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Abstract

In the context of increasing demands for energy-efficient buildings, insulated concrete walls
have gained significant adoption in construction. While these walls traditionally serve non-
structural purposes, growing requirements for seismic resilience have created new opportuni-
ties for innovation. Within the R2UTechnologies-Modular Systems project framework, in col-
laboration with industry partners, this research aims to transform these elements into load-
bearing walls with enhanced dissipative properties. In this scenario, the structural performance
of vertical connections between panels emerges as a critical factor for system reliability. This
study presents a parametric numerical analysis of a novel connection designed for vertical as-
sembly of precast insulated concrete walls. The research employed finite element analysis using
ABAQUIS software to develop and validate numerical models against the experimental results
of three specimens with the same characteristics, two tested under tensile monotonic and one
under cyclic loading. Model validation was achieved through careful comparison of force-dis-
placement relationships and damage progression patterns. Following validation, a parametric
study was conducted to investigate the influence of key design parameters, including concrete
strength, reinforcement diameter and bolt diameter. The findings provide valuable insights for
optimizing connection design in precast insulated concrete walls, contributing to the develop-
ment of more efficient and seismically resistant building systems.

Keywords: Precast concrete connections, Anchor bolts, FEM, Concrete damage Plasticity

ISSN:2623-3347 © 2025 The Authors. Published by Eccomas Proceedia.
Peer-review under responsibility of the organizing committee of COMPDYN 2025.
doi: 10.7712/120125.12797.25486

5094


mailto:a.brandao.ribeiro@gmail.com
mailto:seyedsajjad.hosseini@tecnico.ulisboa.pt
mailto:andré.furtado@tecnico.ulisboa.pt
mailto:carmo@isec.pt
mailto:yt222dh@student.lnu.se
mailto:wit.derkowski@lnu.se

Ribeiro A., Hosseini S., Furtado A., Carmo R., Sousa R., Tmava Y., Derkowski, W. and Julio E.

1 INTRODUCTION

Precast concrete structures have gained significant popularity in modern construction due to
their efficiency, quality control, and rapid assembly [1,2]. On these structures, the ability of the
connections to dissipate energy and accommodate large deformations without premature failure
is essential for ensuring their resilience during earthquakes and has been researched in the last
years [3,4]. However, the performance of connections in these structures remains a critical and
challenging aspect, particularly when both disassembly and seismic loading are under consid-
eration [5,6]. In this context, the analysis of precast wall connections plays a key role in under-
standing failure mechanisms and optimizing design parameters to improve environmental and
seismic performance.

As part of the R2U Technologies — Modular Systems project, an innovative solution is being
developed in which thermally insulated precast walls, previously used only as non-structural
elements, now serve as structural components in buildings (Figure 1a) to be constructed by the
industrial partner VigoBloco®. These walls are connected at both ends using anchor bolts, cre-
ating a dry connection that facilitates demountability and reuse, thereby enhancing the life-
cycle performance of the system [7]. In this structural configuration, lateral loads are resisted
by a force pair at the base of the wall, with one side in compression and the other in tension
(Figure 1Db).

This study focuses on the connection detailing for this insulated load-bearing precast con-
crete wall system. A representative section of the wall was fabricated and experimentally tested
under tensile loading conditions (Figure 1c) to evaluate its behavior and failure mechanisms.
To further understand its structural response and explore potential design improvements, a finite
element model was developed and validated against experimental results, varying key parame-
ters such as concrete strength, anchor bolt diameter, and rebar diameter. Given the cyclic nature
of seismic forces, particular attention was given to failure modes and their implications for
seismic performance, ensuring that the connection detailing enhances both strength and ductil-
ity while preventing brittle failure mechanisms.

Lateral Load

h

1 Load

Base of the specimen to
be fixed for testing

(a) (b) (€)

Figure 1: Proposed structural system: (a) general schematic layout (b) Wall to wall connection (c) Repre-
sentative section of the wall for testing connection detailing
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2 METHODOLOGY

2.1 Geometry of the test specimen

From the reference structural system, smaller-scale wall specimens were designed to study
the connection behavior at a local level (Figure 1c). Each specimen has a total height of 0.70
m, a width of 0.50 m, and a thickness of 0.22 m, divided into two concrete layers of 0.08m and
an EPS insulation of 0.06m. Additionally, each specimen includes a foundation part with a
height of 0.15m, thickness of 0.40 m with the same wall width, designed to secure the connec-
tion in place during testing.

The concrete layers such in the precast walls were reinforced with a $5/200 mm mesh near
both faces of the concrete layers. On the small foundation C-shaped and L-shaped rebars were
positioned to reinforce this region making sure there is no failure in this region, since it is not
the region of interest.

To make the connection it was used one 0.22m x 0.25m steel plate with four welded steel
rebars, this steel rebars are also embedded into the concrete. On the connection region one
additional O-shaped steel rebar was positioned around the four welded rebars (see Figure 3).

2.2 Modelling description

To simulate the behavior of the studied connection, a numerical model was developed in
Abagus [8] mating as close as possible the experimental setup. For the boundary condition, the
steel profile used to secure the bottom of the specimen to the Instron 600 testing machine was
also included in the model. To properly constrain it, a reference point was created at the center
of the bottom surface and coupled with the steel apparatus (represented in red in Figure 2). To
apply the load, a second reference point was placed at the center of the bolt, where the load was
applied under displacement control, mirroring the experimental procedure.

(b)

Figure 2: Modelling strategy (a) Experimental setup (b) Numerical model.

It was defined as a tie connection between the welded rebars and the surrounding concrete
and with the steel plate where these bars were welded. The EPS and the concrete part were also
connected by a tie pair.

There was defined a surface-to-surface contact standard with a tangential frictional behavior
of 0.5 and normal as hard contact to the pairs: specimen foundation to steel support; steel bolt
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perimeter to the hole surface of the plate and washer; the steel plate to the surrounding concrete;
the steel washer to the steel plate and surrounding concrete (see Figure 3).

2.3 Meshing and element types

The numerical model consists of different structural components, each assigned an appro-
priate element type to balance computational efficiency and accuracy. The L-shaped, C-shaped,
and O-shaped steel rebars were modeled using T3D2 elements, which are 2-node linear 3D
truss elements. These elements are suitable for modeling slender structural components that
primarily resist axial forces. A global mesh size of 5 mm was applied to these elements, and an
embedded constraint was used to integrate the rebars within the concrete and EPS (Expanded
Polystyrene) parts, ensuring proper force transfer and interaction between materials.

The concrete, EPS, steel plate, washer, steel bolt, steel support, and welded steel rebars were
all modeled using C3D4 elements, which are 4-node linear tetrahedral solid elements (Figure
3). This element type was selected due to the complex geometry of the connection, allowing
for an accurate representation of the structural components while maintaining reasonable com-
putational costs.

To verify mesh convergence, different meshing strategies were tested. A finer mesh with
element sizes reduced by half was considered, as well as a quadratic-element mesh with the
same global size but using C3D10 elements, which are 10-node quadratic tetrahedral elements,
instead of C3D4. The results showed that while the finer and quadratic element meshes pro-
vided slightly improved accuracy in terms of load-displacement behavior and maximum load,
the differences were minimal. However, the computational cost increased significantly, with
the analysis time rising from 5 hours to over 50 hours in some cases. Given the trade-off be-
tween accuracy and computational efficiency, the original linear mesh was considered the most
appropriate for the remainder of this study.

Solid elements - Tetrahedron (C3D4) Embedded bars - Truss (T3D2)

Figure 3: Mesh and element types

5097



Ribeiro A., Hosseini S., Furtado A., Carmo R., Sousa R., Tmava Y., Derkowski, W. and Julio E.

2.4 Definition of materials

2.4.1 Concrete

The concrete used in the experimental program is C50/60 class concrete. For C50/60 con-
crete, for reference, it is specified in Eurocode 2 [9] the characteristic compressive strength is
50 MPa, the tensile strength is 4.1 MPa, and the elastic modulus is 37000 MPa. In the experi-
mental tests from three concrete cubes, the concrete exhibited a mean compressive strength of

60 MPa at 28 days, this mean value will be used for the modeling properties (Table 1) as it goes
closer to the experiments.

Property Equation Value
Compressive Strength (fcm) Experimental 60 MPa
Elastic Modulus (E) 4700 * \fem 36406 MPa
Tensile Strength (ftm) 0.3*fcm?® 4.6 MPa
€0 (2*fcm)/E  0.0033
Poison 0.15
Dilatation angle 28
Eccentricity 0.1
fb0/fcO 1.16
K 0.67
Viscosity parameter 5.0E-5

Table 1: Concrete properties for concrete damage plasticity model definition

Figure 4 shows the curves defined for the material behavior for compressive and tensile
elastic-plastic as well as the damage parameter [10,11].
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Figure 4: Concrete properties (a) Compressive behavior (b) Compressive damage (c) Tensile behavior (d) Ten-

sile damage
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2.4.2 Steel

For the bolt, an M24 8.8-grade threaded steel rod was used. The steel for concrete reinforce-
ment was A500 NR, while S355 steel was used for the steel plate and washer. All steel compo-
nents were considered to have an elastic modulus of 210 GPa. The strength properties for each
steel type are presented in Table 2.

Additionally, tensile tests were conducted on 8.8-grade M24 threaded steel rod (bolt) with
an internal diameter of 20.2 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%) from three specimens.

Property Class E (MPa) fy (MPa) fu (MPa)
Threaded rod or bolt 8.8 210000 808 1000
Steel plate and washer S355 210000 310 355
Ribbed bars A500NR 210000 400 520

Table 2: Steel elements properties

2.4.3 EPS

The EPS is a nonstructural material, it was modeled as an elastic material with elasticity of
3MPa and poison of 0.1.

2.5 Validation of the model

The comparison between the numerical and experimental results is shown in the force-dis-
placement graph (Figure 5). The numerical model (black solid line) exhibits a steeper initial
stiffness compared to the experimental curves, suggesting a slightly stiffer response than the
actual specimens. This discrepancy can be attributed to the initial accommodation of the testing
apparatus.

In the simulation, failure was considered to occur when the time step was reduced below 1E-
10 due to material nonlinearities. The peak load predicted by the model (283kN) is slightly
higher than the mean experimental maximum force (262 kN) but remains within an acceptable
range, considering the standard deviation (SD =22 kN) and coefficient of variation (CoV = 9%)
among the three experimental results. The experimental curves exhibit a more gradual softening
and greater dispersion in failure displacements, whereas the numerical model maintains a more
idealized, stiffer response. This suggests that certain effects related to material and geometrical
variability are not captured in the numerical simulation.

300 —— —
200 i ‘
2 I"
< 150 /! .:‘f Experimental Values
8 100 |[/ 7 Mean F,,.= 262 kN
£ 50 [ SD =22 kN
4 CoV=9%
0
0 5 10 15 20 25 30 35
Displacement (mm)
=== L7-1 — - —L7-2.C e L7-3 Model

Figure 5: Force - displacement curves comparison.
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The numerical model successfully captures the overall trend and failure locations at the front
and the back of the specimen, as shown in Figure 6 through the SDEG (Status of Damage
Evolution for General Failure) plot. This damage variable quantifies material degradation
throughout the simulation, ranging from 0 (undamaged material) to 1 (complete failure).

Despite some limitations, the model provides a good approximation of the experimental re-
sponse, particularly in terms of peak strength and failure modes. Therefore, it is considered
validated and suitable for the parametric variations analyzed in this study. Future improvements
will focus on enhancing the accuracy of post-peak behavior by implementing cohesive elements
between the steel rebars and concrete, which could better simulate bond-slip effects and the
observed variability in stiffness and post-peak behavior.

Figure 6: Failure modes comparison between experimental and numerical results

2.6 Description of parametric study

The parametric study aims to evaluate the influence of concrete strength, bolt diameter, and
rebar diameter on the structural performance of the connection. The Reference Model corre-
sponds to the calibrated numerical model based on experimental properties, serving as the
benchmark for comparison.

2.6.1 Concrete Strength

To assess the effect of concrete strength, three different compressive strengths were consid-
ered: 40 MPa, 60 MPa (Reference Model), and 80 MPa. The 60 MPa concrete corresponds to
the experimental reference, while the 40 MPa and 80 MPa variations were introduced to eval-
uate how a weaker or stronger concrete affects the connection’s behavior. Since concrete
strength directly influences its plasticity and failure mechanisms, the elastic modulus and plas-
ticity parameters were adjusted accordingly (Figure 7), following the considerations explained
in Section 2.3.1. The objective of this variation is to analyze how different levels of concrete
strength impact stiffness, failure mode, and overall load-bearing capacity of the connection.
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Figure 7: Concrete properties for the three different strengths studied (a) Compressive behavior (b) Compres-
sive damage (c) Tensile behavior (d) Tensile damage

2.6.2 Bolt Diameter

The second parameter investigated is the diameter of the anchor bolts used in the connection.
The reference model employs M24 bolts, but additional simulations were conducted with M22
and M27 bolts to assess how changing the bolt size influences the force transfer mechanism
and stress distribution within the connection. Smaller-diameter bolts, such as M22, may lead to
increased stress concentrations and potentially affect failure modes, whereas larger-diameter
bolts, such as M27, could enhance load-bearing capacity but might also alter the stress distri-
bution between the concrete and steel components. The analysis will help determine the optimal
bolt size for balancing strength, stiffness, and failure behavior.

2.6.3 Rebar Diameter

Lastly, the effect of the rebar diameter on the connection's performance was investigated.
The reference model uses 16 mm diameter rebars, while additional simulations were conducted
using 12 mm and 20 mm rebars. Reducing the rebar diameter to 12 mm could lead to reduced
reinforcement stiffness and lower load capacity, potentially increasing concrete damage due to
a weaker confinement effect. Conversely, increasing the rebar diameter to 20 mm might im-
prove the connection’s strength and stiffness, though it could also affect failure modes and crack
propagation patterns. This variation aims to provide insights into the interaction between rein-
forcement and concrete in the connection and how different rebar sizes influence the structural
response.
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3 RESULTS AND DISCUSSION

3.1 Concrete strength

The analysis of different concrete strengths (40 MPa, 60 MPa, and 80 MPa) shows that the
maximum load capacity of the connection is not significantly affected by this variation (Figure
8). The initial response of all three models is nearly identical, indicating that the initial stiffness
of the connection remains largely unchanged with different concrete strengths. Additionally,
the peak force values are very similar across the models, suggesting that concrete strength has
a limited impact on the ultimate load capacity. However, the failure displacement varies slightly
(marked with the x in Figure 8), indicating that the ductility of the connection may be influenced
by the type of concrete used.

300

250 S a—
200
150
100

0 2 4 6 8 10 12 14 16 18
Displacement (mm)

Force (kN)

(S
o
—

o

Reference_Model fcm-40 - - - - fcm-80
Figure 8: Force-displacement response for different concrete strengths.

The damage distribution in the concrete (Figure 9) shows that, for the 40 MPa model, the
damaged area extends further (276 mm), meaning that the weaker concrete results in a wider
spread of cracks. In the 60 MPa reference model, this zone is smaller (230 mm), representing
intermediate behavior. For the 80 MPa concrete, the damage region is the smallest (198 mm),
suggesting that failure occurs in a more localized manner, possibly due to the reduced defor-
mation capacity before rupture. This behavior indicates that higher-strength concrete can lead
to a more brittle response, concentrating stresses in smaller regions.

fem =60 fcm =40 fcm =80
Figure 9: Concrete tensile damage distribution for different concrete strengths.

The stress distribution in the reinforcing bars (Figure 10) reveals that the maximum stresses
reach similar values across all models (o _max =~ 412-416 MPa), indicating that variations in
concrete strength do not significantly affect the stresses in the reinforcement. However, in the
experimental tests, failure ultimately occurs due to the failure of one of the rebars, despite the
presence of tensile damage in the concrete. This behavior is also observed in the simulation,
where the stresses in the steel bars approach their yield limit, confirming that failure primarily
occurs in the steel, but is influenced by accumulated damage in the concrete.
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Figure 10: Von Mises stress distribution in the rebars for different concrete strengths.

The initial stiffness of all three models appears nearly identical, meaning that the variation
in concrete strength does not significantly affect the elastic response of the connection (as
shown in Figure 8). However, differences emerge in the post-peak behavior. The 60 MPa model
sustains more deformation before numerical instability occurs, followed by the 80 MPa, and
then the 40 MPa model, which fails with the least displacement. This aligns with the stress
distribution in the anchor bolts (Figure 11), where the 60 MPa model exhibits the highest stress
concentration, followed by the 80 MPa and the 40 MPa.

This suggests that the dominant factor influencing failure is the deformation capacity of the
anchor bolts. In the 60 MPa model, the combination of moderate concrete strength and suffi-
cient deformability allows the bolts to develop higher stresses before failure. In contrast, in the
80 MPa model, the stiffer concrete restricts deformation slightly, lowering bolt stress. The 40
MPa model, being more flexible, leads to a more distributed load transfer, but fails at a lower
displacement. Thus, while stiffness remains largely unchanged, the deformation capacity are
influenced by the interaction between concrete strength and anchor bolt behavior.

S, Mises
(Avg 75%)

fcm =60 fcm =40 fcm =80
Figure 11: Von Mises stress distribution in the bolts for different concrete strengths.

3.2 Bolt diameter

The force-displacement graph (Figure 12) indicates that varying the bolt diameter has little
effect on the stiffness of the connection, as the initial slopes of all curves remain similar. How-
ever, differences are observed in the peak load and displacement at failure. The M22 bolt ex-
hibits the lowest ultimate strength, while the M27 bolt achieves the highest, with the reference
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model (M24) in between. This suggests that increasing the bolt diameter enhances the load
capacity of the connection, although it may also affect the deformation behavior.

Notably, the M22 and M24 configurations exhibit a pronounced yield plateau, indicating
significant inelastic deformation before failure. In contrast, the M27 configuration lacks this
yield plateau, suggesting a more brittle failure mode. This observation is further supported by
Figure 15, which shows that the connection with the M27 bolt does not reach the yield stress.
This explains the brittle failure observed in the force-displacement response in Figure 12.

These results highlight an important trade-off in bolt sizing: while larger bolts increase
strength, they may also lead to more brittle failure modes, reducing the ductility and energy
dissipation capacity of the connection. This aspect is particularly relevant for seismic applica-
tions, where ductility and controlled energy dissipation are critical to ensuring structural resili-
ence.

300
250 /
200
150
100

Force (kN)

[8)]
o

o

0 2 4 6 8 10 12 14 16 18
Displacement (mm)

Reference_Model M22 ----M27

Figure 12: Force-displacement response for different bolt diameters.

The damage plots (Figure 13) reveal that the M22 configuration experiences the smaller
concrete damage, with a failure region extending up to 187 mm. The M27 bolt shows a slightly
smaller damage area (212 mm), whereas the M24 reference model presents the largest extent
of damage (230 mm). These results suggest that increasing the bolt size may improve strength
but does not necessarily mitigate concrete damage, as stress concentrations shift rather than
decrease.

M24 M22 M27
Figure 13: Concrete tensile damage distribution for different bolt diameters.

Figure 14 presents the stress distribution in the rebars, demonstrating that increasing the bolt
diameter has little effect on the maximum stress in these elements. The highest stress values are
similar across all configurations, with slightly higher stresses in the M27 case (418 MPa) com-
pared to the reference model (416 MPa) and the M22 configuration (412 MPa). This suggests
that bolt size variation does not significantly alter the force transfer mechanism to the rebars.
However, it influences the relative timing of this transfer in relation to bolt yielding, allowing
more or less time for the bolts to yield. Ultimately, the rebars yielding remains a critical factor
in determining the maximum force and displacement each specimen can sustain before losing
convergence.
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S, Mises Boit M24 (RM) Bolt M22 Bolt M27

(Avg 75%) Omax = 416MPa Omax = 412MPa Omax = 418MPa
416.9
410.0
400.0
300.0
200.0
100.0
0.0

Figure 14: Von Mises stress distribution in the rebars for different bolt diameters.
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M24 M22 M27
Figure 15: Von Mises stress distribution in the bolts for different bolt diameters.

3.3 Rebar diameter

Based on Figures 16 to 19, the impact of rebar diameter variation on the structural response
of the connection can be observed. Figure 16 indicates that the initial stiffness of the connec-
tions is not strongly affected by the rebar diameter. However, differences arise in ultimate
strength and post-yielding behavior. The connection with 12 mm rebar exhibits the lowest ulti-
mate strength, with a more brittle failure behavior, whereas the 20 mm rebar performs similarly
to the reference model (16 mm) but with a more pronounced yielding plateau.
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Reference Model filz ----fi20

Figure 16: Force-displacement response for different rebar diameters.
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Figure 17 shows that the connection with 12 mm rebar has the shortest concrete damage
length (130 mm), while the 20 mm rebar reaches 195 mm, positioning itself between the ¢12
and the reference model (230 mm). However, despite the smaller damage length, the severity
of concrete damage is higher for $12. This suggests that thinner rebars tend to limit the propa-
gation of concrete damage, whereas thicker rebars may increase the extent of damage, requiring
a longer anchorage length. Moreover, Figure 18 reveals that the rebars in the $12 connection
experience more severe yielding compared to ¢$16 and ¢$20, which justifies the limited plastic
deformation observed in Figure 16 and the premature failure of the connection.

DAMAGET
(Avg 75%)

o

COOOO000O00D
OB OV I ~I000

®16 12 $20
Figure 17: Concrete tensile damage distribution for different rebar diameters.

S, Mises Rebars ¢ 16(RM) Rebars ¢12

(Avg 75%) Omax = 416MPa Omax = 438MPa
416.9
410.0
400.0
300.0
200.0 7
100.0
0.0 7

Figure 18: Von Mises stress distribution in the rebars for different rebar diameters.

B Rebars p20
B 6.0 = 409MPa

Finally, Figure 19 shows that in ¢16 (reference model) and $20 connections, the bolts reach
high stress levels, exceeding 908 MPa. This indicates that these elements have yielded, explain-
ing the plateau observed in Figure 16. In contrast, the ¢$12 connection exhibits bolt stresses
ranging from 600 to 808 MPa, meaning the bolts did not reach the yielding point.

S, Mises
(Avg 75%)

VA4 Y4 VA VAV AVAYAYAYA)

Rebars Rebars Rebars
$16 $12 $20
Figure 19: Von Mises stress distribution in the bolts for different rebar diameters.
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4 CONCLUSIONS AND FUTURE WORK

This study investigated the structural behavior of a bolted connection system for insulated
load-bearing precast concrete walls through numerical analysis, considering variations in bolt
diameter, rebar diameter, and concrete strength. The results indicate that variations in concrete
strength have a minimal influence on the overall structural performance of the connection. Peak
force values remain similar across all models, suggesting that concrete strength has a limited
impact on the ultimate load capacity. However, failure displacement varies slightly, with
higher-strength concrete reducing deformation capacity, though not significantly.

Increasing the bolt diameter enhances the load capacity of the connection; however, it does
not necessarily lead to improved ductility. This is evident in the M27 case, which exhibited a
more brittle failure mode. The rebar diameter also plays a crucial role in defining the post-
yielding behavior and overall failure mechanism. Smaller rebars, such as the 12 mm case, ex-
hibited more severe yielding and premature brittle failure, whereas larger rebars, such as the 20
mm case, performed similarly to the 16 mm bars.

In conclusion, the force-displacement behavior suggests that an optimal combination of bolt
and rebar sizes is essential to balance strength and ductility. While increasing the bolt size can
enhance the load-bearing capacity, the rebar must be proportionally adjusted to prevent prem-
ature and brittle failure. Future numerical work will focus on improving the representation of
the bond interaction between the rebar and concrete, as experimental results indicate that the
rebars undergo significantly greater deformation, including necking and eventual failure. In
contrast, the numerical model constrains this behavior due to the surrounding concrete and tie
connections used. Refining this aspect will enhance the accuracy of the simulations and provide
amore realistic prediction of failure mechanisms, contributing to the optimization of connection
detailing in precast concrete structures.
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