaces, where localized
stress accumulation led to bolt deformation and timber
fracturing. In ETN131, longitudinal cracking along the
grain and fiber crushing adjacent to bolt holes were ob-
served indicating significant stress concentrations and
material crushing under compressive forces. ETN21.52
exhibited pronounced bolt bending and visible washer
wear, suggesting fatigue-induced degradation at the
connection points due to repeated stress cycling. In
contrast, ETN313 and ETN50.65 experienced rapid con-
nection shear failure at peak load, marked by severe
bolt distortion, connector slippage, and loss of struc-
tural continuity that indicated limited ductility and in-
adequate energy dissipation. Meanwhile, ETN40.754
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displayed a more progressive stiffness reduction be-
fore complete structural discontinuity, likely due to im-
proved stress redistribution at the joints, which tem-
porarily delayed the initiation of connection failure rel-
ative to other unreinforced segmented beams.

Table 2. Failure modes of the unreinforced modular timber
beams

Failure modes Failure modes on bolts

ETN131

ETN131

ETN313
C\ 1 L"
e A‘

ETN40.754
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3.3 Load-deflection of Reinforced Modular Timber Beams

Figure 5 shows the load-deflection behavior of rein-
forced modular timber beams with CSM applied in
the tension zone. The incorporation of CSM rein-
forcement into modular timber beams significantly
enhanced their structural performance, as evidenced
by increased load-bearing capacity, reduced stiffness
degradation, and improved post-yield ductility. All
samples exhibited distinct behavioral phases: an ini-
tial elastic phase with high stiffness and a linear load-
deflection relationship, followed by a transition phase
from elastic to plastic deformation, and finally a post-
peak behavior that varied significantly between sam-
ples.

Reinforced beams demonstrated higher initial stiffness
and a more extended plastic deformation phase com-
pared to their unreinforced counterparts. Among all
specimens, ETR136 (3m x 1 segment) achieved the
highest maximum load capacity of 29,397 N, represent-
ing a 49% increase over the full-length unreinforced
beam ETN131 (19,709 N), thereby validating the effec-
tiveness of bottom-flange reinforcement in resisting
flexural stresses. The control sample ETR136 also ex-
hibited the most favorable post-peak response, show-
ing only gradual stiffness degradation with force de-
creasing from approximately 28,000 N to 26,000 N, in-
dicating superior energy absorption and structural in-

tegrity.
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Figure 5 Load-deflection relationships for all reinforced modular
timber beams with CSM.

Reinforced beams ETR318 (Im x 3 segments) and
ETR50.610 (0.6m x 5 segments) also exhibited en-
hanced energy dissipation, attaining peak loads of
13,078 N and 10,422 N, respectively, accompanied by
delayed failure and improved ductility. ETR318 per-
formed best among the segmented samples in terms of
maximum load capacity; however, it experienced catas-
trophic failure with a steep decline after reaching its
peak load. In contrast, ETR50.610 demonstrated su-
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perior post-peak behavior by maintaining consistent
load-carrying capacity despite significant deflection
(up to ~0.2m), suggesting better ductility and residual
strength characteristics. These behaviors suggest that
the composite interaction between the CSM layer and
timber substrate contributed to a more controlled fail-
ure mode, minimizing brittle fracture and connector-
induced stress concentrations.

However, ETR21.57 (1.5m x 2 segments), despite be-
ing reinforced, recorded a relatively low maximum load
capacity of 9,578 N, followed by a sharp load drop to
approximately 6,500 N after reaching maximum load
capacity, highlighting the persistent influence of me-
chanical joint weaknesses. ETR40.759 (0.75m x 4 seg-
ments) reached a peak load of 10,259 N before expe-
riencing a sharp decline, though it maintained some
residual capacity between 4,000-7,000 N. These varia-
tions suggest that while CSM reinforcement improves
overall performance, the effectiveness of the system re-
mains sensitive to connector detailing and load redis-
tribution efficiency at segmental interfaces.

The CSM reinforcement effectively delayed crack initi-
ation and propagation, particularly in tensile areas, dis-
tributed tensile forces more evenly across beams, and
provided residual load-carrying capacity even after pri-
mary failure. However, despite reinforcement, timber-
bolt connections remained critical failure points, with
stress concentrations at connector locations (particu-
larly C1, C2, and C3) and bolt bending under high loads
limiting overall beam performance.

It was found that the segmented beams with reinforce-
ment shown earlier in Figure 4 exhibited a lower aver-
age maximum load (10,834 N) compared to their non-
reinforced counterparts (11,733 N). The dramatic de-
crease in load capacity from the control (29,397 N) to
segmented samples (9,578-13,078 N) confirms that re-
inforcement alone is insufficient to overcome the struc-
tural weaknesses introduced by segmentation, partic-
ularly those associated with stress concentrations and
discontinuities at mechanical joints. This finding sug-
gests that optimal structural behavior requires both
effective reinforcement and improved connection de-
signs, particularly in modular/segmented applications.

3.4 Failure Modes of Reinforced Modular Timber Beams

Beams ETR136 and ETR318 as presented in Table 3
exhibited a progressive failure pattern, primarily at-
tributed to the gradual propagation of cracks, demon-
strating the efficacy of CSM reinforcement in enhanc-
ing structural performance. This reinforcement effec-
tively distributed stress, enabling the beams to sustain
higher loads before significant deformation occurred.
In contrast, ETR21.57 experienced rapid bearing fail-
ure around bolt holes despite reinforcement, indicat-
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Table 3. Failure modes of the reinforced modular timber beams

Failure modes on bolts

ETR131

Failure modes

ETR131

ETR313
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ETR40.754
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ETR50.65

M

PG

ing that high stress concentrations around the bolt lo-
cations remained a critical vulnerability, leading to an
immediate loss of load-carrying capacity. Conversely,
ETR40.759 and ETR50.610 maintained their capacity to
bear residual loads after reaching their peak capacity,
suggesting that CSM reinforcement contributed to im-
proved tensile stress distribution. This enhancement
allowed the beams to resist rapid structural degra-
dation and maintain their structural integrity for ex-
tended periods under continuous loading.
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3.5 Stiffness Degradation

The comparative analysis between reinforced and non-
reinforced modular timber beams revealed the complex
interplay between reinforcement benefits and segmen-
tation effects. The performance data are presented in
Table 4. Reinforced beams demonstrated a higher av-
erage maximum load capacity of 14,547 N compared
to 13,328 N for non-reinforced specimens, represent-
ing a 9.1% improvement overall. This enhancement is
attributed to the CSM reinforcement’s ability to redis-
tribute tensile stresses more effectively along the bot-
tom flange, allowing the beams to withstand greater
bending moments before material failure. However,
a surprising phenomenon emerged when specifically
examining segmented beams (comprising 2 to 5 seg-
ments): non-reinforced modular timber beams outper-
formed their reinforced counterparts with average peak
loads of 11,733 N versus 10,834 N for reinforced seg-
mented specimens. This 8.3% performance reduction
in reinforced segmented beams can be attributed to
several mechanical factors including discontinuity ef-
fects, stress amplification, load path disruption, and in-
terface compatibility issues.

The reinforcement layer creates a stiffer composite sec-
tion that is more adversely affected by the discontinu-
ities at mechanical joints, while the higher stiffness of
reinforced sections causes greater stress concentration
at bolt interfaces when segmented. Additionally, me-
chanical joints interrupt the continuous load transfer
through the reinforcement, negating much of its bene-
fit, and differences in elastic properties between tim-
ber, reinforcement, and steel connectors create com-
plex stress states at segment boundaries. This coun-
terintuitive finding highlights that segmentation in-
troduces a more pronounced weakening effect in rein-
forced beams, primarily due to the incompatibility be-
tween reinforcement continuity and mechanical joint
behavior.

In terms of stiffness performance, reinforced beams
demonstrated superior retention of stiffness, with

Vol. 12 No. 1 (January 2026)

some specimens even exhibiting negative stiffness
degradation—suggesting a net gain in rigidity during
loading. Stiffness degradation for reinforced beams
ranged from -34% to 46%, whereas non-reinforced
beams experienced more severe deterioration, with val-
ues between 7.6% and 74.8%. The specimen ETR136
exhibited the most notable improvement, achieving
a -2.4% change in stiffness, in contrast to its non-
reinforced counterpart ETN131, which showed a 7.6%
degradation. The negative SDI values in ETR318 and
ETR136 indicate progressive stiffness enhancement
during loading rather than degradation. This occurs as
micro-cracking in the timber matrix causes the CSM re-
inforcement to become increasingly effective at sharing
tensile loads, creating composite action that actually
improves system stiffness as loading progresses. These
findings support the conclusion that CSM reinforce-
ment significantly mitigates stiffness loss, particularly
in less segmented or full-length beams. However, re-
inforced segmented specimens, such as ETR40.759 and
ETR50.610, still recorded considerable stiffness degra-
dation (46.1% and 41.5%, respectively), reaffirming
that mechanical joints remain critical zones of vulner-
ability.

Despite the enhancements provided by reinforcement,
failure patterns across both beam groups were predom-
inantly influenced by stress concentrations at mechan-
ical interfaces, with frequent occurrences of rapid con-
nection failure, bolt slippage, and localized fractur-
ing, especially in highly segmented designs. For mod-
ular bridge applications, the 3-segment configuration
emerged as the optimal balance between structural per-
formance and practical modularity. This configuration
(represented by ETN313 and ETR318) demonstrated
several advantages, including superior load capacity,
moderate stiffness loss, transport efficiency, assembly
practicality, and optimal performance-to-weight ratio.

The 3-segment design exhibited the highest load-
bearing capacity among segmented options (14,403 N
and 13,078 N respectively) while maintaining more
manageable stiffness degradation compared to 4 and 5-

Table 4. Summary of specimen configurations including CSM reinforcement, segment count, and segment lengths

Specimen  Maximum MOR Calculated .

P D Load (N)  (MPa) MOE (GPa) Failure Mode SDI (%)
ETN131 19709.380 17.323 5.954 Timber crushing at load point 7.58
ETN21.52 11728.120 10.308 0.535 Progressive bolt bending 46.46
ETN313 14403.120 12.659 1.042 Rapid connection shear 74.77
ETN40.754 10843.750 9.531 0.740 Timber splitting + bolt hole elongation 48.53
ETN50.65 9956.250 8.751 0.544 Multiple connection failure 29.39
ETR136 29396.880 25.873 7.564 Gradual crack propagation -2.37
ETR21.57 9578.125 8.418 0.819 Bearing failure despide CSM 5.30
ETR318 13078.130 11.495 0.882 COnnection failure + CSM delamination = -34.03
ETR40.759 10259.370 9.017 0.743 Progressive timber cracking 46.10
ETR50.610 10421.880 9.160 0.391 Controlled failure with bridging 41.53
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segment designs. From a practical perspective, 1-meter
segments are manageable for field transportation in
forest environments, and fewer connection points re-
duce assembly complexity and potential failure zones.
For implementing modular timber bridges, the recom-
mendation is to utilize a 3-segment configuration with
enhanced connection design, including reinforced bolt
areas, larger diameter fasteners, and additional CSM
reinforcement specifically at joint interfaces. This ap-
proach capitalizes on the benefits of CSM reinforce-
ment while addressing the weakest link in the struc-
tural system, namely the mechanical connections that
ultimately govern overall performance and longevity in
field applications.

3.6 Strain Distribution

Strain measurements provided critical insights into the
deformation behavior and stress distribution within
segmented modular timber beams subjected to flexu-
ral loading. In non-reinforced beams, strain readings
at the web region showed a progressive reduction from
216.85 pe in single-segment specimens to —3.53 pe in
four-segment beams as shown in Figure 6. This transi-
tion to negative strain indicates a significant stress re-
distribution around the mechanical connection zones,
highlighting these joints as primary locations for stress
concentration and potential instability. Additionally,
strain measurements at the top flange remained rela-
tively low, with intermittent negative values observed,
particularly near segment interfaces, which suggests
localized compression-induced instability and the po-
tential early onset of failure under sustained loading
conditions.

—Non-Reinforced —Reinforced
250

200

Strain (m/m)
-
o (=) o
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1Segment 2 Segment 3Segment 4 Segment 5 Segment
No. of Segment

Figure 6 Strain distribution at the web of the beams.

In contrast, reinforced beams with CSM exhibited
markedly lower and more stable strain responses across
both the web and flange regions (as shown in Figure
7). Notably, specimens such as ETR136 and ETR318
recorded significantly reduced strain values at the web
compared to their non-reinforced counterparts, reflect-

Journal of the Civil Engineering Forum

ing the reinforcement’s capacity to distribute tensile
stresses more uniformly. Furthermore, strain readings
along the top flange in reinforced beams showed re-
duced fluctuation and better consistency, indicative of
improved bending behavior and structural stability.

These findings affirm the role of CSM reinforcement
in mitigating strain localization, reducing the magni-
tude of stress gradients across segment interfaces, and
enhancing the overall integrity and deformation con-
trol of modular timber beams under flexural loads. The
reinforcement effectively suppresses the formation of
critical strain zones, particularly at mechanical joints,
thereby delaying failure mechanisms associated with
stress concentration in segmented systems.

—Non-Reinforced —Reinforced

Strain (m/m)
B N T S T Ry C S,

1Segment 2 Segment 3 Segment 4 Segment 5 Segment
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Figure 7 Strain distribution at the top flange of the beam.

4 DISCUSSION

The research evaluated modular timber beam flexu-
ral performance through an examination of mechani-
cal joints, segment length, and CSM reinforcement ef-
fects on structural behavior. The experimental find-
ings revealed that reinforced and non-reinforced beams
exhibited different levels of stiffness degradation and
ultimate load capacity and failure mechanisms. The
CSM reinforcement according to Mirski et al. (2021)
successfully extended crack propagation time and im-
proved energy absorption but the segmentation pro-
cess created structural weaknesses that mainly affected
mechanical joint interfaces. The research demon-
strated that modular systems require advanced connec-
tion methods for building portable infrastructure such
as temporary forest bridges (Wdowiak-Postulak et al.,
2024).

Structural performance was highly dependent on seg-
ment length. The study confirmed findings by Krzan
et al. (2023) that mechanical connectors cause sig-
nificant stiffness loss, with non-reinforced segmented
beams losing up to 30% of their stiffness compared to
full-length specimens. These findings align with the
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result of dynamic analysis showing that increased seg-
mentation correlates with decreased natural frequen-
cies due to enhanced flexibility and reduced stiffness
in modular timber systems (Mamat et al., 2025). The
stiffness retention of reinforced beams remained bet-
ter than that of non-reinforced beams because their
stiffness degradation fell between 18-22% according to
Wdowiak-Postulak (2020). The most significant stiff-
ness reductions occurred in the shortest segmented
beams (ETN50.65 and ETR50.610), because stress con-
centrations at joint interfaces likely accelerated failure
initiation (Franke et al., 2015).

The evaluation of failure behavior between different
mechanical joints revealed their restricted capabilities.
The failure of non-reinforced beams initiated at con-
nection interfaces where they exhibited rapid load loss
with minimal post-peak capacity while showing mini-
mal energy absorption and their stiffness decreased be-
tween 25% and 30%. The maximum load-bearing ca-
pacity of beams ranged between 9,956 N and 19,709
N with full-length beams demonstrating the highest
strength (Huang et al., 2019). The CSM-reinforced
beams displayed superior flexural properties through
peak load increases of 25% to 49%, with ETR136 show-
ing the greatest improvement. The reinforced spec-
imens displayed progressive failure with maintained
residual strength through their ability to extend plas-
tic deformation while reducing crack propagation and
enhancing energy absorption, consistent with earlier
findings on modular timber reinforcement effective-
ness (Mamat et al., 2025; Wdowiak-Postulak et al.,
2023).

The observations of strain and failure showed that CSM
reinforcement helped to distribute stress throughout
the beam depth but mechanical connectors continued
to be areas of high stress. The unreinforced beams
failed at or near the joints because of grain split-
ting, fiber crushing and bolt deformation (Wdowiak-
Postulak et al., 2024). The reinforced specimens failed
later than the unreinforced ones but still showed stress
localization at the mechanical connections which de-
termined the failure sequence. Segmented beams
failed earlier than monolithic beams in both groups, in-
dicating that segmentation is the main factor affecting
structural vulnerability (Wang et al., 2024).

The research results demonstrate that both reinforce-
ment methods and mechanical connection designs
need optimization for modular timber systems particu-
larly when used in portable and quick-deployment ap-
plications such as forest bridges (Schiro et al., 2018).
The determination of appropriate segment length re-
quires finding a balance between transportation con-
venience and assembly needs and structural perfor-
mance and load distribution. The main focus of joint
engineering should be to maintain structural stiffness
and load continuity while enabling disassembly and
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reusability. The selected reinforcement materials must
fulfill modular design criteria requirements by show-
ing durability and field suitability. Huang et al. (2019)
recommend future research to develop advanced con-
nection systems that reduce stress concentrations and
enhance beam segment force transmission. According
to Wdowiak-Postulak et al. (2023), hybrid reinforcing
technologies that integrate steel elements with fiber-
reinforced polymers (FRP) show promise for extending
structural durability. Wang et al. (2024) indicated that
laboratory results need both numerical simulations and
field-scale experimental validations to become appli-
cable for real-world situations.

5 CONCLUSION

This research systematically investigated the combined
effects of mechanical connections, CSM reinforce-
ment, and segmentation on modular timber beam per-
formance through comprehensive experimental anal-
ysis. The study provides critical quantitative evi-
dence for optimizing modular timber systems in rapid-
deployment applications such as forest bridges.

CSM reinforcement delivered substantial performance
improvements across multiple structural parameters.
A 49% load capacity increase (29,397 N vs 19,709
N) represented the highest enhancement observed,
while a 27.1% stiffness improvement (1,014,000 N/m
vs 798,000 N/m) and a 31% tensile strain reduc-
tion (3,693.58 um/m to 2,550.76 ym/m) demonstrated
quantifiable stress redistribution and enhanced struc-
tural resilience.

Segmentation severely degraded performance in expo-
nential patterns. Five-segment beams achieved only
50.5% of the continuous beam capacity (9,956 N vs
19,709 N), while three-segment non-reinforced beams
experienced a 74.77% stiffness loss compared to 7.58%
for continuous specimens. Segmentation beyond three
segments resulted in >80% performance degradation in
most configurations.

The three-segment reinforced configuration (ETR318)
emerged as the optimal, achieving exceptional stiffness
enhancement with an SDI of -34.03% - indicating pro-
gressive stiffness improvement rather than degrada-
tion. This represents a 108.8% performance differen-
tial compared to its non-reinforced counterparts (SDI
= 74.77%), transforming the worst-performing unre-
inforced configuration into the best-performing rein-
forced system.

The research suggests quantitative performance
thresholds in which SDI values <85% represent accept-
able performance, 85-90% values require optimization,
and >90% indicate structurally discouraged configura-
tions. Three segments per 3.0-meter span represents
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the critical design boundary where joint spacing
enables optimal reinforcement engagement while
maintaining practical modularity.

Mechanical connections consistently governed fail-
ure behavior, with timber-bolt interfaces experienc-
ing stress concentrations leading to bearing failure
and progressive joint degradation. Reinforced speci-
mens maintained 22-35% residual capacity after peak
loading, demonstrating superior post-peak behavior
compared to <15% residual strength in non-reinforced
beams.

These findings establish that effective modular sys-
tems require both optimized reinforcement strategies
and segmentation limits. The three-segment thresh-
old with mandatory CSM reinforcement enables practi-
cal modularity while preserving structural integrity for
demanding applications.

Future research should incorporate cyclic loading, en-
vironmental durability testing, and advanced connec-
tion designs to further enhance modular timber sys-
tem performance and expand applicability in sustain-
able infrastructure applications.
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