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Abstract

The seismic behaviour of precast concrete modular constructions depends highly on the connections
between structural elements, particularly those located in the horizontal joints in wall-based structural
systems. Several dry and wet connection solutions have been developed in recent years, but most of
them require complex assembly processes and additional concrete casting or were not designed to be
seismic-resistant. Also, the possibility of having easy access to connection replacement in the case of
seismic damage needs to be considered. The paper presents the design conception, detailing and
testing of four types of a dry connection for horizontal joints between insulated bearing walls. The
behaviour of the connection is investigated through a testing campaign of full-scale specimens sub-
jected to tensile axial monotonic tests and tensile cyclic loading tests. The results are discussed in
terms of force-displacement curves, tensile capacities and failure modes. The results showed a prom-
ising strength and deformation capacity when adequate detailing near the connection is ensured.

1 Introduction

The sustainability of building structures is becoming an increasingly important concern, gaining
recognition alongside structural safety. Traditional cast in-situ concrete structures and prefabricated
concrete structures with wet-type connections typically require long construction times due to exten-
sive on-site activities [1]. Moreover, these structures behave as monolithic systems, meaning that
when significant damage occurs or they reach the end of their lifespan, demolition is often necessary
based on current construction technologies or very extensive repairing/retrofitting interventions.
Consequently, this cycle leads to high energy consumption and significant environmental impacts,
making it a major concern for sustainable construction [2]. To address these challenges, structures
designed with deconstruction or reuse concepts have been investigated in recent years [3, 4].
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Given the recent uncertainties caused by climate change, where extreme events are becoming increas-
ingly frequent, along with crises such as war, future construction must adopt the design for decon-
struction and reconstruction concept. With this objective in mind, the precast concrete wall panel
system with bolted connections emerges as an effective solution to these evolving challenges. Load-
bearing wall systems are commonly used in residential buildings due to their architectural flexibility,
ease of manufacturing, and strong structural performance [5]. These systems involve the on-site as-
sembly of prefabricated wall panels—which can be single, double, or feature integrated acous-
tic/thermal insulation—combined with hollow-core or double-T slab systems. Their high structural
efficiency, particularly in moderate to high seismic regions, stems from their superior lateral force
resistance compared to frame structures. However, there remains a notable gap in the literature re-
garding the seismic performance of these structural systems with dry connections. In this approach,
bolted joints are specifically engineered to withstand tensile forces, shear forces, or both. Research
indicates that steel tension bolts are widely used in beam-column connections [2, 6]; however, their
application in structures primarily composed of load-bearing walls is far less common. Additionally, a
detailed analysis of the load-bearing wall in the region surrounding the bolted connection has not yet
been conducted. For instance, the study by Zhao, et al. [7] focused solely on the global lateral behav-
ior of load-bearing walls with bolted connections, without performing experimental investigations on
the detailing of the connection zone.

As part of the R2U Technologies — Modular Systems research project, a novel structural system is
being developed, consisting of insulated load-bearing walls connected through bolted connections, in
line with the design for deconstruction and reconstruction concept, as illustrated in Figure 1. Both
vertical and horizontal joints utilize the same type of connection; however, they are subjected to
different loading demands. The primary advantage of using insulated load-bearing walls is their re-
duced weight, which has a significant impact on transportation efficiency and contributes to a lighter
overall building structure, thereby enhancing seismic performance. At the same time, these walls offer
superior thermal insulation, reducing the need for additional insulation layers in compliance with
current energy regulations. This connection system is designed to minimize the use of steel materials
and heavy steel connectors (e.g., wall shoes or steel profiles) while allowing for rapid assembly and
easy repair or disassembly in the case of an accidental load, eg. an earthquake. To ensure a safe and
reliable seismic response, a detailed investigation of the connections between load-bearing walls is
crucial, with particular emphasis on those forming the horizontal joints.

Fig. 1 Load-bearing wall resisting system with dry connections for residential buildings: a) 3D
schematic layout.

The response of four types of bolted horizontal joints were experimentally tested under axial tensile
force or single-character cyclic loading. The design concept and detailing of the four connection types
will be thoroughly presented and compared. Then, their tensile capacity will be evaluated, through a
testing campaign involving full-scale specimens subjected to monotonic and cyclic tensile loading, in
terms of force-displacement curves and failure modes.

2 Testing campaign

The proposed structural system consists of insulated load-bearing walls with a total thickness of 22
cm, subdivided into three sections. The top and bottom ends of the wall are solid concrete, while the
middle section comprises two 80 mm thick concrete layers separated by a 60 mm thick EPS (expand-
2
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ed polystyrene) thermal insulation layer. The solid zones at the top and bottom of the wall were de-
signed to absorb the forces transmitted through the wall connections. The connections between walls
are made using bolts that pass through a preformed hole in the middle of the wall thickness, extending
to a small square opening (10x10 cm?). A steel plate at the edge of the opening is to distribute the
stress applied by the bolt, ensuring better load transfer and connection efficiency. Each wall is ex-
pected to have potentially 4 openings, allowing it to be used for both vertical and horizontal connec-
tions between walls, as shown in Figure 2. This paper focuses only on the connections for horizontal
joints.

An experimental program was carried out involving a total of seven connection typologies for hori-
zontal joints, aimed at studying the effects of i) the extension of the solid concrete at the top end of
the wall, ii) the arrangement of reinforcing reinforcement bars (horizontal and vertical) around the
opening where the steel bolt is positioned; and iii) the cyclic loading.

To conduct this study, a simplified approach was adopted by analyzing a single connection, enabling
a more comprehensive characterization of the effects of the studied variables, as illustrated in Figure
2a. For this purpose, a representative wall specimen (see Figure 2a) with only one connection was
constructed, and a common geometry was maintained across all groups (Figure 2b). To streamline the
analysis, this paper presents results from groups 2, 3, 4, and 6, whose key variables are detailed in
Figure 3. Each group consists of three specimens, allowing for the evaluation of experimental varia-
bility as well as the impact of cyclic loading. The geometry and reinforcement detailing are presented
in subsection 2.1.

Bolt

Top extremity
(solid part)
t=220mm

I Hsoia l

Insulated part
t=80+60+80mm

~

Bottom extremity
(solid part)

/ t=220mm

Base of the wall
<+ (for testing)

a) b)
Fig. 2 Load-bearing walls with bolted connections: (a) Representative single-connection speci-
men of the proposed structural system; (b) Profile view of the single connection specimen,
highlighting common characteristics.

2.1  Geometry and reinforcement detailing

Each specimen has a total height of 0.50 m, a width of 0.70 m, and a thickness of 0.22 m. Additional-
ly, each specimen includes a foundation part with a thickness of 0.40 m, designed to secure the wall
in place during testing. All walls were reinforced with a $5/200 mm mesh near both faces of the wall.
The main variations between the four groups are: i) Different lengths of the solid concrete zone at the
top extremity (100 mm or 200 mm); and ii) Variations in the relative positioning of the vertical and
horizontal reinforcement bars (type 1 and type 2 reinforcing rebars, respectively).

In the Group 2 specimens (Figure 3a), a 200 mm solid concrete zone was adopted at the top extremi-
ty. Type 1 and Type 2 reinforcing rebars were positioned away from the opening (Configuration 1).
Although Group 2 specimens share the same solid concrete extension as Group 3, the arrangement of
Type 1 and Type 2 reinforcing rebars differs. In Group 2, a 132 mm spacing was adopted between
Type 1 rebars, allowing one pair of vertical rebars to be positioned close to the opening, while the



fib Symposium 2025

other pair was placed further away (Configuration 2). The same Configuration 2 was also applied to

Type 2 rebars.

In Group 4 (Figure 3c), a shorter solid concrete zone of 100 mm was adopted, and Configuration 1
was used for both Type 1 and Type 2 reinforcing rebars. Finally, in Group 6 (Figure 3d), a 100 mm
solid concrete zone was also adopted; however, Type 1 and Type 2 reinforcing rebars followed a
Configuration 2 layout. A detailed illustration of the Type 1 and Type 2 reinforcement configurations

is presented in Figure 3e.
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Fig. 3 Geometry and reinforcement detailing of the specimens: a) Group 2, b) Group 3, ¢) Group

Type 1

4, d) Group 6, and e) mesh and type 1 and 2 rebars configuration.
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2.2 Material properties

The materials used in this study include C50/60 class concrete, A500 NR reinforcements, and 8.8-
grade threaded rebars (for the bolt). For C50/60 concrete, as specified in Eurocode 2 [8], the charac-
teristic compressive strength is 50 MPa, the tensile strength is 4.1 MPa, and the elastic modulus is 35
GPa. In the experimental tests from three concrete cubes, the concrete exhibited a mean compressive
strength of 68 MPa at 28 days. The characteristic strength can be estimated as fem minus
1.64xstandard deviation [8]. Given a standard deviation of 2.15 MPa, the experimental characteristic
strength is approximately 64.5 MPa, indicating higher than specified material strength and low dis-
persion. The steel used for concrete reinforcement was A500 NR, with a theoretical yield strength of
500 MPa and an elastic modulus of 200 GPa. Additionally, tensile tests were conducted on 8.8-grade
threaded steel rebars with an internal diameter of 20.5 mm. The obtained stress-strain curve indicated
an average yield strength of approximately 808 MPa, corresponding to the end of the linear segment,
and an average maximum stress of approximately 1000 MPa (CoV: 1%).

2.3  Test setup, instrumentation, and loading protocol

Each - test was conducted using an Instron 5989 Series testing machine, where the base of each wall
was fixed using steel profiles with a fastening mechanism, as shown in Figure 4, preventing vertical
displacement of the walls’ support. The four steel U-shape profiles were fixed to the Instron by bolts.
The upper 2 (one each side) were fixed to the bottom 4 profiles (in this connection the holes are
ovalized) to allow for some adaptation of the assembly inaccuracies. The load was applied directly to
the connection bolt via a hydraulic servo-actuator, which was fixed to the Instron.

Displacements were measured using five LVDTSs positioned as follows: two vertical LVDTs at the
top of the wall (one on each side, LVDT 1 and LVDT 2), two LVDTs at the bottom of the specimen
(LVDT 4 and LVDT 5), and one LVDT positioned at the mid-height level on the backside of the wall
(LVDT 4). The data was recorded at a sampling frequency of 1 Hz.

The tests were conducted 28 days after specimen casting, following a standardized testing protocol.
The first test in each group was a monotonic tensile strength test performed under displacement con-
trol at a rate of 0.01 mm/s (samples tested this way were marked with the letter M at the end of the
symbol). From the resulting force-displacement curve, the yield displacement (dy) was estimated,
which was then used to define the loading protocol for the subsequent cyclic test. The second test in
each group was a cyclic tensile test, also performed under displacement control at 0.01 mm/s
(samples marked with the letter C at the end of the symbol). The cyclic loading protocol consisted of
three cycles at each of the following target displacements: 0.25 dy, 0.50 dy, 0.75 dy, dy, 2dy, 3dy, etc.,
until specimen failure was observed. Finally, the third test in each group was another monotonic
tensile test, conducted under the same displacement control rate of 0.01 mm/s as the first test.

Instron 5989 Series

LVDT 2
LVDT 1 (on backside)

LVDT 4 | LVDT5

a)
Fig. 4 Testing campaign: a) Schematic layout of the test setup; b) General view of the experi-
mental setup.
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3 Discussion of results

3.1 Tests results by group

The results analysis is conducted through the evaluation of force-displacement curves, where key
points corresponding to yielding, peak force, and conventional failure are identified. The yield dis-
placement (3y) and yield force (Fy) were determined following the methodology outlined in Annex B
of Eurocode 8 [24], which defines an idealized force-displacement relationship to establish the yield-
ing point of the curve. Conventional failure was considered as a 20% strength reduction after the peak
load. Additionally, the initial stiffness was calculated between 30% and 60% of the maximum load
for each specimen. Finally, the failure modes were analyzed and compared across different groups.

3.1.1 Group 2

The force-displacement curves of the three specimens from Group 2, shown in Figure 5a, exhibit a
highly consistent response across all specimens under both monotonic and cyclic loading conditions,
which allowed the conclusion that the type of loading did not affect the performance. The initial
stiffness of specimen G2_3_M reached 45 kN/mm, which is approximately 17% higher than G2_2_C
and 22% higher than G2_1_M. Regarding the peak load, the results were remarkably similar among
the three specimens, with no significant influence of cyclic loading on this parameter. The highest
peak load was recorded by G2_3 M at 188 kN, which is 17% higher than G2_2_C and 4.7% higher
than G2_1_M. This indicates that both monotonically loaded specimens achieved comparable maxi-
mum strengths, while the cyclically loaded specimen exhibited a slightly lower peak strength. The
displacement at peak load was similar for all three specimens, with differences of less than 17%.
However, some variability was observed in the displacement at conventional failure, where G2_1_M
reached the highest displacement (11.7 mm), approximately 26% greater than G2_3_M, which rec-
orded the lowest displacement. Overall, the average peak strength among the specimens was 176 kN,
with a low CoV of 8%, demonstrating consistent structural performance across the tested specimens.

Regarding the observed failure mode, an asymmetrical cracking pattern was identified on both faces
of the specimens due to the presence of the opening. On the front face (where the opening is located),
two main crack patterns were observed: a horizontal crack aligned with the top of the opening, ex-
tending across the entire width of the wall, and a vertical crack that propagated from the top of the
opening to the top of the wall (see Figure 5b). On the back face, inclined cracks were observed origi-
nating from the central region, corresponding to the alignment where the opening in the wall ends, as
shown in Figure 5c. The cracking pattern was more distributed on this face, indicating the ability to
redistribute tensile stresses within the solid concrete zone.

300

A Max. force
#C. Failure gi’;’zl
250 o=
—G2.3_ M
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50 SD =13 kN
CoV=8%
0
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a) b) c)
Fig. 5 Group 2 results: a) force-displacement curves; b) failure mode - front view; and c) failure

mode - back view.
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3.1.2 Group 3

The Group 3 specimens exhibited a very similar performance in terms of force-displacement curves
(see Figure 6a). The initial stiffness of specimens G3_3 M and G3_2_C was nearly identical, both
reaching 18 kN/mm. Regarding peak load, the specimens subjected to monotonic loading, G3_1_M
and G3_3_M, achieved comparable maximum forces of approximately 226 kN and 216 kN, respec-
tively. In contrast, cyclic loading appeared to have an effect on reducing the ultimate strength of
specimen G3_2_C, which reached 199 kN, approximately 12% and 8% lower than G3_1_M and
G3_3_M, respectively. In terms of displacement at peak load, G3_2_C reached its maximum force
first at 11.6 mm displacement, followed by G3_1 M and G3_3_M, which exhibited 11% and 19%
higher displacements, respectively. Finally, conventional failure occurred at very similar displace-
ment levels, with differences of less than 6% between specimens. Overall, the Group 3 specimens
exhibited an average peak strength of 214 kN, with a coefficient of variation (CoV) of 6%, which can
be considered low.

A Max. force G3 1M
#C. Failure T
250 G3.2C
- G3_3_M
200
g
© 150
o
8
100 Group 3
Fona= 214 kN
50 SD=13kN
CoV =6%
0 A
0 4 8 12 16 20 24
Displacement (mm)
a) b)
Fig. 6 Group 3 results: a) force-displacement curves; b) failure mode - front view; and c) failure

mode - back view.

Regarding the observed failure modes, all specimens displayed a similar failure pattern, characterized
by widespread cracking on the front face, as shown in Figure 6b. However, a primary horizontal crack
was observed, aligned with the top of the opening, as well as a second vertical crack extending from
the center of the opening. On the back face, generalized cracking was also observed, with a pro-
nounced 45° crack propagating from the top edge of the opening toward the contact point at the upper
extremity of the wall, as illustrated in Figure 6c.

3.1.3 Group 4

The performance of the Group 4 specimens was characterized by very low strength capacity and
limited deformation ability, as evident in the force-displacement curves presented in Figure 7a. The
initial stiffness of specimen G4_2_C (20.86 kN/mm) was approximately 55% and 85% higher than
that of G4_1 M and G4_3_M, respectively. Contrary to the trends observed in the previous groups,
the cyclically loaded specimen (G4_2_C) reached the highest peak strength, approximately 91.6 kN,
followed by G4_3_M and G4_1 M, with 21% and 45% lower strengths, respectively. Additionally,
the maximum strength was reached at lower displacement values in G4 _2_C (3.5 mm), whereas
G4_1 M and G4_3 M exhibited 9% and 51% higher displacements, respectively. Finally, conven-
tional failure occurred at similar deformation levels in the monotonically loaded specimens (approxi-
mately 6 mm), while G4_2_C failed at a 50% lower deformation level, likely due to the effect of the
cyclic loading. Overall, the average strength for Group 4 was 75 kN, with a CoV of 22%.
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The failure mode was characterized by a brittle failure mechanism, marked by cover concrete spalling
at the top of the specimens and a combination of a horizontal main crack (aligned with the top of the
opening) and a vertical one in the middle of the opening towards the top extremity was reported, as
shown in Figure 7h. In addition, a symmetrical trapezoidal cracking pattern on the back face, as illus-
trated in Figure 7c. All specimens exhibited limited cracking in the concrete above the opening,
which can likely be attributed to the shorter length of the solid concrete zone. This reduced the effec-
tiveness of tensile force transmission to the vertical reinforcement bars, preventing the reinforcement
from fully engaging and limiting crack propagation within the concrete.

300

A Max. force
® C. Failure G4 1M
250 G4.2.C
——G4.3. M
200
z
‘© 150
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100 Group 4
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ly CoV =22%
0
0 4 8 12 16 20 24
Displacement (mm)
a) b)
Fig. 7 Group 4 results: a) force-displacement curves; b) failure mode - front view; and c) failure

mode - back view.
3.1.4 Group 6

The performance of the Group 6 specimens was characterized by greater variation in behaviour
among all specimens across all response parameters. The highest initial stiffness was observed in
specimen G6_1_M, reaching 31.2 kN/mm, followed by G6_3_M and G6_2_C, which were approxi-
mately 38% and 59% lower, respectively. Regarding peak strength, the highest value was recorded in
G6_1 M, with 100.6 kN, followed by G6_3 M and G6_2_C, which exhibited 22% and 32% lower
strengths, respectively. Similarly, the maximum load capacity was reached at lower displacement
values in G6_1 M (4.6 mm), followed by G6_3_M and G6_2_C, which had 23% and 46% higher
displacements, respectively. This suggests that cyclic loading may have contributed to a reduction in
peak load capacity and led to higher displacement values at peak load. Finally, conventional failure
occurred first in specimen G6_3 M, at a displacement of 6.2 mm, while the other two specimens
reached conventional failure at a displacement level 21% higher. Overall, Group 6 exhibited an aver-
age peak strength of 90 kN, with a CoV of 17%.

The failure mode exhibited different behavior on the front and back surfaces of the specimens. On the
front face, an inclined cracking pattern was observed, originating from the upper corners of the open-
ing and propagating toward both the lateral edge and the upper extremity, as illustrated in Figure 8b.
On the back face, the cracking pattern was more dispersed, with two primary cracks visible: one
horizontal crack aligned with the top of the opening, and another located near the upper edge of the
wall, corresponding to cover concrete spalling, as shown in Figure 8c.
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Fig. 8 Group 6 results: a) force-displacement curves; b) failure mode - front view; and c) failure

mode - back view.
3.2  Comparative analysis of the results

A global comparative analysis was conducted across the four groups, focusing on the average values
of peak strength, the corresponding displacement at peak load, and the displacement at conventional
failure. Regarding peak strength (Figure 9a), it was observed that Groups 2 and 3, which had 20 cm of
solid concrete at the top extremity, reached higher strength values compared to Groups 4 and 6, which
had only 10 cm of solid concrete. This clearly indicates that increasing the solid concrete zone im-
proves the transfer of tensile forces to the vertical reinforcement bars, enabling the formation of a 45°
tensile stress cone. Additionally, the presence of reinforcement bars (both vertical and horizontal)
near the opening contributed to an increase in the connection’s load capacity. This effect was ob-
served in both 20 cm and 10 cm solid concrete groups, although the increase in strength was less
pronounced for the 10 cm groups. Overall, Group 3 exhibited the highest average strength of 214 kN,
followed by Groups 2, 6, and 4, with peak strength values of 18%, 62%, and 65% lower, respectively.
It was also noted that a larger solid concrete zone above the opening resulted in a lower CoV (coeffi-
cient of variation). This may be attributed to the more brittle failure behavior observed in Groups 4
and 6, where concrete cover spalling at the top of the wall led to fragile failure mechanisms.

Regarding the displacement at peak strength (Figure 9b), similar trends were observed, which can be
explained by the previously mentioned factors. The larger solid concrete zone contributed to higher
deformation capacity before reaching peak load. Additionally, the presence of reinforcement bars near
the opening further increased the displacement at peak strength. Group 3 reached peak strength at an
average displacement of 12.9 mm, which was 1.66, 2.31, and 3.46 times higher than in Groups 2, 6,
and 4, respectively. Finally, conventional failure followed the same patterns observed earlier. Group 3
reached conventional failure at an average displacement of 16.8 mm, approximately 1.60, 2.29, and
3.39 times greater than Groups 2, 6, and 4, respectively.
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4 Final remarks

This study investigated the seismic performance of bolted connections in insulated load-bearing
walls, designed in alignment with the design for deconstruction and reconstruction concept. An exper-
imental program was conducted on four connection configurations, assessing their tensile capacity
under monotonic and cyclic loading conditions.

The results highlight that the extension of the solid concrete zone at the top extremity of the wall and
the reinforcement bar arrangement significantly influence the structural performance of the connec-
tions. The peak strength varied among groups, with Group 3 exhibiting the highest average strength
(214 kN), followed by Groups 2, 6, and 4, which were 18%, 62%, and 65% lower, respectively. The
presence of reinforcement bars near the opening contributed to an increase in load-bearing capacity,
and this effect was more pronounced in the 20 cm solid concrete groups compared to the 10 cm
groups.

Regarding deformation capacity, Group 3 achieved peak strength at an average displacement of 12.9
mm, which was 1.66, 2.31, and 3.46 times higher than in Groups 2, 6, and 4, respectively. Conven-
tional failure displacement followed the same trend, with Group 3 reaching failure at 16.8 mm, 1.60,
2.29, and 3.39 times higher than Groups 2, 6, and 4, respectively. The CoV was lowest in Groups 2
and 3, indicating more consistent performance, whereas Groups 4 and 6 exhibited a higher CoV,
likely due to brittle failure mechanisms associated with concrete cover spalling.

From a failure mode perspective, a horizontal crack aligned with the top of the opening, along with a
vertical crack extending toward the upper wall extremity, was consistently observed. Specimens with
shorter solid concrete zones (Groups 4 and 6) exhibited more brittle failures, characterized by cover
concrete spalling and less effective stress transfer to the vertical reinforcement bars.

These findings reinforce the importance of optimizing the solid concrete zone and reinforcement
placement in bolted wall connections to enhance seismic resilience and structural efficiency. Future
research should focus on full-scale cyclic tests under realistic seismic conditions, integrating addi-
tional optimized reinforcement detailing to further improve structural performance and damage con-
trol in modular precast systems.
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