PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Shear Performance Analysis of CLT-Steel Hybrid Joints:
Effects of Fastener Geometry and FRP Reinforcement

Seung-Youp Baek,* Soon-I1 Hong “*'.® and Yo-jin Song >*

Cross-laminated timber (CLT) slabs and steel beams can be combined to
form hybrid floor systems for long spans and heavy loads. The
performance of these systems depends greatly on the shear connections
between the CLT slabs and steel beams. In this study, push-out tests were
conducted on CLT-steel joints connected with bolts or lag screws. The
tests followed the loading procedure specified in EN 26891. Six specimen
types were prepared by varying the fastener type, lag screw diameter and
length, and reinforcement condition. Carbon fiber reinforced polymer
(CFRP) plates were fabricated by laminating pultruded CFRP sheets with
epoxy resin, whereas GF plates were fabricated by bonding woven glass-
fiber cloth layers with phenol-resorcinol-formaldehyde adhesive. Both
types of plates were bonded to the CLT with epoxy resin. CFRP
reinforcement increased the strength and stiffness of the joints but resulted
in brittle screw fracture. GF reinforcement produced smaller strength gains
but showed a more gradual post-peak response. A modified Ramberg—
Osgood model was used to describe the nonlinear load—slip behavior. The
analytical curves agreed well with the test results (R* > 0.99). The model
parameters reflected differences in fastener geometry and reinforcement
condition. The results provide useful data for the design and numerical
analysis of CLT—steel composite floor systems.
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INTRODUCTION

With increasing interest in carbon-neutral construction, the building sector requires
structural materials that are both sustainable and lightweight. Within this trend, cross-
laminated timber (CLT), as a renewable resource, offers various advantages such as low
weight, excellent specific strength, dimensional stability, seismic resilience, and favorable
fire performance (Brandner ef al. 2016; Ramage et al. 2017). In addition, off-site
construction with CLT contributes to shortened construction time, improved quality, and
reduced labor demand (Younis and Dodoo 2022). As a result, CLT has gained significant
attention as an alternative or complementary material to concrete and steel in mid- to high-
rise buildings, large-span structures, and modular systems. However, timber-only CLT
floor systems generally have lower flexural stiffness than concrete or steel floor systems,
which limits their application in tall buildings or structures requiring high stiffness and
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ductility (Yin 2018; Bahrami et al. 2021). Increasing slab thickness is a straightforward
solution, but this approach is structurally and economically inefficient. Therefore, hybrid
floor systems have been developed by combining lightweight CLT slabs with steel beams
having high flexural stiffness and strength. These systems can be used for long-span floors
and efficient load distribution. (Loss and Frangi 2017; Moritani and Martins 2021; Aloisio
et al. 2024; Azanaw 2025; Yang et al. 2025). Indeed, Ataei ef al. (2019) experimentally
validated the flexural performance of steel beam-to-column joints incorporating CLT slabs,
demonstrating the potential of CLT—steel hybrid systems as practical solutions for tall
buildings.

The structural performance of CLT-steel hybrid floors depends greatly on the
behavior of shear connections. Such connections are typically composed of bolts, lag
screws, and adhesives (Ataei ef al. 2019). The type and geometry of fasteners directly affect
initial stiffness, ultimate shear strength, slip behavior, failure mode, and even long-term
performance, including creep and mechano-sorptive deformations (Chiniforush e al. 2019;
Zhang and Ling 2022; He et al. 2024). Previous studies have primarily focused on
evaluating the shear performance of different connector types. For instance, Loss ef al.
(2016a,b) assessed various connection systems through push-out tests and confirmed that
inclined screws combined with epoxy resin improved initial stiffness and load capacity.
Hassanieh et al. (2016) applied the Ramberg—Osgood model to bolts, screws, and grouted-
in bolt connections to quantify the load—slip response, demonstrating its applicability to
design. They further reported that when fasteners were combined with adhesives, the initial
stiffness increased but brittle failure occurred more readily (Hassanieh er al. 2017). Aspila
et al. (2022) proposed a linear elastic analysis method for CLT—steel composite floors to
support design-oriented numerical modeling. Owolabi and Loss (2022) quantitatively
investigated the flexural behavior of CLT—steel modules through experiments and finite
element analysis, confirming their applicability to design. However, few studies have
systematically compared geometric variations within the same connector type. The effects
of fiber reinforcement on the strength and ductility of CLT—steel connections also require
further investigation. Fiber-reinforced polymers such as carbon fiber-reinforced plastic
(CFRP) and glass fiber (GF) have been widely used in strengthening timber and concrete
elements due to their high tensile strength, lightweight properties, corrosion resistance, and
ease of installation. They are also recognized for their ability to mitigate localized brittle
failures and improve deformation capacity (Song ef al. 2019(a); Vahedian et al. 2019).
Recent studies have further shown that GFRP reinforcement can enhance the bending
strength and stiffness of CLT members, while also reducing the sudden brittle load drop
observed in unreinforced panels and promoting a more ductile response (Rostampour-
Haftkhani et al. 2025). Several studies have confirmed the effectiveness of FRP in
enhancing the flexural performance of CLT and composite slabs (Song and Hong 2018;
Song et al. 2022; Baek et al. 2025). In addition, FRP reinforcement has been shown to
improve the shear resistance of CLT walls (Song et al. 2019b; Jung et al. 2020), while
FRP-laminated timber portal frames demonstrated enhanced ductility under cyclic lateral
loading (Song et al. 2024). However, most of these achievements have been reported in
the context of members (beams, slabs) or frame joints, whereas direct investigations on
CLT-steel shear connections remain scarce. Therefore, it is necessary to clarify how FRP
reinforcement influences the stiffness, strength, and ductility of CLT—steel joints.

Therefore, in this study, six types of push-out specimens were fabricated to evaluate
the structural performance of CLT—steel joints, considering fastener type (bolt and lag
screw), the diameter and length of lag screws, and reinforcement of the CLT tension zone
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with CFRP or GF. The failure modes and load—slip behavior were then analyzed. In
addition, a modified Ramberg—Osgood model was employed to numerically characterize
the nonlinear behavior of the joints. The results were used to examine the effects of fastener
geometry and FRP reinforcement on the joint performance.

EXPERIMENTAL

Material Properties
Cross-laminated timber (CLT)

The CLT specimens used in this study were fabricated from kiln-dried laminae of
Japanese larch (Larix kaempferi (Lamb.) Carr.). Each lamina had a cross-sectional
dimension of 120 mm in width and 30 mm in thickness. Five layers were laminated to form
CLT panels with final dimensions of 450 mm x 360 mm x 150 mm. The average air-dry
moisture content (M.C.) of the fabricated CLT was 12.0 + 0.2%, and the average air-dry
density (p) was measured as 599.2 + 4.5 kg/m3. According to the Korean Standard KS F
2081, the strength grade of the laminae was classified as C-E12—-10, which corresponds to
a design modulus of elasticity of 12 GPa in the longitudinal direction and 10 GPa in the
transverse direction. The reference bending properties for this grade are a modulus of
elasticity (E) of 9.6 GPa and a bending strength (fv) of 28.6 MPa. Phenol-resorcinol—
formaldehyde (PRF) adhesive was used to bond the laminae. The detailed dimensions and
mechanical properties of the CLT are summarized in Table 1.

Table 1. Dimensions and Mechanical Properties of CLT

Timber Size t x w x| o 3
type Grade (mm) M.C. (%) | p(kg/m?) | f, (MPa) E (GPa)
450 x 360 x 12+0.5 599.2 +
CLT C-E12-E10 150 45 28.6 9.6
Steel profile

The beam element connected to the CLT was a hot-rolled I-section steel profile
manufactured in accordance with the KS D 3502 standard. The section dimensions were
300 mm in depth and 150 mm in flange width. The nominal yield strength (f,) and ultimate
tensile strength (f.) of the steel were specified as 275 MPa and 510 MPa, respectively. The
cross-sectional dimensions and mechanical properties of the steel profile are summarized
in Table 2.

Table 2. Dimensions and Mechanical Properties of Steel Profiles

Section Flanae width b Flange Web Yield Ultimate
Type depth d %mm) " | thickness | thickness strength f, | strength f,
(mm) tr (mm) tw (mm) (MPa) (MPa)
Steel 300 150 8 8 275 510
profile
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Fasteners

Two types of mechanical fasteners were used in the CLT—steel joints. The first was
a high-strength bolt with diameter 12 mm and length 150 mm. It was used as the reference
connection. The second was a lag screw, applied in three configurations to investigate the
effects of fastener geometry: @10 x 125 mm, @12 x 100 mm, and @12 x 125 mm.

Specimen details

In the intended floor system, the CLT slab is placed horizontally above the steel
beam, and the mechanical fasteners transfer longitudinal shear at the CLT—steel interface.
For the push-out tests, a symmetric CLT—steel-CLT configuration was adopted to
reproduce the shear transfer at the interfaces while minimizing load eccentricity. Therefore,
the CLT slabs were oriented vertically during testing, unlike their horizontal orientation in
the actual floor system. To evaluate the shear performance of CLT—steel joints, a total of
six types of push-out specimens were fabricated (Fig. 1). All specimens consisted of a
symmetric CLT—steel-CLT configuration, in which two fasteners were installed on each
side of a single steel profile. The end distance (measured from the edge of the outermost
lamina of the CLT) was fixed at 100 mm, and the spacing between fasteners was 80 mm
for all specimens. Specimens were categorized into three groups: bolted joints, lag screw
joints, and reinforced lag screw joints. The B-12-150 specimen used high-strength bolts
with diameter 12 mm and length 150 mm. A 13 mm through-hole was drilled in the CLT.
The bolt was directly fastened to the steel profile. The lag screw joints were fabricated with
three geometries to investigate the effects of screw diameter and embedment depth: @10 x
125 mm (LS-10-125, embedment depth = 9.5d), @12 x 100 mm (LS-12-100, embedment
depth = 7.5d), and @12 x 125 mm (LS-12-125, embedment depth = 9.5d).

For the reinforced joints, specimen CRLS-12-100 used lag screws with @12 x 100
mm (embedment depth 7.5d), while the outermost tensile lamina of the CLT in contact
with the steel profile was replaced with a CFRP laminate plate (15 mm thick, 120 mm
wide). The CFRP plate was fabricated by laminating ten 1.5 mm-thick pultruded CFRP
sheets with epoxy resin. Each sheet consisted of carbon fibers embedded in an epoxy resin
matrix, and the fabricated plate was bonded to the CLT using epoxy resin. Specimen
GRLS-12-100 also used @12 x 100 mm lag screws (embedment depth 7.5d), but the outer
surface of the CLT tensile lamina was reinforced with GF cloth. The GF plate was
fabricated by laminating five 0.5 mm-thick woven glass-fiber cloth layers with PRF
adhesive, resulting in a final thickness of 2.5 mm and a width of 150 mm. The fabricated
GF plate was bonded to the CLT using epoxy resin. The specimen designation rule is as
follows: the first symbol indicates the fastener type (B: bolt; LS: lag screw; CRLS: CFRP-
reinforced lag screw; GRLS: GF-reinforced lag screw), the second number denotes the
fastener diameter (mm), and the third number denotes the fastener length (mm). The
detailed specifications of each specimen are given in Table 3.
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Table 3. Details and Reinforcement Conditions of Push-out Test Specimens
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Shear connector Embedment depth| Reinforcement
Specimens N (Size: Tx W Repeats
Type Size: d x [ (mm) (mm))
. Full penetration
B-12-150 | 'figh-strength 12x 150  |(CLT through-hole None 4
bolt
@13 mm)
LS-10-125 Lag screw 10 x 125 9.5d None 4
LS-12-125 Lag screw 12 x 125 9.5d None 4
LS-12-100 Lag screw 12 x 100 7.5d None 4
CRLS-12- 7.5d CFRP plate
100 Lag screw 12 x 100 (15 x 120) 4
GRLS-12- 7.5d GF cloth
100 Lag screw 12 x 100 (2.5 x 150) 4
B-12-150 LS-10-125 LS-12-125
300 300 300
el k
g H-beam g . g
T _'—-n 3 f— ﬁ"'—- 13—
ol i ] (o] 1 o~ t; [
CL CL CLT ] L agn
B 4 N B ; 4
150 150 150
150 300 ' 150 150 300 ) 150 | 150 ) 300 . 150 .
%I“_ InngE gf___ 1] 2] || e
LS-12-100 CRLS-12-100 GRLS-12-100
300 300 300
p— —_
g g g
g| g I gl [l |
- _;-—;' = i T L i
=T JHL 11— oo AN T IR o RN
= z plate . fiber
4 (15 mm) L cloth
{ layers
150 150 (2.5 mm)
150 300 150 ) 150 300 ) 150 ) 150 300 ) 150
8l L = =] [ 3 ! H 13 CFRP = L] 3 %—_ L FIM_GF cloth__AEr+! L 8
plate plate
(15x=120) 1 (2.5x150)

Fig. 1. Types and configurations of push-out test specimens (all dimensions in mm)

Baek et al. (2026). “Hybrid steel-CLT flooring systems,” BioResources 21(4), 10835-10852. 10839




PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Instrumentation and Loading Procedure

The shear performance of the CLT—steel joints was evaluated through push-out
tests using a vertical loading machine with a maximum capacity of 300 kN. As illustrated
in Fig. 2, the load was applied to the cross-section of the steel profile, aligned parallel to
the longitudinal axis of the steel member. To measure slip, two displacement transducers
were installed on both the front and rear sides of the joint at the same height as the fastener
locations, enabling precise measurement of the relative displacement between the CLT slab
and the steel profile.

The loading protocol followed the procedure specified in EN 26891 (1991) and was
carried out in two stages (Fig. 3). In the first stage, the load was gradually increased to 40%
of the estimated ultimate load within 120 seconds and then maintained for 30 seconds. The
load was subsequently reduced to 10% of the estimated ultimate load and held constant for
another 30 seconds. In the second stage, the load was continuously increased until failure
occurred. The estimated ultimate load for each specimen type was determined from
preliminary tests.

0,8 58
0.6
0.4
0,1
01
8  Time(min) 0 Joint Slip

Fig. 3. Loading protocol for the push-out test (BS EN 26891 1991)
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RESULTS AND DISCUSSION

Failure Modes

Fasteners in the CLT-steel joints were subjected to single shear loading. Their
failure behavior varied depending on fastener type, geometry, strength, and reinforcement
condition. The observed failure mechanisms were categorized into four distinct modes.
Failure Mode I corresponds to bearing failure occurring in the surrounding CLT without
noticeable plastic deformation of the fastener. Failure Mode II is characterized by the
formation of a single plastic hinge in the fastener, whereas Failure Mode III involves the
development of two plastic hinges. Failure Mode IV refers to fracture of the fastener itself.
In general, Modes I and IV in timber—steel joints are classified as brittle failures, while
Modes II and III represent ductile or semi-ductile behaviors (Hassanieh et al. 2016).

Bolt-type connection (B-12-150)

For the B-12-150 specimen, in which the CLT and steel profile were connected
with high-strength bolts. Two plastic hinges were typically formed in the bolt at the shank
and threaded regions, corresponding to Failure Mode III, while in some cases fracture of
the threaded portion occurred, corresponding to Mode 1V (Fig. 4(a)). In addition, bearing
failure caused by the fasteners was also observed in the CLT tension zone in contact with
the steel profile. The bolted joints showed both semi-ductile behavior associated with Mode
IIT and brittle fracture associated with Mode IV.

Lag screw connections without reinforcement (LS-10-125, LS-12-125, LS-12-100)

For lag screw joints, specimen LS-10-125 primarily exhibited Mode IV (screw
fracture) (Fig. 4(b)), whereas specimens LS-12-125 and LS-12-100 showed a mixture of
Mode III (two plastic hinges) and Mode IV (Fig. 4(c)). This difference was closely related
to the length-to-diameter ratio (L/d) of the fasteners. The calculated L/d ratios were 12.5
for LS-10-125, 10.4 for LS-12-125, and 8.3 for LS-12-100. As the L/d ratio decreased, the
screws tended to develop two plastic hinges. Moreover, the locations of the plastic hinges
in LS-12-125 and LS-12-100 varied depending on screw length, suggesting that
embedment depth and restraint conditions influenced hinge formation. Similar to the bolted
joints, bearing failure of the CLT tensile lamina was observed in all lag screw specimens.

Reinforced lag screw connections (CRLS-12-100, GRLS-12-100)

For the reinforced joints, specimen CRLS-12-100 with a CFRP plate predominantly
failed in Mode IV (screw fracture), while some screws also exhibited Mode II (single
plastic hinge) (Fig. 4(d)). The CFRP reinforcement layer effectively suppressed bearing
failure in the CLT tension zone; however, as a result, stress was concentrated on the
fasteners, and brittle fracture was observed in most screws. This indicates that stiffness
mismatch between timber and CFRP resulted in load concentration on the fastener.

In contrast, specimen GRLS-12-100, reinforced with GF cloth, exhibited a
combination of Modes III and IV, accompanied by bearing failure in the CLT tensile
lamina, similar to the unreinforced joints (Fig. 4(e)). GF reinforcement did not markedly
change the failure mode, but it reduced local CLT damage and produced a gradual post-
peak response.
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Fig. 4. Failure modes of (a) B-12-150, (b) LS-10-125, (c) LS-12-125 and LS-12-100, (d) CRLS-12-
100, (e) GRLS-12-100
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Load-Slip Behavior

The load—slip curves of the CLT-steel hybrid joints obtained from the push-out
tests are shown in Fig. 5, and the main strength properties derived from them are
summarized in Table 4. Slip values were calculated as the average of the displacement
transducer readings installed on each specimen. In addition, Table 5 summarizes the
structural responses for each joint type, including the main failure mode, fastener type and
reinforcement condition, plastic deformation characteristics, screw fracture, and level of
ductility.

Bolt-type connection

Specimen B-12-150, connected with high-strength bolts (Fig. 5(a)), exhibited the
highest initial shear stiffness (ks0.4 = 147.7 kN/mm) and ultimate load (Fmax = 191.9 kN)
among all joints, owing to the post-tensioning effect of the bolts. The load—slip curves
showed some variation in initial stiffness, whereas the maximum loads were relatively
consistent (COV: kso4 = 66.3%, Fmax = 3.7%). The ductility index (u) was 8.7,
demonstrating a wide plastic range and large slip capacity prior to reaching the maximum
load, which is advantageous for energy absorption and ductility. However, a sharp drop in
load-carrying capacity was observed after peak load, indicating an overall brittle behavior.

200 200
180 | 180 | ——15-10-125-1
160 160 | ——1S-10-125-2
2140 i __ 140 LS-10-125-3
g 120 g 120 LS-10-125-4
o 100 | / < 100 |
S 80 [ ——B-12-150-1 § 80 |
60 -/‘ ——B-12-150-2 60
40 -/\ B-12-150-3 40
20 [ B-12-150-4 20
0! ' : 0
0 10 20 30 0 10 20 30
Slip (mm) Slip (mm)
(a) (b)
200 200
180 |
1 -
150 | — el
3 — 120 | =
= / 2
< 100 = 100 |
§ ——1S5-12-125-1 T 80 ——1S-12-100-1
50 ——1S-12-125-2 S 60 i/ ——1S-12-100-2
LS-12-125-3 40 :(’ LS-12-100-3
‘ LS-12-125-4 20 | LS-12-100-4
0 1 1 0 ! 1 1
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Slip (mm) Slip (mm)
(c) (d)
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Fig. 5. Load-slip curves of (a) B-12-150, (b) LS-10-125, (c) LS-12-125, (d) LS-12-100, (e) CRLS-
12-100, (f) GRLS-12-100

Lag screw connections without reinforcement

Specimen LS-10-125, connected with 10 mm-diameter lag screws (Fig. 5(b)),
showed the lowest maximum load (Fmax = 61.2 kN). Its initial slip modulus, 404, was 119.1
kN/mm, but large variations were observed among the specimens. In most specimens,
premature screw fractures occurred irregularly before reaching the maximum load,
resulting in large variability among specimens (COV: k0.6 = 65.3%, Fmax = 14.9%, u =
25.4%). Under the tested conditions, the 10 mm screws showed lower strength and less
consistent behavior than the 12 mm screws.

Specimens LS-12-125 and LS-12-100, connected with 12 mm-diameter lag screws
(Fig. 5(c), (d)), showed enhanced frictional resistance within the joints due to the tightening
effect, which suppressed initial slip and improved shear stiffness. Although LS-12-100
recorded an ultimate load (Fmax) about 14.5% lower than LS-12-125, their yield loads
(Fy,5%) were similar, and the stiffness values (ks,0.4 and ks,0.6) of LS-12-100 were 154.8%
and 60.0% higher, respectively. These results indicate that increasing fastener length and
embedment depth contributes to improving maximum load and response consistency
(COV: Fuax = 7.8%, u = 10.4%), but may be disadvantageous for initial stiffness. Both
joints exhibited gradual softening behavior after the peak load, which is considered
beneficial for energy absorption and ductility.
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Table 4. Push-out Test Results for CLT-Steel Hybrid Connections

Specimens Foe (KN) e fm; Z]rm:) (krlff/ﬁfm) kg 0.6(kN/MmM) u
B-12-150 191.9 (3.7) 23.2 96.4 (2.0) 2.7 1477 (66.3) | 10.4 (25.1) 8.7 (2.3)
LS-10-125 61.2 (14.9) 20.1 415(7.1) 42 119.1(36.0) | 21.1 (65.3) 5.0 (25.4)
[S-12-125 153.7 (3.3) 21.1 75.2 (2.6) 1.9 226 (31.2) 7.5(30.3) 11.5 (12.5)
[S-12-100 131.4 (3.0) 17.2 72.7 (5.1) 16 57.6 (67.6) 12.0 (36.0) 11.9 (25.9)
CRLS-12-100 | 181.0 (1.4) 73 128.9 (12.6) 15 1013 (35.6) | 42.5 (46.0) 5.0 (42.4)
GRLS-12-100 | 149.7 (8.3) 17.2 82.9 (4.5) 17 89.8 (83.4) 16.8 (43.7) 11.1 (22.0)

Enax = Maximum load, v,,,, = Displacement at the F,,,, F, 59, = Yield load by the 5% diameter method, v,, 5., = Displacement at the F,, 5o, ks .4 = Slip moduli
(0.4F,p. — 0.1Foxp./ (Vo4 exp — Vo exp))s Ks06 = Slip moduli (0.6F,,, — 0.1F,y, /(Vos, exp — Voiexp)), 4 = Ductility index (vqx/vys9,), ()* = Coefficient of
variation (%)

Table 5. Push-out Test Results for CLT-Steel Hybrid Connections

Specimens Fastener type Reinforcement Dominant failure mode Structural characteristics and descriptions
B-12-150 High-strength bolt None Mode Il (two plastic hinges), High initial stiffness; high Fmax; brittle post-peak response;
(912x150) Mode IV (bolt fracture) moderate ductility
0. Lag screw Lowest stiffness and strength; premature screw failures; high
LS-10-125 (910x125) None Mode IV (screw fracture) variability; limited ductility
e Lag screw ; Higher stiffness than LS-10-125; consistent load—slip response;
LS-12-125 (912x125) None Mode I + IV (Mixed) wide plastic range; good ductility
P Lag screw : Slightly lower Fmax than LS-12-125; higher stiffness; stable post-
L.S-12-100 (912x100) None Mode I + IV (Mixed) peak softening; favorable ductility
CRLS-12- Lag screw CFRP plate Mode Il (one plastic hinge), Significantly increased stiffness and strength; suppressed timber
100 (912x100) P Mode IV (screw fracture) bearing failure; brittle screw fracture; low ductility
GRLS-12- Lag screw . Moderate stiffness and strength increase; partial suppression of
100 (912x100) GF cloth Mode lll + 1V (mixed) timber failure; gradual softening; relatively favorable ductility
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Reinforced lag screw connections

Specimen CRLS-12-100, reinforced with a CFRP plate (Fig. 5(¢)), showed higher
strength and stiffness than LS-12-100. The stiffness values (ks.0.4 and ks,0.6) increased by
75.9% and 254.2%, respectively, while the ultimate load (Fmax) and yield load (F)y,s5%)
increased by 37.7% and 77.3%, respectively. This improvement is attributed to the CFRP
plate suppressing bearing failure in the CLT tensile lamina. However, the ductility index
(1 = 5.0) was significantly lower, as the load capacity dropped abruptly after peak load
without a noticeable softening region (COV: u = 42.4%). In other words, CFRP
reinforcement enhanced stiffness and strength substantially but promoted brittle screw
fracture due to stress concentration.

Specimen GRLS-12-100, reinforced with GF cloth (Fig. 5(f)), showed moderate
performance gains compared to LS-12-100, with ks0.4 and Fmax increased by 55.9% and
13.9%, respectively. Although the strengthening effect was less pronounced than CFRP
reinforcement, GRLS-12-100 exhibited a gradual increase in slip before reaching the
ultimate load and maintained a softening response even after peak load (COV: u = 22.0%).
Thus, GF reinforcement produced a smaller increase in strength than CFRP reinforcement
but maintained a more gradual post-peak response.

The results were compared with previous studies on lag-screw connections and
GFRP-reinforced CLT joints. Rostampour Haftkhani et al. (2022) reported that GFRP
reinforcement increased the lateral resistance of CLT double-shear joints by approximately
26.5%. In the present study, the GF cloth-reinforced specimen showed increases of 13.9%
in maximum load and 55.9% in initial slip modulus compared with the unreinforced LS-
12-100 specimen. The difference may be attributed to variations in joint configuration,
reinforcement method, timber species, and fastener conditions. Abdoli et al. (2023)
reported that fastener type and diameter affected the lateral resistance of CLT joints.
Similarly, increasing the lag screw diameter from 10 to 12 mm at a constant length of 125
mm increased the maximum load from 61.2 to 153.7 kN. However, direct comparison is
limited by differences in specimens, materials, and test conditions.

Analytical Load-Slip Model

The experimental load—slip curves show the joint behavior but do not provide
parameters for numerical analysis. To characterize the average load—slip behavior of the
CLT-steel hybrid joints in a quantitative manner, a nonlinear regression analysis was
conducted using the Ramberg—Osgood model (Ramberg and Osgood 1943). This model
was originally proposed to describe the stress—strain curves of metallic materials, but its
application to timber—steel joints has been reported to capture complex nonlinear behavior
(Hassanieh ef al. 2016). The modified Ramberg—Osgood model proposed by Hassanieh et
al. (2016) describes the initial elastic, post-yield, and softening stages using a single
function (Eq. (1)). The model was fitted to the experimental load—slip curves,

(ko—kp)-s (kp+ks)-s
F = T o~ ks ()
R N N

where F'is the shear force, s is the slip, ko is the initial stiffness, kp is the post-yield stiffness,
ks is the softening stiffness, fo is the shear force at the transition from the initial elastic to
nonlinear region, f7 is the shear force at the transition from post-yield to softening, and n:
and n2 are curvature parameters that control the sharpness of the first and second
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transitions, respectively. The model uses seven parameters, which can be related to the
stiffness, strength, and post-yield response of the joints. For example, larger values of ni
and n2 make the curve transition sharper, indicating more brittle behavior. In addition,
when £; is less than zero, the load drops rapidly after reaching the maximum load.

Parameter estimation was carried out using a nonlinear least-squares method based
on the Levenberg—Marquardt algorithm (Moré 2006), which was implemented with the
optimize.curve_fit function of the Python SciPy package (Virtanen ef al. 2020). From a
total of 24 push-out tests, individual load—slip curves were obtained, and repeated
optimization was carried out using the average load—slip curve of each joint. The goodness
of fit was evaluated by the coefficient of determination (R?), and all joints showed very
high agreement with R?>0.99.

The parameters summarized in Table 6 quantitatively describe the structural
characteristics of each joint. The bolted joint (B-12-150) exhibited the highest initial
stiffness (ko = 789.5 kN/mm), with ks = —3.46 kN/mm capturing the abrupt post-peak
degradation. The LS-10-125 specimen showed limited stiffness and strength due to its
small screw diameter (ko = 104.9 kN/mm, f; = 73.9 kN). With increased diameter and
length, LS-12-125 achieved higher strength (f7 = 188.1 kN) and stability (n2 = 10.0),
enabling plateau formation after softening. LS-12-100, despite its relatively high stiffness
(ko= 158.9 kN/mm), recorded a lower maximum load (f; = 164.4 kN) than LS-12-125,
indicating the importance of embedment depth. For reinforced joints, CRLS-12-100
exhibited substantial improvements in stiffness and strength (ko= 612.5 kN/mm, f1= 156.2
kN), but with a steep softening slope (ks = —2.81 kN/mm), consistent with the
experimentally observed screw fractures. In contrast, GRLS-12-100 showed a lower
stiffness increase (ko = 474.6 kN/mm) but a milder softening slope (ks = —1.65 kN/mm),
suggesting better load retention after peak and improved ductility compared to CFRP
reinforcement.

Figure 6 visually confirms the strong agreement between the analytical and
experimental results.

Table 6. Nonlinear Regression Parameters Obtained by Fitting the Modified
Ramberg—Osgood Model Directly to the Mean Experimental Load-Slip Curve for
Each CLT-Steel Hybrid Joint

Specimens | B-12-150 | LS-10-125 | LS-12-125 | LS-12-100 | CR-S-12- | GRUSA2-
Connector Bolt Lag screw | Lag screw | Lag screw | Lag screw | Lag screw
Reinforcement None None None None CFRP Glass fiber
plate cloth
fo (kN) 21.3 27.2 95.7 90.0 7.2 22.5
f1 (KN) 110.9 73.9 188.1 164.4 156.2 124.3
ko (KN/mm) 789.5 104.9 233.9 158.9 612.5 474.6
k,, (KN/mm) 32.95 13.59 3.49 2.81 107.4 54.6
ks (KN/mm) -3.46 0.236 1.25 1.59 -2.81 -1.65
ny 3.933 2.006 0.804 1.116 8.594 2.555
n, 3.005 3.391 10.0 10.0 2.826 1.427
R? 0.9982 0.9938 0.9968 0.9966 0.9987 0.9941
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Fig. 6. Comparison of experimental and analytical load—slip curves for CLT—steel hybrid joints (B-
12-150, LS-10-125, LS-12-125, LS-12-100, CRLS-12-100, GRLS-12-100)

The abrupt strength loss of the bolted joint, plateau formation in LS-12-125,
premature drop in LS-12-100, sudden load degradation in CRLS-12-100, and gradual
softening in GRLS-12-100 were consistently reproduced by the model. These results show
that the Ramberg—Osgood model reproduced the measured load—slip behavior of the tested
joints. Nevertheless, the model does not account for cyclic loading, fatigue, or long-term
effects, which should be considered in future extensions. The parameters may be used as
input data for nonlinear analysis after further validation.

CONCLUSIONS

1. The failure mechanisms of cross-laminated timber (CLT)-steel joints varied depending
on the type of fastener, the length-to-diameter ratio (L/d), and reinforcement conditions.
Bolted joints showed both Mode III plastic-hinge formation and Mode IV bolt fracture,
while lag screw joints exhibited a mixture of Modes III and IV depending on diameter
and embedment depth. Fiber-reinforced polymer (FRP) reinforcement effectively
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suppressed timber damage; however, due to stiffness mismatch, carbon fiber-
reinforced polymer (CFRP) tended to promote screw fractures, whereas glass fiber
(GF) contributed to partial ductility improvement.

2. Bolted joints showed high stiffness and strength but experienced a sharp load decrease
after the peak. The 12 mm lag screw joints exhibited stable softening and plateau
behavior, and showed ductile behavior. Among the reinforced joints, CFRP plates
significantly enhanced shear strength and stiffness but induced brittle failure through
stress concentration, while GF cloth provided limited strength gains but contributed to
ductility through gradual softening.

3. The Ramberg—Osgood-based model reproduced the load—slip curves of all joints with
high accuracy (R? > 0.99). The model parameters (ko, kp, ks, fo, f1, n1, n2) were related
to the observed failure modes and ductility. Negative ., values were associated with a
rapid post-peak load decrease, whereas values close to zero indicated a more gradual
post-peak response.

4. The experimental data obtained in this study (e.g., Fmax, Fy, ks , n) provide basic
performance information for the design of CLT-steel joints, while the Ramberg—
Osgood parameters may be used for nonlinear analysis after further validation. Among
the tested systems, LS-12-125 showed relatively high strength and ductility without
additional reinforcement. CFRP reinforcement increased strength and stiffness but
caused brittle screw fracture, whereas GF reinforcement provided more gradual post-
peak behavior. Further studies on cyclic loading, long-term behavior, full-scale floor
systems, and cost are required before practical application.
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