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This research introduces an innovative approach to the design and simulation of bio-
based laminated structures, specifically focusing on glue-laminated bamboo (glubam)
used in roof trusses. Our study fills a critical gap by investigating the mechanical
behaviors of bolted connections in bamboo-based structures, which have not been
comprehensively studied before. We employ a dual-phase methodology: initially, cyclic
tests on bolted steel to glubam joints assess their hysteretic behavior, followed by tests
on glubam planar roof trusses to evaluate structural responses under practical
conditions. Our novel contribution is the development of a simplified mechanical-based
hysteretic model, incorporating connector and spring elements in series or parallel
within the ABAQUS software. This model significantly improves on existing models by
allowing for initial calibration through a parallel genetic algorithm (PGA), enhancing
both accuracy and efficiency. Subsequent incorporation of this model into the
simulation of truss joints enabled the creation of an advanced hybrid roof truss model
within ABAQUS. The final stage of our research demonstrates the application of a
PGA-based model-updating framework, which substantially increases the model's
predictive accuracy. This work not only advances the understanding of structural
behavior in bio-based construction materials but also introduces a robust framework for
model updating that can be applied to other engineering simulations, contributing to
more sustainable and resource-efficient construction practices.
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Reviewer #1:

This manuscript introduced a modelling study on the hysteretic behavior of glubam
truss joints and glubam roof truss structures. The proposed simplified joint model is
interesting and valuable. Overall, this study is generally well-written covering both
parameter identification and model-updating work. The experimental results and
findings presented in the manuscript are useful to the readers and thus merit
publication. However, the manuscript should be polished before it can be accepted for
publication.
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Response: Thank you for your positive feedback and constructive suggestions. We are
grateful for your acknowledgment of the value of our research on the hysteretic
behavior of glulam truss joints and glulam roof truss structures, particularly regarding
the proposed simplified joint model.

We have carefully reviewed and revised the manuscript to address any areas requiring
polishing to ensure clarity and coherence throughout. Your input has been instrumental
in refining our work, and we are committed to delivering a manuscript that meets the
highest standards of quality and readability.

We sincerely appreciate your time and consideration, and we look forward to the
opportunity for our research to contribute to the advancement of the field.

1. In Figure 22, the author verified the updated model against strain-time history (if | am
right) of truss chord 3,4 and 8, but which three chord are 3,4 and 8. Please note.
Response: Thank you for bringing this to our attention. We have addressed the issue
by adding labels for truss chords 3, 4, and 8 on Figure 22, providing clarity regarding
the specific components being referenced in the verification of the updated model
against strain-time history. This amendment ensures enhanced comprehension for
readers, aligning with our commitment to clarity and precision in presentation.

2. The also uses multiple axial connector elements to model joint behavior in ABAQUS.
This method is constructive and also the most valuable contribution of this research.
But what type of joint you used to connect this multiple axial connector elements with
truss elements in your roof truss model? Translation, axial or other type. Please
introduce with more detail.

Response: Thank you for highlighting this important aspect of our research
methodology. We are grateful for your acknowledgment of the significance of our
approach in using multiple axial connector elements to model joint behavior in
ABAQUS.

In response to your query, we apologize for the oversight in not providing detailed
information about the type of joint used to connect these axial connector elements with
truss elements in our roof truss model.

To address this, we have updated the manuscript to specify that the connector type
utilized for this purpose in ABAQUS is the translation type. This choice enables
effective integration of the multiple axial connector elements with the truss elements,
facilitating accurate modeling of joint behavior within the roof truss structure. We have
now supplemented this information in the manuscript, stating that:

“The connector type used to connect the multiple axial connector elements with truss
elements is translation type.”

3. How does the author define the length of joint domain in your roof truss model ? zero
length? Please specify.

Response: Thank you for your attention to detail and for bringing up this inquiry
regarding the definition of the length of the joint domain in our roof truss model.To
clarify, we indeed specified the length of the joint domain in Section 5.3 of the
manuscript. We stated:

“The joint model is located between the node and wire element and its length is set as
150 mm, which equals to the length of real joints domain (see Figure 1).”

In our modeling approach, we opted not to utilize zero-length elements but instead
employed finite-length elements. The decision to set the length of these finite-length
elements to 150mm was informed by the physical characteristics of the joints used in
the experiment. Specifically, the distance between the bolt position of the joints and the
end of the member was determined to be 150mm, as illustrated in Figure 1.

By aligning the length of the joint domain in the simulation with the actual length of the
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joint domain in the physical components, we aimed to ensure accurate representation
and effective modeling of joint behavior within the roof truss structure.

4. In Figure 10, | suggest the author add some sketches to introduce the hysteretic
behavior of glubam bearing model and bolt model you proposed, because this study
majorly focused on cyclic behavior of joints not the monotonic behavior.

Response: We appreciate the Reviewer's constructive suggestion highlighting the
importance of distinguishing between cyclic and monotonic behaviors in our study.

In response, we have incorporated detailed sketches that illustrate the hysteretic
behavior of both the glubam bearing model and the bolt model:

Reviewer #2:

The paper discusses a valid engineering challenge and tries to address that with a
sound testing program. The paper is well-written, and only a few missing words and
typos caught my eye, which the authors can correct in their future reviews. For
example, in line 30, the word "of" before "bolted" is missing, or in line 45 ", steel plate"
should be "steel plates". There are minor writing issues of this kind that could be
corrected in the future.

Response: Thank you for your thorough review and valuable feedback on our
manuscript. We genuinely appreciate your acknowledgment of the engineering
challenge addressed in our research and your recognition of the sound testing program
implemented.

We acknowledge the presence of some grammatical and writing issues in the
manuscript and are grateful for your attention to detail. We have conducted a
comprehensive examination and revision of the grammar and writing throughout the
entire text, including the two errors you pointed out:

“First, cyclic tests of bolted steel to glubam joints were conducted to investigate their
hysteretic behavior.”

“The truss elements sandwiched with two steel plates are composed of the glubam
panel, Grade 8.8 bolts, and Q235 steel plates. All the joints were designed following
the geometric requirements of GB50005 [29]. Holes were drilled on Glubam
components and steel plates, and bolt inserted in these tight-fitting holes were adopted
to connect the steel plates with Glubam components in ends of joined members.”

Additionally, we have fixed several other typos and writing issues along the manuscript
to ensure its clarity and coherence. We appreciate your thorough review and your
commitment to ensuring the quality of our work. If you have any further suggestions or
concerns, please do not hesitate to let us know.

The testing program and the results seem reasonable to me. However, | am not
convinced that the PGA analysis could add new insight to our existing solid mechanics
knowledge. | also, think that the results of the PGA analyses are not likely to be useful
for real applications as they are case-specific.

PGA and other genetic algorithms are used for optimisation and parameter tuning
normally when the mechanism of a phenomenon is not known but the expected
influencing parameters are almost known. We can tune the parameters of a physically
wrong model in a way that the model correctly predicts a phenomenon in a specific
condition. However, that model won't be comprehensive enough to predict cases
different from the one for which the model parameters are tuned. In this paper using a
set of springs and dampers is not a wrong physical model but is not comprehensive
enough to include enough structural behaviour. To make this clearer, can the authors
claim that the tuned parameters here could be used if a different form of truss is used?
Would the tuned parameters still be valid if the loading condition changes? We can not
answer these questions with confidence. The tuned parameters are valid for the
specific testing condition, material type, joint type, structure size, and loading condition
of this study. So, we can not use the tuned parameters in real applications. If we had
done this parameter tuning for many different cases, that would then be applicable to
general engineering design applications. | understand that the latter is not possible we
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the amount of data we have. My conclusion is that the parameter-tuning effort
presented in this study does not add any significant knowledge to the established
knowledge of solid materials we have for modelling a truss structure. The test results
and the numerical modelling in this study do make sense to me, but the PGA part
ignores part of the existing solid mechanics knowledge and makes the results case-
specific.

Response: Thank you for your detailed and insightful comments. We appreciate your
thorough evaluation of our research and the critical points you've raised.

We agree that phenomenological models, including the one employed in our study,
suffer from specificity limitations and may not be easily extended to different scenarios.
To address this challenge, we adopted a dual-phase methodology. Initially, cyclic tests
were conducted on bolted steel to glulam joints to assess their hysteretic behavior.
Subsequently, tests on glulam planar roof trusses were performed to evaluate
structural responses under practical conditions. This approach allows us to leverage
tests at a small scale to extend our understanding of behavior and evaluate the error.

Regarding the use of Parallel Genetic Algorithm (PGA) analysis, we understand your
concerns about its potential contribution to existing solid mechanics knowledge. PGA
and other genetic algorithms are typically employed for optimization and parameter
tuning when the mechanism of a phenomenon is not fully understood but the
influencing parameters are known to some extent. However, we acknowledge that the
results of PGA analyses may be case-specific and not directly applicable to all real-
world scenarios.

In this study, we know that the model we have employed is a simplified semi-
phenomenological model. However, this does not imply that the parameter optimization
method (PGA) proposed in this paper cannot be used to analyze behaviors based on
solid mechanics. In fact, in our previous research, we also applied the parameter
optimization method (PGA) proposed in this paper to calibrate relevant parameters
(such as elastic modulus, yield strength, etc.) in high-fidelity 3D finite element models,
all of which are related to solid mechanics knowledge. More specifically, we calibrated
the 9 elastic constants for orthopical materials in our in high-fidelity 3D finite element
models aiming to obtain the optimal fit with the experimental results. The 3D model
and the fitting results is as following:

The model in this paper indeed does not explicitly apply relevant solid mechanics
knowledge because the emphasis of this paper is on creating a simplified model to
predict structural behavior, thus saving structural analysis time. In subsequent
research, we will attempt to analyze high-fidelity 3D structural finite element models
based on relevant solid mechanics knowledge.

It is indeed essential to consider the limitations of parameter tuning efforts, particularly
regarding the transferability of tuned parameters to different structural configurations,
material types, joint types, and loading conditions. We acknowledge that the tuned
parameters in our study are specific to the testing conditions and may not be
universally applicable to all engineering design applications.

However, it's worth noting that this approach can also be used to transition from high-
fidelity models to lower-fidelity ones by scaling down the complexity of the problem.
While we utilized this approach to move from a physical model to a high-fidelity
numerical model, the same methodology can be employed to transition from high-
fidelity finite element models to lumber models. This approach, if implemented for a
variety of cases, could potentially yield parameter values applicable to general
engineering design applications.

While we aimed to provide insights into the behavior of the truss structure through
parameter tuning, we acknowledge the challenges in generalizing these findings to
broader engineering contexts. We appreciate your perspective on the limitations of the
PGA approach and its potential impact on the broader understanding of solid
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mechanics.

You rightly point out the potential limitations of manually calculating parameter values
based solely on visually captured characteristic points from experimental curves.
Although some characteristic points can be used to deduce the values of
corresponding parameters based on the experimental curves (such as points P1 to P5
in Figure 11) using basic mechanics and mathematical knowledge, it is not necessarily
very accurate to calculate a set of parameter values by only visually capturing some
characteristic points and plugging them into the formula in Section 5.2.2. This is
because the visual capture involves significant errors. Indeed, as illustrated in the
figures provided, the simulation results obtained by identified parameter values through
genetic algorithms (Figure 1) exhibit significantly higher fitting accuracy compared to
those obtained by manually calculating parameters (Figure 2) based on visually
observed characteristic points. This discrepancy underscores the importance of
employing optimization algorithms, such as genetic algorithms, to refine parameter
values and improve model accuracy.

Contrary to the assumption that the expected influencing parameter values are
completely known, the estimated values derived from basic mechanics and
mathematical knowledge may not be entirely accurate. Therefore, these parameter
values serve primarily as prior knowledge to provide a reference for the search space
of our optimization algorithm.

Figure 1. Model results from initially identified parameters

Figure 2. Model results from rough evaluated parameters
The Abstract and Introdution were extensively modified to include these elements.

Thank you for your valuable insights and constructive criticism.

Reviewer #3:

In this paper, the structural behavior of glubam roof truss are investigated by
experimental and numerical analysis. The research is detailed and applicable, but
following problems need to be carefully modified:

Response: Thank you for your positive feedback on our research. We are glad to hear
that you found the investigation of the structural behavior of glulam roof trusses
through experimental and numerical analysis detailed and applicable.

We acknowledge your feedback regarding the need for careful modification of the
following identified problems. We have taken your comments seriously and have made
the necessary revisions to address these issues in the manuscript.

1. A large number of letters with special meanings appear in the article, but the
interpretation of letters generally appears far away from the first time. The reviewer
suggests that the interpretation of letters should follow the letters. For example, in
section 5.1. At the same time, it is recommended to introduce the abbreviation table at
the beginning of the article.

Response: Thank you for your valuable feedback on our manuscript. We appreciate
your suggestion to improve the clarity and accessibility of our abbreviations and special
letters throughout the article.

In response to your recommendation, we have made the necessary revisions to
enhance readability. Specifically, we have added an abbreviation table at the end of
the article to provide readers with a convenient reference for interpreting the special
letters and abbreviations used in the text:
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Nomenclature

Furthermore, we have ensured that the interpretation of letters now appears closer to
their first mention in the text, as exemplified in Section 5.1.

We believe that these modifications will greatly improve the reader's understanding of
our research and facilitate smoother comprehension of the text.

Thank you once again for your insightful comments, which have contributed to the
refinement of our manuscript.

2. In Figure 9, it is recommended to use different color lines to distinguish the
coordinate axis and the mechanical path.

Response: Thank you for your suggestion to improve Figure 9 for better clarity and
distinction between the coordinate axis and the mechanical path. We appreciate your
attention to detail and have made the necessary modifications accordingly.

In the updated version of Figure 9, different color lines have been used to clearly
delineate between the coordinate axis and the mechanical path. This enhancement will
ensure that readers can easily differentiate between these elements and better
understand the information presented in the figure.

3. In Section 5.2.4, the author mentioned that the population size of the genetic
algorithm is only 30, and the corresponding population dimension is as many as 20
dimensions. How to ensure that such a small population will not enter the early
maturity, and how to ensure the diversity of the population? In fact, there is a problem
that the parameters remain unchanged before and after optimization on some
parameters, which may be caused by the small number of populations. It is suggested
that the author should increase the corresponding discussion.

Response: Thank you for your insightful comments and suggestions regarding the
population size of the genetic algorithm in Section 5.2.4. We appreciate your attention
to this aspect of our research methodology.

Indeed, the population size we selected is relatively small, with only 30 individuals,
while the generation number chosen is 50, resulting in a total of 1500 evaluations
during the identification process. We acknowledge that such a small population size
may raise concerns about early convergence and the diversity of the population.

However, we want to highlight that prior to optimization, we conducted an initial
parameter evaluation based on basic mechanical knowledge (see Section 5.2.2). This
initial screening allowed us to establish certain prior knowledge about the parameters
to be optimized. Consequently, we had a foundation of "good genes" to start with,
reducing the strict requirement for population diversity during the optimization process.

Regarding the observation that some parameter values did not change significantly
before and after optimization, we recognize that this issue is indeed related to the small
population size. However, it's important to note that certain parameter values could be
accurately determined through prior knowledge and experimental observations.
Therefore, we artificially narrowed the search space for these parameters during
optimization, resulting in minor changes in some parameter values.

To address your concerns and provide clarity on this point, we will include a more
detailed explanation in the manuscript:

“After rough determination of model parameters (see Section 5.2.2), for parameters
that can be directly obtained from prior knowledge or experimental observations, such
as Gi, we only multiplied the initial estimated values as reported in Table 2 by
amplification factors of 7 and 0.4, respectively, to serve as their upper and lower
bounds in the search space. For other parameters, we multiplied the initial estimated
values by amplification factors of 20 and 0.2, respectively, to serve as their upper and
lower bounds in the search space.”
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Finally, we would like to clarify that the the optimal population size for a specific
problem was based on empirical testing. By systematically varying the population size
and observing its impact on algorithm performance, we identified an optimal population
size that balances exploration, exploitation, and computational efficiency.

In conclusion, determining the population size in genetic algorithms requires careful
consideration of factors such as diversity, computational resources, convergence
speed, problem complexity, and empirical testing. By striking a balance between these
factors, we selected an optimal population size that facilitates effective exploration of
the solution space and yields high-quality solutions efficiently.

4. Is there a progressive relationship between Table 5 , Section 5.3 and Table

4 , Section 5.2.47 If there is no progressive relationship, what is the significance of the
Section 5.2.47? If there is a progressive relationship, the content of Table 5 is wrong.
Response: Thank you for bringing this to our attention and for your careful review of
our manuscript. We sincerely apologize for the confusion regarding the relationship
between Table 5 and Section 5.3, as well as the misalignment with the content of
Section 5.2.4.

Indeed, there is a progressive relationship between Table 5 and Section 5.3, as the
values presented in Table 5 should have corresponded directly to the initial
identification values obtained from Section 5.2.4, as depicted in Table 4. Unfortunately,
due to an oversight, we erroneously inputted the rough estimated values from Table 2
as the initial identification values in Table 5, leading to discrepancies and confusion.

We appreciate your diligence in identifying this critical issue, and we have taken
immediate steps to rectify the error. The content of Table 5 has been corrected to
accurately reflect the initial identification values obtained from Table 4:

This ensures consistency and coherence between the different sections of the
manuscript, facilitating a clearer understanding of the progressive relationship between
the tables and sections.

5. This paper had done a lot of work, including experiments, new units, parallel genetic
algorithms, parameter identification. The author should highlight the innovative
contribution of this article, compared with literature 37 ~ 39. For example, the parallel
computing of genetic algorithm has been implemented in many articles, maybe it is
inappropriate to write it in the highlights.

Response: Thank you for your valuable feedback and suggestions for improving the
highlights section of our paper. We appreciate your insight into ensuring that the
innovative contributions of our research are effectively communicated, particularly in
comparison to existing literature.

In response to your suggestions, we have revised the highlights section to focus on the
unique and innovative aspects of our research. We have emphasized the following key
contributions:

- Axial behavior of bolted steel to Glued Laminated Bamboo (glubam) joints

- Simplified mechanical-based hysteretic models of truss joints developed in ABAQUS
- Simplified structural FE model of roof truss developed in ABAQUS

- Advanced hybrid roof truss model developed within ABAQUS

- Advanced sustainable civil engineering practices

We have taken into account your observation that parallel computing of genetic
algorithms has been implemented in many articles and have accordingly refrained from
highlighting it in our revised highlights section.

Furthermore, we have made extensive modifications to the abstract and introduction to

better reflect the innovative contributions and significance of our research compared to
existing literature.
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6. From Figure 16, there is still a certain gap between the final fitting results and the
test results. The author should explain the reasons for this phenomenon.
Response: Thank you for your insightful observation regarding the discrepancies
between the fitting results presented in Figure 16 and the experimental results. We
appreciate your attention to detail and the opportunity to address this phenomenon.

Indeed, the fitting results shown in Figure 16 encompass the outcomes of multiple
individuals, each representing a different solution within the population. We
acknowledge that some individuals may exhibit poorer fitting effects compared to
others, which can overshadow the well-fitted experimental results obtained from
optimal individuals.

To provide a more accurate representation of the fitting results, we have plotted the
outcomes of the best individual separately in Figures 20-22. From the force-time data
depicted in Figure 20, it is evident that the error between the fitting results of the best
individual and the real experimental results is relatively small, indicating a closer
alignment between the model predictions and the actual data.

The significant differences observed among the fitting results of different individuals in
Figure 16 can be attributed to several factors, including the large volume of data and
the number of optimization generations utilized. The abundance of observation data
points during the optimization process may lead to increased identification errors,
particularly when insufficient optimization generations are employed.

We appreciate your suggestion to provide further explanation in the paper regarding
these discrepancies and potential avenues for improvement in subsequent research.
We will include the following clarification in the manuscript:

“However, compared to the identification results at the joint level, the variance of the
identification results at the truss level is larger. This is because the increase in the
quantity of observation data points during the optimization process leads to an
increase in identification errors. Subsequent improvements can be made by optimizing
the population size and optimization generations.”

7. According to Figure 13, the error envelope area is more than one hundred times of
the experimental envelope area. Please explain whether this value is reasonable.
Response: The statement relates to the analysis of the figure, which compares the
convergence histories of two objective function evaluations (labeled B-10-J and B-12-
J). Each subplot shows both the "best objective value" as points and the "average
objective value" with its standard deviation (o) as a shaded area around the mean.

Given the additional details about the blue and red points in the figure representing the
best solution at each generation and the mean of the population respectively, the
explanation of the figures becomes more insightful:

1.Best Solution (Blue Points): These points indicate the best-performing individual or
solution at each generation. Observing these points allows us to see the optimization
process in action, as the model searches for the most effective parameters to minimize
or optimize the objective function. The gradual movement of these points towards
lower values, as seen in the figure, highlights continuous improvement in the model's
performance over successive generations.

2.Mean of the Population (Red Points): The mean values represented by the red points
provide an average measure of the entire population's performance at each
generation. This offers a broader perspective on how the overall solutions are evolving.
The convergence of these points towards the best solutions (blue points) over
generations indicates that not only is the best solution improving, but the average
performance of all solutions is also getting better. This suggests increasing consistency
and reliability in the solutions generated by the model.

3.Convergence of Blue and Red Points: The convergence of the blue and red points
throughout the generations is particularly noteworthy. As the mean of the population
converges towards the best solutions, it implies a reduction in the variability among the
solutions in the population. This is indicative of the population stabilizing around more
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optimal solutions, which is a desired outcome in any optimization process. Such
convergence also typically signifies that the algorithm is effectively escaping local
minima and making steady progress toward the global optimum.

4.Analyzing Convergence: The analysis of convergence, shown visually through these
points, provides crucial insights into the effectiveness of the optimization algorithm and
the stability of the model. It shows that the algorithm is not only capable of finding good
solutions but is also improving the average quality of solutions across the population,
which is essential for robustness in practical applications.

If the "error envelope" refers to the shaded area representing the standard deviation
around the mean average objective value, we can clarify that the Figure is showing
that the Figure shows that the model achieves stable solutions after about 30
generations, with 900 evaluations of individuals.

This suggests that the algorithm used for optimization is effective in reducing variability
and improving accuracy over successive iterations. The convergence history, as
illustrated in the figures, provides visual proof of this trend towards stabilization and
optimal solutions.

We added the following text to Section 5.2.4 to better clarify the meaning of Figure 13:

“In Figure 13, the blue points indicate the best-performing individual or solution at each
generation while the red points the average of the entire population's performance at
each generation. The convergence of the blue and red points throughout the
generations is particularly noteworthy. As the mean of the population converges
towards the best solutions, it implies a reduction in the variability among the solutions
in the population. This is indicative of the population stabilizing around more optimal
solutions, which is a desired outcome in any optimization process. Such convergence
signifies that the algorithm is effectively escaping local minima and making steady
progress toward the global optimum.”

Based on this context, we can disagree that the error envelope area is more than one
hundred times of the experimental envelope area.
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Modelling of glubam roof truss, parameter identification and updating based
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Abstract

This research introduces an innovative approach to the design and simulation of bio-based laminated struc-
tures, specifically focusing on glue-laminated bamboo (glubam) used in roof trusses. Our study fills a critical
gap by investigating the mechanical behaviors of bolted connections in bamboo-based structures, which have
not been comprehensively studied before. We employ a dual-phase methodology: initially, cyclic tests on
bolted steel to glubam joints assess their hysteretic behavior, followed by tests on glubam planar roof trusses
to evaluate structural responses under practical conditions. Our novel contribution is the development of
a simplified mechanical-based hysteretic model, incorporating connector and spring elements in series or
parallel within the ABAQUS software. This model significantly improves on existing models by allowing for
initial calibration through a parallel genetic algorithm (PGA), enhancing both accuracy and efficiency. Sub-
sequent incorporation of this model into the simulation of truss joints enabled the creation of an advanced
hybrid roof truss model within ABAQUS. The final stage of our research demonstrates the application of a
PGA-based model-updating framework, which substantially increases the model’s predictive accuracy. This
work not only advances the understanding of structural behavior in bio-based construction materials but
also introduces a robust framework for model updating that can be applied to other engineering simulations,
contributing to more sustainable and resource-efficient construction practices.

Keywords: Bamboo, Bolted connections, Glubam, Roof truss, Model updating, Parallel Genetic algorithm

1. Introduction

Sustainable structures made from bamboo are of great importance in a rapidly evolving world, as they

address the urgent requirement for more resource-efficient and environmentally responsible civil engineering

*Corresponding author
Email addresses: da.21@intl.zju.edu.cn (Da Shi), giuseppe.marano@polit.it (Giuseppe Carlo Marano),
cristoforodematino@intl.zju.edu.cn (Cristoforo Demartino)
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constructions. Currently, glued laminated bamboo (glubam) stands as a premier engineered bamboo product
for structural applications due to its notable strength and durability [1, 2, 3, 4]. However, despite its high
strength, glubam is inherently brittle [2, 5], necessitating the use of ductile joints in its structural applications
to accommodate movement and stress.

Bolted connections are fundamental to the structural integrity of wooden trusses and moment-resisting
frames. Extensive research over the years has focused on analyzing the mechanical behaviors of these con-
nections. In this field, the predominant research methods include experimental studies, which provide direct
observations of behavior under various conditions, comprehensive three-dimensional (3D) finite element (FE)
simulations that offer detailed insights into stress and strain distributions, and simplified phenomenological
models that abstract and generalize the mechanical responses [6].

Experiments are the cornerstone of analyzing mechanical behaviors, providing essential data that form
the foundation for understanding the hysteretic properties of structures. The structural performance of
bamboo- and timber-based structures is primarily governed by the nonlinear response at the connection
zones, where significant deformation and stress concentrations occur around fasteners such as rivets, nails,
dowels, or bolts. Consequently, exploring the nonlinear behavior of bolted glubam connections, particularly
under conditions of extensive deformation leading to failure, is crucial for understanding and improving
the resilience of these structures. In this context, Stehn and Bérjes [7] investigated the influence of ductile
slotted-in nailed wood on steel joints regarding the overall load-carrying capacity and deformability of a
glulam truss. Shu et al. [8] and He et al. [9] used bolted glulam connections with a slotted-in steel plate
as knee braces for glulam beam-to-column connections and ascertained its moment resisting performance.
Leng et al. [10] studied the moment-rotation behavior of three types of different beam-to-column bolted
connections in bamboo scrimber structures. Shu et al. [11] proposed innovative moment-resisting connections
for mid-rise timber moment frame structural systems. These connections are reinforced by using long steel
rods with screw-heads and long self-tapping screws, thereby providing a stiff and resilient beam-to-column
connection.

More specifically, existing research on modeling the mechanical behavior of timber joints or connections
generally follows two approaches: (i) explicit modeling of all joint components, including timber, steel
dowels, and other types of connectors [e.g., 12, 13]. This method allows for detailed predictions based on
material properties and joint geometry, with the finite element (FE) model clearly illustrating the interactions
between components. However, the complexity and scale of such models often result in high computational
costs and convergence issues, making this approach most suitable for analysis at the structural member
level. (i) Alternatively, joints can be modeled as a whole using a single representative element with user-
defined mechanical properties [e.g., 14, 15, 16]. Although this method simplifies the programming of user-
subroutines and facilitates both member- and structural-level analyses, it also introduces complexity and
potential convergence difficulties. Due to these challenges, there is a notable gap in the availability of
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FE modeling approaches that are both easy to implement in commercial FE packages and applicable to
structural-level analysis.

However, to construct a more robust and accurate FE model, a model updating process is necessary
[17, 18, 19, 20, 21]. Numerical model updating can be defined as the process of calibrating a numerical model
to minimize the discrepancy between the numerically predicted and measured responses of real structures
[22]. The model updating process requires for advanced algorithms capable of working for large dimensional
problems.

In the field of the model update of cyclic constitutive laws, Do and Ohsaki [23] addressed the chal-
lenge of accurately modeling the cyclic elasto-plastic behavior of structural steels subjected to earthquake
excitation. They proposed using Bayesian optimization to efficiently infer the parameters of a combined
isotropic/kinematic hardening model, based on experimental cyclic responses. The results demonstrate the
robustness and effectiveness of Bayesian optimization in capturing the behavior of structural steels under
different cyclic loadings, highlighting its potential for parameter identification in the absence of extensive
material testing. Sessa et al. [24] presented an inverse strategy for parameter identification of a hysteretic
constitutive model, allowing the closed-form expression of stress-strain or load-displacement relationships
without iterative algorithms. Pelliciari et al. [25] delves into a crucial aspect of structural engineering: the
identification of parameters for a modified Bouc—Wen model tailored to capture the behavior of degrading
and pinched hysteretic systems more accurately. The parameter identification process itself is carried out
using a Genetic Algorithm (GA), an optimization technique that efficiently searches for the best set of
parameters by mimicking the process of natural selection. The GA is applied to force-displacement data
obtained from experimental tests on physically modeled reinforced concrete bridge piers. By adjusting the
model parameters to best fit the experimental data, the modified Bouc—Wen model demonstrates a high
degree of accuracy in predicting the complex behaviors characteristic of structural degradation under load.

The traditional numerical model updating framework facilitates the adjustment of unknown model pa-
rameters [26, 27, 28|. However, these conventional approaches often struggle with the highly non-linear and
non-convex optimization challenges presented in complex structural models. Such complexities can lead
to excessive computational demands and, occasionally, results that do not meet the desired accuracy and
efficiency standards.

To overcome these issues, this study introduces a refined model updating framework that integrates
advanced algorithms designed to efficiently navigate the complicated optimization landscape. This innovative
approach substantially lowers computational costs and enhances the accuracy and reliability of the model
predictions. By leveraging parallel processing and genetic algorithms, the framework adeptly manages the
large dimensionality of the problem, optimizing parameter estimation and offering a more robust solution
for the dynamic analysis of bamboo- and timber-based structures, where non-linear responses are critical.

This research is motivated by the urgent need to bridge this knowledge gap and enhance the application
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of glubam in structural engineering. By focusing on the axial and hysteretic behavior of steel to glubam
connections, this study aims to provide a detailed analysis of their mechanical responses under various stress
conditions, contributing significantly to the optimization of bamboo-based construction technologies. The
objectives of this study are twofold: firstly, to experimentally investigate the mechanical properties of riveted
and bolted glubam connections, and secondly, to develop and validate a sophisticated finite element model
that accurately predicts the behavior of these connections under load. The results derived from this research
are expected to guide the design of more resilient and efficient bamboo-based structures, paving the way for
broader adoption in the construction industry.

This study begins with an experimental investigation of the axial behavior of bolted steel to glubam
connections, specifically focusing on their hysteretic response. We conducted axial hysteretic tests on con-
nections integrated within roof truss structures, examining four distinct configurations corresponding to
four different roof trusses. Following the experimental phase, we employed numerical simulation methods
to perform nonlinear time-history analysis on both truss joints and the overall roof truss systems.

To address the computational challenges on the FE modelling of the hysteretic behaviour, this paper
introduces a novel, computationally efficient nonlinear numerical model in ABAQUS that accounts for the
hysteretic behavior of individual joints by integrating multi-axial connector and spring elements either in
series or in parallel. These elements are assigned various constitutive laws to accurately simulate behaviors
such as sliding, elasticity, plasticity, and pinching. Given the model’s complexity and the necessity to
accommodate a wide range of behavioral parameters, we propose the use of parallel genetic algorithms (PGA)
to facilitate automatic parameter calibration. This framework minimizes the error between the predicted
and tested hysteretic behaviors by linking the PGA optimization routines, implemented in Python, with the
ABAQUS-Python interactive platform.

Building upon the calibrated parameters of the truss connections, we developed a simplified roof truss
model in ABAQUS. This model combines the previously described multi-axial connector and spring ele-
ments (representing truss joints) with wire elements (representing truss chords), thereby providing a robust
simulation tool for analyzing the structural dynamics of roof trusses under various loading conditions.

After this introduction, this paper is organized into six sections. Section 2 describes the materials and
design specifications used in constructing the hybrid roof trusses, focusing on the innovative aspects of joint
configurations and the choice of bio-based laminated materials. Section 3 outlines the test configurations
employed to assess the structural integrity and performance of both truss joints and full truss assemblies
under various loading conditions. In Section 4, we present the results of these tests, providing a detailed
analysis of the mechanical behaviors observed and the implications for design and construction practices.
Section 5 delves into the numerical investigation, where we describe the development and calibration of a
sophisticated finite element model in ABAQUS, enhanced through the use of parallel genetic algorithms for
parameter optimization and model updating. The conclusions of this research are summarized in Section

4
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6, highlighting the key findings, the scientific and practical contributions to the field of civil engineering,
and potential directions for future research. Appendices provide supplementary information including a
flowchart of the parallel algorithm used in the model identification process (Appendix A) and the detailed
framework of the identification strategy (Appendix B).

2. Hybrid planar roof truss: Materials, Design, and Construction
2.1. Details of joints

Steel plate

Glubam

Figure 1: Detailed geometry of bolted steel to glubam joints.

Existing research on the use of a timber truss indicates that the joint region significantly influences the
overall performance of truss structures [29]. The optimal design of joints can effectively improve the overall
performance of truss structures [30, 31]. Therefore, in this study four different configurations of truss joints
that adopting different diameters of bolt (10, 12, 14 and 16 mm) as shown in Table 1, were considered. The
joints were named by following the designation B-A-J, where A is bolt diameters and B refers to bolted and
J refers to joints.

Details regarding the geometry of the joints are presented in Figure 1. The truss elements sandwiched
with two steel plates are composed of the glubam panel, Grade 8.8 bolts, and Q235 steel plates. All the
joints were designed following the geometric requirements of GB50005 [32]. Holes were drilled on Glubam
components and steel plates, and bolt inserted in these tight-fitting holes were adopted to connect the steel

plates with Glubam components in ends of joined members.

Table 1: Configuration of designed joints.

Configuration B-10-J B-12-J B-14-J B-16-J

Diameter of bolt 10 mm 12 mm 14 mm 16 mm
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2.2. Hybrid roof trusses

A total of four hybrid roof trusses were specially designed and assembled, corresponding to the four
different configurations of truss joints mentioned above. Each roof truss consists of nine members with a
span of about 4 m. The detailed geometry of the planar truss is presented in Figure 2. All the members
were connected by using bolted steel to glubam connections. The shape of each steel plate was adapted
depending on the specific number of branches at the considered node. Detailed shapes of the steel plates are
also presented in Figure 2. All the truss members were manufactured using a CNC drilling machine. During
the manufacturing process, the glubam bars were initially cut to specified lengths. Subsequently, two holes
were precisely drilled at the both ends of each bar. Finally, to facilitate loading test, 50 mm diameter holes
were drilled on the end steel plates of the lower chord and the middle steel plate of the upper chord to insert
hinge pins. These hinge pins establish connections between the truss and the hinge supports or the loading

actuator, respectively.

1025 mm

D¢ ww €71 /
|
L

Figure 2: Detailed geometry of the roof truss.

3. Test configurations

3.1. Test on truss joints

A series of axial cyclic tests on the four different joints were conducted to obtain mechanical information
of the joints. A sketch of the experimental setup is shown in Figure 3a. The hydraulic actuator installed
vertically on the steel frame was utilized to apply the loading force through the predefined displacement.
Because the hydraulic actuator was controlled by the computer, the actual displacement displays a difference

from the predefined displacement shown by the computer. To solve this problem, a displacement transducer

6
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(linear variable differential transformer (LVDT)) is attached to the surface of the connections. Control of
the actuator is conducted based on the slip between the upper steel plate and the glubam components, as

recorded by the displacement transducer.

Loading clamp

[ /—> Pin

Bolt

il LvDT

(a) (b)

Figure 3: Test setup and instruments for joints test.

The cyclic loading protocol was conducted under displacement control, with a loading rate of 0.2 mm/s
until failure (failure modes are discussed in the following sections) according to EN12512 [33]. The joints

specimens were named according to Table 1.

3.2. Test on the roof truss

To validate the predicted hysteretic behavior stemming from the numerical model, cyclic tests were
conducted on a series of full-scale roof trusses to obtain a hysteretic curve. The experimental setup for the
planar truss is displayed in Figure 4. In this test, the end connections of the truss were joined to two steel
supports that were in turn attached to the foundation using hinge pins, as shown in Figure 4. Two other
hinge pins were inserted into the middle steel plates that were situated between the upper chords to establish
a connection with the hydraulic actuator. This actuator was installed vertically on a reaction frame, thus

enabling the application of the load. The vertical load was applied as a displacement history.

It should be noted that this study seeks to analyze the uniaxial behavior of truss structures and joints.

Consequently, it is crucial to ensure that all truss elements experience only axial compression or tension
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during the loading process. A lateral bracing system was applied herein to effectively constrain out-of-plane
deformation. Several steel plates and braces are installed to prevent the deformation in the perpendicular

direction, which can be regarded as rigid constraints. Therefore, only the constitutive law along the axial

Figure 4: Sketch and photo of glubam roof truss test setup.

direction (parallel to the truss chord) is considered.

Strain gauges were utilized to measure the strains of the truss elements accurately. The layout of the
strain gauge is presented in Figure 4. Considering the symmetry of the structure, measurements were taken
on only half of the truss elements. Strain gauges were arranged on both sides of a single element to detect
whether the moment existed inside each bar. The cyclic loading protocol was conducted under displacement
control at a loading rate of 0.2 mm/s according to EN12512 [33].

The tested planar trusses were named by following the designation A-RT, where A is bolt diameters and

RT refers to roof truss.

4. Test results

4.1. Test results of truss joints

B-10-)
100 4
100 A
_ 50 A _ sof
E 0 § 0
L 50+ L 501
—100 A
—100 A
1 1 1 —150 A
-20 0 20
V [mm] V [mm]

Figure 5: Load versus displacement curves obtained from roof truss joint tests under cyclic loading.

F [kN]

B-14-)
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Figure 5 displays the hysteresis curves obtained from the cyclic loading tests conducted on the four
different types of truss joints. The loading process covers the initial slip, elastic phase, yielding phase,
loading plateau, and failure. Generally, the designed joints performed ductile behavior and their ductility
increased with increasing diameter of bolt. The capacity increased with increasing diameters of bolt as
well. As shown in Figure 6, joints will perform 3 types of failure pattern including fracture of bolt, shearing
fracture of bolt head and shearing failure of glubam part between two bolts. Specimen B-10-J mainly shows

the first two failure modes, while B-12-J, B-14-J, B-16-J mainly performed the last failure mode.

B-10-J B-12-J B-14-J B-16-J

i Shearing of bolt head| I bam Shearing of glubam Shearing of glubam
i T i

Shearing of bolt head| Fracture of bolt

Figure 6: Failure patterns of joints.
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4.2. Test results of roof truss

10-RT 12-RT

1/,

////////////””//////////

)

F [kN]

Figure 7: Load versus displacement curves obtained from planar roof truss tests under cyclic loading.

The hysteresis curves of four groups of planar roof trusses under cyclic loading are presented in Figure
7. The planar roof truss displayed similar hysteresis responses with a truss joint. However, the hysteresis
curves of the planar truss exhibited a more obvious initial slip stage, especially on the compressive loading
side. This could be attributed to the tolerance observed between the steel support and the hinge pin and
the out-of-plane movement seen under the influence of compressive loading. The typical failure patterns
of the tested roof trusses are shown in Figure 8. The failures of nearly all specimens originated from the
upper truss chord, the one connected with support, and the two end joints at this chord either failed due to
fracture of bolt or shearing of bolt head. This phenomenon was in good agreement with the stress status of
each bar. Generally, the planar roof truss showed similar failure pattern with single joints test. Roof truss
10-RT showed the lowest capacity, while roof truss 12-RT, 14-RT and 16-RT showed larger capacity than
10-RT and their capacity are almost similar. This is because roof truss 10-RT failed earlier due to failure
of bolt, while shearing of glubam is the major failure pattern for roof truss 12-RT, 14-RT and 16-RT, thus

the capacity of which are only related to the shearing capacity of glubam.

5. Numerical investigation

5.1. Simplified model for truss joints in ABAQUS
To achieve a balance between model prediction accuracy and computational burden, a simplified and
versatile phenomenological model that specify the envelope path and associated hysteresis is proposed in

10
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Figure 8: Typical failure pattern of planar roof trusses.

this study. The simplified modelling method used in this study is inspired by the methodology provided
in [12] which involves combining a series of connector elements from which the hysteresis behaviour of the
joints is generated.More specifically, the truss joint is modelled by a series of two-dimensional axial connector
elements which are available in ABAQUS as CONN2D2. Basic behaviours are assigned to each element,
namely, elasto-plastic behaviour (herein EP elements), STOP behaviour (herein S elements) and LOCK
behaviour (herein L elements). In the present joint model, the positions of all nodes locate at the same
position and mechanical behaviours are assigned to the tension and compression degree of freedom (DOF)
of the connector elements only. Therefore, the plot of the FE mesh is a series of nodes positioned at the
same location. In order to provide a more intuitive illustration, the tension and compression DOF of the
elements are transformed to one dimensional translation. The connector elements are illustrated in Figure

9 while the joint model is shown schematically in Figure 10.

11
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5.1.1. Behavior of connector elements

1
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(d) Isotropical hardening of Elastic-plastic element (e) Kinematic hardening of Elastic-plastic element

Figure 9: Behavior of connector elements.

In the model reported herein, elasto-plastic elements with one DOF are utilised as only uniaxial behaviour
needs to be considered. As a result, there are four parameters that need to be defined for the EP element,
namely (i) elastic stiffness, (i) yield strength, (i) post-yield stiffness, and (iv) hardening rule.

The hardening rules used within this study includes isotropic hardening and kinematic hardening. The
rules are respectively shown in Figure 9 d and e. The isotropic hardening rule specifies that the centre of
the yield surface remains at its original position and that the yield surface expands with positive post-yield
stiffness. The kinematic hardening rule specifies that the shape of the yield surface remains the same and
that the centre of the yield surface moves with the yield stress.

The behaviour of the S elements can be described as a slider positioned in a slot that has a finite
length. This type of element contains two nodes (i.e., one node is the slider, and the second node is the
slot) as provided in Figure 9 (a) and (b). The minimum and maximum deformation is limited by the two
boundaries of the slot node, while deformation of the element occurs without friction within the limit of the
two boundaries.

The behaviour of an L element is shown in Figure 9 (c). The element is assigned a threshold value which
is expressed in terms of either deformation or internal force. Before the threshold value is achieved though,
the element behaves according to the original properties that are assigned to it. The element will be “locked
“and defined as a rigid body when it achieves the threshold value. In this case, the distance between the
two nodes will no longer change. Finally, the L element is defined by linear-elastic behaviour with internal

force as the threshold criterion.

12
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5.1.2. Proposed joint model
The physical mechanisms contributing to the pinched-style hysteresis behaviour of the bolt-type timber

joints are comprised of four basic stages.

1. LoADING: The bolts are in contact with the glubam hole (i.e., a hole that accommodates a steel bolt),
the glubam is subjected to bearing load and the bolts are subjected to bending. In this stage, the
bolts and timber work together to resist the external load.

2. UNLOADING: The bolts separate from the bearing wall of the hole and slide in the deformed hole. In
this stage, friction force is the dominant action resisting the applied load.

3. RELOADING/REVERSE LOADING: The bolts are bent in an opposing manner and slide in the deformed
hole until they fully contact with the wall of the hole.

4. STRENGTH DEGRADATION STAGE: The glubam exhibts shear crack as the bolt continue to embed.

Based on these physical interpretations, a model is proposed in this paper that is informed from four key
assumptions: (i) EP elements are used in conjunction with slot elements in order to represent the bearing of
glubam as well as the permanent deformation of the hole; (#i) friction force and reverse bending of the bolts
are all considered in the steel bolt model; (4ii) three groups of EP + S elements are connected in parallel
in order to achieve yield of the glubam representing contact between the bolts and glubam hole in the
reloading/reverse loading stage; (iv) The EP element is incorporated with damage behaviour representing
strength degradation due to shearing failure of glubam. Details of the model formulation are now further
elaborated upon.

As indicated at the beginning of this section, the contributions of the steel bolt, glubam bearing are
modelled individually while the overall behaviour of the joint involves the superposition of the actions
contributed by all components. Figure 10 provides key details about the joint model. The overall model is
shown schematically in Figure 10 (a). In addition, the combinations of connectors shown in Figure 10 (b)
and (d) represents the behaviour of the steel bolt action and glubam bearing action, respectively, while their
monotonic force-slip behaviours are plotted schematically in Figure 10 (c) and (e), respectively. According

to the assumptions of superposition, the capacity of the joint is given by:

FV)=F,(V)+ F (V) (1)

where F' is the joint force, Fy is the force contributed by the steel bolt model, F is the force contributed by
the glubam bearing model, and V is the slip of the joint. Details of these three models are provided in the

following sections.

Bolt model. The behaviour of the steel bolt is modelled by connecting an EP element, an L element and

a S element in series (see Figure 10 (b)). The L criterion is set to be equal to the yield strength of the

13
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Figure 10: Model of the hysteresis behaviour of truss joints.

E P, element. The elastic stiffness obtained by the steel bolt model can therefore vary before and after
yielding of the bolt, thus simulating the embedding process of the bolts with a lower initial stiffness before
yielding. The S elements model a one-sided constraint of the joint as shown in Figure 10. For +5;, when it
is combined with other elements in series, it can model the initial sliding behavior caused by the tolerance
between bolt and bolt hole. Here, the distance between the slider and the right end of the slot (upper limit)
is set to be equal to the real manufacture tolerance, G;. Based on the definition of +.57, the EP and LOCK
element connected to it can only achieve a net positive load under positive deformation. Similarly, the EP
and LOCK element connected to —S; can only achieve a net negative load under negative deformation. It
is proposed that the plasticity of the steel bolt (EP; ) is defined by kinematic hardening. The force that is

contributed by the steel bolt under monotonic loading can therefore be calculated using:

FL(V)=0(V < Gy) (2a)
Fo(V)=KsKr/ (Kse + K1) -V (G1 <V < V) (2b)
Es (V) = Ksp (V - Vey) + fsy (V 2 Vsy) (QC)

Glubam bearing model. A combination of EP and S elements is used to model the bearing of glubam, as
shown in Figure 10. As mentioned above, The S elements also model a one-sided constraint of the joint.
Here, the distance between the slider and the right end of the slot (upper limit) is set to be equal to the gap
width, G; (i = 1,2,3). The distance to the left end (lower limit) of the slot is set to be a large value which

14
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is impossible to reach (i.e., 30 mm). Details about the irrecoverable deformation of glubam and the contact
status between the steel bolt and the glubam are retained by the S element.

Several assumptions are made for the glubam bearing action model, namely (i) the yield strengths for
EPy, EP, and EP; are equal, (i) EP, and EP; are elasto-perfect plastic, and (7) the hardening rule
for EP; (i = 1,2,3) is delineated by isotropic hardening. With these assumptions, a gradual elasto-plastic
transition stage of the force-slip curve can be achieved, and the loading and unloading stiffnesses can be set
unequal to each other. Based on the model and assumptions described above, the resistance force generated

by the glubam bearing action can be calculated using the following equations:

F,(V)=3F (V) (i=1,2,3) (3a)
F(V)=0 (V<@&) (3b)
FE(V)=Ki. (V-G Gi<V <V (3¢)
Fi(V)=Kipp(V—=Viy)+ foy Vigy<V <Vqy (3d)
Fi(V)=Kiu(V-V)+08xF; V>V, (3e)

where Fj is the force generated by the ¢ th glubam model, G; is the gap of the S; element, V;, is the yield
displacement of the i th glubam model, K. is the elastic stiffness of the F'P; element, K, is the post-yield
stiffness of the EP; element (K, = K3, = 0), and fj, is the yield strength of the EP; element, F; is the
load of the E P; element immediately after it is damaged, while V is the damage initiation displacement. In

this study, only EP; element is considered with damage behavior to simulate the loading descending stage.

Asymmetric behavior of glubam bearing model. The gluabm exhibit asymmetric bearing behavior at the
tension and compression direction, thus 3 +FEP element combined with +S element are adopted to model
the positive hysteretic behavior of glubam bearing, while 3 —FE P element combined with —S element are

adopted to model the negative hysteretic behavior of glubam bearing.

5.2. Initial parameter identification of truss joint model

The proposed model holds a large number of flexible parameters. Hence, automatic parameter calibration
is indispensable. This paper presents a novel parallel genetic algorithms (PGA) based framework aimed at
identifying parameters to minimize force-time history error between predicted hysteretic behavior from

simplified joints model and tested behavior.
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5.2.1. Parallel genetic algorithms (PGA) and parallel computing system

Genetic algorithms (GA) are a discrete evolution strategy method which employs an iterative procedure
on the basis of evolution of a design population over a selected number of generations [34, 35]. In each iter-
ation of this procedure, the design population is first evaluated in conjunction with response and constraint
function calculations performed for each design, and then a sequential application of the recombination,
mutation and selection operators takes place to constitute the individuals of the next generation. GA are
very suitable for many problems, but often require too much time and therefore may be disadvantageous.
The most time-consuming operation within GA is the evaluation of the fitness function [36, 37]. Hence, an
effective and adequate parallelization of the solution algorithm can be accomplished by creating multitasked
regions in the GA source code for this step only, since fitness evaluation of the design population does not
entail any inter-processor communication, and thus can be conducted concurrently by a number of threads
in a parallel computing environment.

The serial algorithm is organized in a number of sequential and parallel code segments to achieve a
master-slave configuration based parallel programming structure. The sequential code segments (recombi-
nation, mutation and selection) are only accessible by the master thread, whereas multitasked loops (nu-
merical simulation calculation and fitness evaluation) encapsulated in parallel codes are executed by slave
threads. Additional sequential code segments are written for enabling coordination, communication and
synchronization within the network by the master thread.

The parallel execution of the solution algorithm is schematically depicted in Figure A.23 in Appendix A.
Accordingly, once the algorithm is initiated, the input data describing the aforementioned parametric model
(Inp file) is first distributed to all the slave threads by the master. Then, the initial population that, in the
current case, represent different constitutive parameters of material model, is generated by the master thread
based on a random initialization of parameters to be identified. Next, the master calls all the slave threads to
perform evaluation of the design population collectively and concurrently. Each design (parametric model) is
assigned to each slave thread within the parallel computing system by the master. Every thread undertakes
numerical simulation response calculations, response output and fitness evaluation calculations for the subset
of designs assigned to itself in conjunction with ABAQUS platform. The results of analyses and evaluations
are reflected in single numerical values, which are delivered from slave thread to the master as the objective
function scores of the individuals. The master thread waits until every thread in the parallel computing
system completes its own task. It then continues to implement evolutionary operators in a sequential manner
to yield the design population of the next generation, while slave threads are put on hold in the meantime

until response and fitness evaluation calculations are processed in the next generation.
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5.2.2. Rough estimation of parameters

Preassigning values of certain parameters and defining a restricted searching space for parameters to be
optimized (e.g. limiting the optimization to a portion of parameters instead of the whole) can dramatically
reduce the computational cost of the calibration. Thus, it is critical to perform a rough estimation of
parameters first, which involves extraction of the characteristic points and parameters of the hysteresis
curves from the tested results (i.e., the stiffness, K, and the yield slip, V;,). The definition of characteristic
points and the rough determination of model parameters will be introduced in this section.

Herein, only the model parameters controlling the hysteresis curve at the positive side is discussed
and parameters describing the negative side can be deduced in the same way. To solve all the unknown
parameters controlling the hysteresis curve at the positive side, the initial stiffness, K, yield slip, V,, and
four characteristic points, P, , P, , P3 , Py, and Ps on the hysteresis curves at the positive side are needed
to be specified additionally, as shown in Figure 11.

Py (V1, Fy) and Py(Va, Fy) are determined as the hardening-initiating point and peak-loading point re-
spectively, which could be roughly estimated from the hardening segment of the hysteretic curve. Ps(V3, F3)
are determined as the damaged point corresponding to a load equal to 80% of maximum force. Py(V5,0)
are determined as the intercept of the hysteresis curve on the +z axis and P;5(0,—fs) as the intercept of
the hysteresis curve on the —y axis, both of which could be roughly estimated from the unloading segment.
Since more stable curves will result from repeated load cycles, it is suggested to define Py and Ps in the last

cycle.

Figure 11: Selection of characteristic points on hysteresis curves for simplified model development.

The proposed method for roughly determining the parameters is defined by several steps, namely, (i) the
initial stiffness of the model = K, (i7) the yielding of the steel bolt model =V, (iii) the post-peak stiffness
of the steel bolt model = the slope of the line P4;-Ps, (iv) the yield strength of the steel bolt model = f; |
and (v) the moment of the model is equal to that of the test results at V =V} and V =V, . Additionally,
it is proposed G = G3 = G1 + foy/Kie ,Vay = 0.5(V1 +V,)) and V3, = V4, where V}, is the yield rotation
of the joint adopted from the test results. With these assumptions, the FP, and EPs elements can begin
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to work instantaneously after FP; yields, while the contribution of the glubam bearing increases linearly
according to slope Ki, when the slip of the joint is greater than V;. Yield of FP, and EP; can simulate
the transition from the elastic stage to the post-yield stage.

Based on the conditions listed above, the following equations must therefore be satisfied:

KseKr/(Kse + K1) + K1 = K
Vey =V,
Ko = fs/(Vs)
foy = 1s (4)
FW)=F
F(V2) =F
F(V3) = F

By substituting Eqgs. 1, 2b and 2c into Eq. 4, the parameters of the steel bolt and glubam bearing

models can be calculated. For the bolt model:

fsy = fs
Ksp = fs/(‘/s) (5)

— fsste
Kp = KoeVy—foy

For the glubam bearing model:

Kle:K_fsy/Vy
Ky =250 K

Vo—V; sp
f — F2*fsy*Vz(KlpJFKSP)JFVyKSPJFGlKlp
by 3—Kip/Kie (6)
Gy =Gs = fby/Kle + Gy
— foy
K2e - 0‘5(Vy+V1)7G27G1
— Joy
Kze = Vi—G2—Gh

It is observed from the hysteresis curves that the initial loading stiffness is always smaller than the
unloading stiffness. The lock element in the steel dowel model is hence applied herein to model this phe-
nomenon. Among the above equations, there are two indeterminate parameters, K. and Ky, which can
be solved by assuming one of the values. Through pilot parametric studies, when increasing the value of
K., the arising unloading slope will be steeper although there is less effect on the dissipated energy. This
observation was also noted in reference [14]. Therefore, the rough estimated values of K. is assumed to be
35 kN/mm in order to achieve a best fit to the unloading stiffnesses.
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5.2.3. Identification framework

The parameter calibration framework proposed herein is based on the above-mentioned Parallel genetic
algorithms (PGA) and parallel computing system. The flowchart of this calibration framework is depicted
in Figure B.24 in Appendix B.

The “Initial decision” allows preassigning values of certain parameters and defining a restricted searching
space for parameters to be optimized. As it can be observed in Figure B.24 in Appendix B, the core of
the framework is the identification algorithm. The algorithm involves the definition of a proper objective
function that estimates the error between simulated force-time history from simplified model and tested

force-time history:

[ |[Fo (v) — Fs (6, v)]| dv
[ IFo (v)| dv

0

OF (0) =
where 6 is the vector collecting the model parameter to be identified:

0= {Kf_e’fl;gaKi;vK;evK;_evGT7G;_aK1_eafb_y7K1_paK2_gaKg_e’Gl_avaKLafsy»KsmKspaF;_7Fd_} (8)

where vy and vy are the initial and final displacement records, Fo (v) is the force derived from the tested
data, and Fg (0,v) is the force simulated by the proposed simplified model. The values of Fg (0,v) is
obtained by performing a cyclic analysis of proposed simplified model in ABAQUS platform in Python.
Then the objective function value is mapped to fitness values and the fitness values of each tentative solution
is evaluated. The fittest individuals are cyclically selected and recombined until the optimal parameters

configuration are obtained.

Table 2: Rough estimation of parameters to be identified and the searching space.

Parameters K f K, KL KL, & af K, f, K, K. K G G K. fy K. K, Ff F;

] DN] [EE]O[EN] Y o] fmm] [E]ORN]EN]O[ES) EY] mm] fmm] (BN OEN] AN [N][kN]
B-10-J 84 1219 45 24 22 15 145 84 1521 45 293 27 1 181 1.9 8 20 06 705 923
B-12-J 115 1552 55 233 213 1.5 135 115 1851 55 314 29 1 161 17 10 25 08 90 114
B-14-J 136 605 8 0.6 04 15 044 136 44 8§ 062 07 1 032 16 12 30 11 118 132
B-16-J 1567 2109 2 1.8 1.6 15 135 1567 3576 2 33 29 1 227 15 11 35 12 91 70

Table 3: Setting of the PGA.

Pop.size N.Generation Evaluation N.Slave threads N.cores per thread

30 50 1500 30 1

5.2.4. Identification results
After rough determination of model parameters (see Section 5.2.2), for parameters that can be directly

obtained from prior knowledge or experimental observations, such as G;, we only multiplied the initial
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estimated values as reported in Table 2 by amplification factors of 7 and 0.4, respectively, to serve as their
upper and lower bounds in the search space. For other parameters, we multiplied the initial estimated values
by amplification factors of 20 and 0.2, respectively, to serve as their upper and lower bounds in the search
space. The population size and generation number are chosen as 30 and 50, thus, the identification process
will perform a total of 1500 times evaluation, where 30 slave threads are arranged to evaluate 30 individuals
simultaneously in each generation and 1 processors are distributed to execute each thread, as reported in

Table3.
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Figure 12: Identification results over each individual in each generation: (a) B-10-J and (b) B-12-J.

Under the above settings, the identification process for the reference model has shown the convergence

history illustrated in Figure 12 and 13. In particular, Figure 12 illustrated the identification results for
B-10-J and B-12-J over each individual in some representative generations. It can be observed that the

identification tends to a stable solution after about 30 generations, 900 evaluations of individuals and a
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good agreement between predicted responses from proposed simplified model and benchmark response from
test is achieved in the last generation.

This gradual optimization process can also be reflected in the moving trend diagram of the best objective
function values as shown in Figure 13, where the objective function evaluations are reported according to
Eq. 7. In the same diagram, the moving average trend is also reported. In Figure 13, the blue points
indicate the best-performing individual or solution at each generation while the red points the average
of the entire population’s performance at each generation. The convergence of the blue and red points
throughout the generations is particularly noteworthy. As the mean of the population converges towards
the best solutions, it implies a reduction in the variability among the solutions in the population. This is
indicative of the population stabilizing around more optimal solutions, which is a desired outcome in any
optimization process. Such convergence signifies that the algorithm is effectively escaping local minima and
making steady progress toward the global optimum.

The predicted hysteretic behaviors from the best individual after PGA identification for all the 4 cases are
illustrated in Figure 12. It can be observed the proposed model can fit the pinching, damage and asymmetric
behavior very well, and the energy dissipation also achieve a good fit between tested and predicted values.

The final identified parameters for 4 cases are concluded in Table 4.

1500 4
1000 0 *o
..o.. @ Average objective value 1000 - .e. @ Average objective value
° °
500 *0ocee 500 - LT
00000000, ©000000006
100 000000°°55533 0000000000000090
...0........ 000000
0000 0
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i @ Best objective value @ Best objective value
300 1 _ee
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(a) B-10-J (b) B-12-J

Figure 13: Convergence history of the identification over the objective function evaluation: (a) B-10-J and (b) B-12-J.

Table 4: Identified parameters of simplified model for truss joints.

Parameters Ko f, K, K KL & 6 K, f, K, K, K, G G K, [y K. K, Ff F;

ol NI GBS [am) ] mm] RN [EE] O [R] [Gn] fmm] fmm] [N [GR] BN] kN

B-10- 164 1219 613 24 22 25 145 114 821 56 293 27 55 18 15 113 206 060 805 713

B-12- 105 1252 51 233 213 36 135 115 1851 548 314 29 25 161 21 103 351 106 712 943

B-14-] 106 1605 568 2.6 24 44 184 166 1642 678 342 33 39 182 22 105 255 079 812 1052

B-16-J 255 17.52 1013 333 3.3 3.1 165 125 1551 406 3.147 285 68 163 25 12 203 079 77.6 653
22
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Figure 14: Comparison of tested hysteretic behavior and predicted hysteretic behavior from the best individual after PGA

identification.

5.8. Model updating of hybrid roof truss

In last section, the key model parameters are preliminarily identified. However, it should be noted
that this highly idealized structural model localizes the modeling of nonlinear behavior in a few prescribed
elements, leading to potential model uncertainty. Moreover, the preliminary parameter identification is only
carried out on individual joints level and the identification benchmark is only based on a single test, which
itself has certain uncertainty. Therefore, To address this model uncertainty and construct more robust
structural models with more accurate parameters, a PGA based model updating framework for the roof

truss structures is proposed in this section.
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Figure 15: Simplified hybrid roof truss model in ABAQUS.

For this purpose, a simplified hybrid roof truss model is developed by combining the proposed joints
model with wire element (truss chords) in ABAQUS as shown in Figure 15. The joint model is located
between the node and wire element and its length is set as 150mm, which equals to the length of real joints
domain (see Figure 1). The connector type used to connect the multiple axial connector elements with truss
elements is translation type. Wire element is assigned with truss beam property, where the elastic modulus
is 13 Gpa [38, 39] and section area is 140mm X 52mm. All the nodes are assumed as hinge connection
and the support adopts pin connection, which complies with real boundary conditions. The benchmark of
updating refers to cyclic test results of 4 hybrid roof trusses. The loading scenario of real hybrid roof truss
is shown in Figure 4 and 15. A displacement-based cyclic loading is applied on node 4 and 5.

The updating framework is similar to identification framework with truss joints. The differences are
the input parametric model and basic PGA setting. Considering truss model is more complicated than
individual joint model, The iterative generation and population size is selected as 50 and 40, respectively,
leading to a total of 2000 times evaluation, and 30 slave threads are assigned to undertake updating task. An
amplification factor 5 and a reduction factor 0.5 assigned to initial parameter identification values of joints

model are selected as the upper bound and lower bound of the searching space for hybrid truss updating.
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w0 5.3.1. Model updating results

Table 5: Identified parameter values from joints and updated parameters values from hybrid roof truss model.

Conf . P ki, f, K, KL K Gf Gf K foy K, K, Ky G Gy K, fy, K. K, Ff F;
Sont guratlons arameters kN kN kN kN kN kN kN kN kN kN kN N
ml BN ISl Gl el fwm] o] [SEORN] RS Rl el fmm] o fmm] [SE]ORN]OEED (SR KN (kN
B0 Initially identified 164 1219 613 24 22 25 145 114 821 56 293 27 55 1.8 15 113 206 0.60 80.5 713
o Finally updated 7.6 1019 35 26 25 35 245 92 11132 75 39 24 3.68 242 14 56 183 25 71 83
B12.] Initially identified 105 1252 51 233 213 36 135 115 1851 548 314 29 25 161 21 103 351 1.06 712 943
-12-
Finally updated 103 1432 431 325 301 45 243 102 1643 44 3.2 312 34 281 183 956 20.63 095 7564 1103
BLd Initially identified 10.6  16.05 5.68 2.6 24 4.4 1.84 16.6 16.42  6.78  3.42 3.3 3.9 1.82 2.2 10.5 255 079 812 1052
o Finally updated 1341 756 725 048 032 3.68 244 856  8.64 6.54 2.8 212 393 254 189 153 2823 0.86 1123 1222
B16 Initially identified 25.5 17.52 10.13 3.33 3.13 3.1 1.65 12.5 1551  4.06 3.147 2.85 6.8 1.63 2.5 12 203 079 776 653
o Finally updated 14.32 1563 253 1.83 132 3.76 2928 1432 3026 186 3.82 3.65 312 213 186 135 28 28 963 784
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Figure 16: Model updating results over each individual in some generations for Case 10-RT.
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Figure 17: Convergence history of the updating over the objective function evaluation for Case 10-RT.
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Figure 18: Strain field of each chord at the 25th loading cycle from updated fittest individual.

The initially identified parameters and finally updated parameters values are reported in Table 5. As
indicated, the most sensitive parameters are G; and Gy from STOP behavior in S element, which serves
to characterize the initial slip behavior caused by the manufacture tolerance between bolt and hole wall.
Since planar truss are composed of multiple chords and manufacture tolerance are difficult to keep uniform,
these two parameters have the largest relative error between initially identified values and finally updated
values. The updating process for Case 10-RT has shown the convergence history illustrated in Figure 17,
where the objective function evaluations are reported, and the model updating results over each individual
in some representative generations are shown in Figure 16. It can be observed that the updating tends to
a stable solution after about 40 generations, 1600 evaluations of individuals. A good agreement between
predicted responses from the updated models and test responses were achieved in the last generation. The
strain field results of each chord at some loading cycles obtained from the updated fittest roof truss model
individual is illustrated in Figure 18. However, compared to the identification results at the joint level, the
variance of the identification results at the truss level is larger. This is because the increase in the quantity
of observation data points during the optimization process leads to an increase in identification errors.

Subsequent improvements can be made by optimizing the population size and optimization generations.
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Figure 19: Strain field of each chord at the 60th loading cycle from updated fittest individual.

5.4. Verification of the updated global roof truss model

In last section, four roof truss models were updated according to proposed PGA. In this section, the
updated models are further validated against the force-time history, mid-span deflection time series for
node 2 and measured strain time series for each chord. More specifically, the finally updated joint model
parameters via PGA were used as input for the proposed roof truss model, and the corresponding output
responses including force-time history, mid-span deflection time series for node 2 and strain-time series for

each chord were obtained and validated against test results.

5.4.1. Comparison of force-time history

The force-time history generated from the updated roof truss models and the corresponding test results
are presented in Figure 20. The model has been demonstrated to accurately fit the force-time history. The
initial slip and damage behavior can be effectively captured as shown by the force trend in the initial loading
cycles, and last cycles respectively. Generally speaking, the developed roof truss models can successfully

simulate the pinching and failure behavior of the glubam roof truss.
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Figure 20: Comparison of force-time history obtained from the model and test.
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Figure 21: Comparison of mid-span deflection over time at node 2 obtained from the model and test.
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Figure 22: Comparison of strain curves obtained from the model and test for chord 3,4 and 8 of glubam roof truss.

ws  5.4.2. Comparison of mid-span deflection over time at node 2
469 The result of mid-span deflection over time at node 2 measured by the LVDT is shown in Figure 21.

s The obtained results are then compared with the corresponding modeling results. Generally, the numerical
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results provide a good agreement with test results. It is worth noting that mid-span deflection is an crucial
index to evaluate reliability under serviceability limit state (SLS), as defined by [32]. Therefore, it is proved
that the proposed models are also feasible for reliability analysis, which will be considered in following

research.

5.4.3. Comparison of strain curves for each chord

As an illustrative example, Figure 22 showcases the strain curves over time for each chord of glubam roof
truss, as accurately measured by the strain gauge. The obtained strain curves are then compared with the
corresponding modeling results, providing a comprehensive assessment of their agreement. Generally, the
absolute strain value errors can be controlled within 2 x 10~*. Additionally, by comparing the strain results
for each chord, it can be seen that the internal force of truss chord 3 is the largest, and the failure usually
originated from this chord, which is consistent with the experimental observation. Therefore, the accuracy

of the proposed model is verified.

6. Conclusions

This study aimed to explore the hysteretic behavior of glubam roof truss structures through a compre-
hensive experimental and numerical investigation. Specifically, experiments were conducted on four different
joint configurations and four types of planar roof truss structures to capture the diverse behaviors exhibited
by glubam components. To simulate the complex hysteretic behavior of glubam truss joints accurately,
novel mechanics-based models were proposed. These models integrated multi-axial connector and spring
elements in series or parallel configurations within the ABAQUS software environment. Additionally, a
hybrid numerical model for planar roof truss structures was developed by seamlessly integrating these joint
models with truss elements. To facilitate parameter calibration and model updating, a parallel genetic
algorithm (PGA) optimization routine was developed and integrated with the ABAQUS software. This
innovative approach enabled efficient optimization processes, ensuring the accuracy and reliability of the
numerical models. Moreover, this study introduced a novel workflow that merged the capabilities of nu-
merical modeling and optimization using the interactive features of the ABAQUS and Python platforms.
Through the incorporation of user-defined programming code, this workflow facilitated seamless integration
and enhanced the efficiency of the modeling and optimization processes. Following initial parameter cali-
bration, the predicted responses from the joint models demonstrated good agreement with individual joint
test results. Furthermore, through model updating, a more robust global roof truss model was obtained.

The following conclusions were drawn from the study:

e Glubam bolted joints exhibited an asymmetric hysteretic behavior characterized by initial sliding,

pinching and damage behavior. Glubam bolted joints majorly performed 3 types of failure pattern
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including fracture of bolt, shearing fracture of bolt head and shearing failure of glubam part between

two bolts.

e The proposed novel mechanics-based model is capable of simulating sliding, elasticity, plasticity, pinch-
ing behavior like most of the existing hysteretic model for wood-based bolt joints. In addition, it can
also simulate the asymmetric hysteretic and damage behavior by introducing extra parameters making

it superior to other traditional hysteretic models.

e Following preliminary parameter calibration, the proposed model demonstrated relatively accurate
simulation of individual joint behavior. Notably, the gaps between bolts and holes created during

specimen manufacture, had a significant influence on the performance of the model.

e Model updating resulted in a significant reduction in misfit between the tested and numerically-
predicted responses presented by the hybrid roof truss structure. The updated models were validated

against tested force-time history, strain field of truss chord and mid-span deflection.

e The multi-threads parallel calibration method based on PGA proposed herein has been proven to be

ideal for updating computationally expensive models.

In summary, this study presented a comprehensive approach to investigate and model the hysteretic behavior
of glubam roof truss structures. The integration of experimental testing, advanced numerical modeling, and
optimization techniques has provided valuable insights into the behavior of these structures, advancing our

understanding and facilitating more accurate predictions in engineering practice.
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ez Appendix A. Flowchart of the proposed parallel algorithm

Figure A.23: Flowchart of the proposed parallel algorithm.
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Figure B.24: Flowchart of the calibration framework (adapted from Quaranta et al. [40], Pelliciari et al. [25]).
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