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Hysteresis loops of timber structures often exhibit complex behaviors such as pinching and stiffness degradation,
which are challenging to model accurately. This study proposes an automated calibration procedure for hys-
teresis loops of timber components and systems using the HystereticSM material model in OpenSees combined
with a genetic algorithm (GA). The HystereticSM model was selected for its ability to capture pinching, strength,
and stiffness degradation while requiring relatively few input parameters, thereby simplifying the calibration
process. In the proposed framework, GA optimization is employed with energy dissipation as the objective
function to efficiently match experimental hysteresis behavior. To demonstrate the robustness of the proposed
procedure, it was applied to the calibration of timber connections fabricated with three types of fasteners (timber
rivet, bolt, and nail) and a light wood-frame shear wall. Results showed that the calibrated models reproduced
the experimental hysteresis loops with small errors in both peak force and energy dissipation, confirming the
effectiveness of the approach across different hysteresis characteristics. In addition, practical guidelines for
parameter initialization and recommendations for the calibration process are provided, supporting broader
application of the framework. These findings highlight the potential of the proposed procedure as a standardized
and efficient approach for calibrating hysteresis models of timber structures and establish a foundation for

extending it to other different hysteresis characteristics in future work.

1. Introduction

Timber offers a sustainable alternative for building construction,
addressing the urgent demand for environmentally responsible and
efficient material use [1-3]. In the context of climate change, such
practices are not only economically beneficial but also critical for
long-term resilience. Structural timber, a renewable resource, is abun-
dantly available and has a smaller environmental footprint compared to
other construction materials [4-6].

To promote the broader use of structural timber in real-world ap-
plications, the behavior of timber connections and systems must be
thoroughly investigated, especially given that recent studies [7,8]
indicate connection failures have contributed to nearly 25 % of timber
structure collapses. While numerous studies have experimentally
investigated the behavior of timber structures [9-12] such tests are
costly and limited to specific configurations or small-scale components.
Numerical models thus provide an essential complement, enabling the
study of larger systems and parametric variations at lower cost. To
overcome this limitation, numerical models have been employed to
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enable further investigation, such as analyzing taller timber buildings or
examining the use of timber connections within entire structural sys-
tems. To develop a reliable numerical model, the nonlinear behavior of
timber connections or components used in the numerical models is
typically calibrated based on their responses observed in experimental
tests. To incorporate this into numerical simulations, spring elements
are commonly used to simulate the nonlinear behavior in timber con-
nections or systems. Compared to the mechanistic method, it is simpler,
requires less computational effort, and is well-suited for parametric
analyses. For developing numerical models, OpenSees [13] is among the
widely used software tools in the field of structural engineering [14-17]
and has become increasingly common in timber structure research and
design since it provides versatile options for modeling nonlinear mate-
rial behavior [18]. Two widely used models in OpenSees for timber
connections are SAWS [19,20] and Pinching4 [21]. Both can simulate
key behaviors such as the backbone curve, pinching effects, and strength
and stiffness degradation. Numerous studies have investigated the
behavior of timber structures by calibrating these material models using
experimental data. For instance, Shen et al. [22] calibrated both the
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Fig. 1. Main concept of GA.

SAWS and Pinching4 models to simulate the static monotonic and cyclic
behavior of bracket connections in cross-laminated timber (CLT) shear
walls. The results indicated that both models were capable of capturing
pinching behavior as well as strength and stiffness degradation. Spe-
cifically, the Pinching4 model demonstrated better performance than
the SAWS model in representing these nonlinear characteristics.
Schneider et al. [23] developed a numerical model of CLT mechanical
connections based on the SAWS model to evaluate their performance
under cyclic loading. Cao et al. [24] used the SAWS and Pinching4
models to calibrate timber—concrete bolted connections under cyclic
loading. The authors reported that the simulated hysteresis curves from
both models showed good agreement with the experimental data.

Morshedi et al. [25] examined the seismic force modification factors
related to the overstrength and ductility of light wood-frame shear walls.
Their numerical model, developed in OpenSees, used the Pinching4
material model calibrated by adjusting various parameters to closely
match experimental data from shear wall tests. Jerves and Phillips [26]
developed a numerical model for CLT rocking walls with modular base
connections and laminated strand lumber wall toes using OpenSeesPy
[27], and compared the results with those from experiments. Chen et al.
[28] used the Pinching4 model to calibrate the cyclic behavior of angle
brackets and hold-downs, which were used to investigate the seismic
response of CLT shear walls. Additional studies of hysteretic responses
can be found in the literature [29,30].

The literature reviewed above demonstrates that both the calibrated
numerical models are capable of simulating the cyclic behavior of tim-
ber connections and components observed in the experiments, making
them suitable for in-depth investigations into the behavior of timber
systems. However, the SAWS model is limited in that it cannot capture
asymmetrical envelope behavior [31], as it only supports symmetrical
responses. In addition, the SAWS model experiences convergence issues
during nonlinear time history analysis. In contrast, the Pinching4 ma-
terial model addresses this limitation by allowing separate input of
load-displacement values for the positive and negative response enve-
lopes. Despite this advantage, the Pinching4 model includes 39 input
variables, with 23 parameters specifically related to pinching, damage,
and degradation. This large number of parameters makes the calibration
process challenging. In particular, identifying suitable initial values for
these 23 parameters that can be generally applied across various

hysteresis characteristics in cyclic behavior remains a significant diffi-
culty in the calibration process. Therefore, as shown in the literature
reviewed above, most studies typically focused on calibrating only one
type of timber connection or component. In other words, the calibration
has not been applied to a variety of hysteresis characteristics.

Recently, Mazzoni [32] has extended the original Hysteretic material
model in OpenSees [13] to create HystereticSM, which offers greater
flexibility in simulating hysteresis behavior. This model is also capable
of capturing pinching effects, as well as strength and stiffness degrada-
tion. HystereticSM model requires fewer input parameters related to
pinching, damage, and degradation compared to Pinching4 (7 versus
23), while at the same time it allows users to provide more
load-displacement data points (up to seven rather than four) to define
the backbone envelope, which can further facilitate the calibration
process. It should be noted that HystereticSM still permits the use of only
four points when the hysteresis loop is relatively simple. This flexibility
enables a more accurate representation of envelope curves when hys-
teresis loops exhibit multiple turning points or nonlinear characteristics.
A further motivation for this study is to introduce HystereticSM as a
viable alternative for modeling the hysteretic behavior of timber struc-
tures effectively. In fact, although the HystereticSM model requires fewer
input parameters, an automated calibration process is still necessary due
to the number of parameters that must be tuned, which can make
manual calibration time-consuming.

It is also worth noting that despite the widespread use of material
model calibration in timber engineering research, a complete and
standardized calibration procedure, which can be used for different
experimental results, has yet to be established. To address these gaps,
this study proposes an automated calibration framework that combines
the HystereticSM model with a genetic algorithm (GA). The GA optimizes
model parameters to replicate experimental hysteresis loops based on
energy dissipation, offering a standardized and efficient calibration
procedure applicable to different timber connections and systems. GA
has been widely used in optimization tasks to handle complex, multi-
dimensional, and nonlinear problems [33,34]. For example, Si et al.
[35] calibrated the Pinching4 model using GA to investigate the cyclic
behavior of laminated veneer lumber and glued laminated bamboo
connections with slotted-in steel plates. Dong et al. [36] employed GA to
calibrate the DowelType model for timber joints. Wei and Su [37]
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successfully calibrated a modified Bouc-Wen model using GA. In this
study, GA is employed to efficiently optimize input parameters that
allow the HystereticSM model to replicate the hysteresis loop observed
in experiments, with the difference in energy dissipation used as the
objective function. The introduction of an automated and integrated
calibration procedure, combined with the application of a new material
model for calibration, highlights the novelty of this study. The proposed
procedure is then applied to calibrate hysteresis loops for different types
of fasteners in timber connections and light wood-frame shear walls. The
outcomes of these applications illustrate the effectiveness of the pro-
posed approach for automating the calibration of numerical models for
timber components and systems, along with guidance and recommen-
dations in the calibration process.

2. Research background
2.1. Genetic algorithm

Genetic Algorithm (GA) [38] is an optimization method that is used
to determine the best possible solution for a given computational
problem by maximizing or minimizing a specific objective function. GA
is classified as an adaptive heuristic search technique and is one of the
components of evolutionary algorithms [39]. It is inspired by the prin-
ciples of natural selection and genetics, employing a combination of
random search and historical data to efficiently explore solution spaces
and converge toward the optimal solution. GA operates by simulating
natural evolutionary processes, which means those species that can
adapt to changes in their environment can survive, reproduce, and go to
the next generation. Therefore, GA is extensively applied to tackle
complex optimization and search problems by efficiently generating
high-quality solutions, especially in cases where conventional methods
face limitations.

Fig. 1 shows the main concept of GA. Initially, a diverse population of
potential solutions is created, each encoded in a structured format
known as a chromosome (also known as the solution), typically repre-
sented as binary strings, real-valued vectors, or permutations, depend-
ing on the nature of the optimization problem. In this study, the
chromosome is a real-valued vector consisting of the input parameters
for the HystereticSM material model. The algorithm then evaluates the
fitness of each individual parameter using a specifically designed fitness
function, defined as the cumulative energy error between the simulated
and experimental hysteresis loops. The dissipated energy of each loop is
computed as the enclosed area of the force-displacement curve using
trapezoidal numerical integration. The cumulative energy error is
expressed as the relative difference between the simulated and experi-
mental energies, and the objective of the optimization is to minimize this
error, ensuring that the calibrated model closely matches the energy
dissipation observed in the experiments. Based on these fitness scores, a
parent selection mechanism is applied in which individuals with higher
fitness values are assigned proportionally greater probabilities of being
chosen for reproduction. This preferential selection ensures that fitter
individuals contribute more frequently to the next generation. At the
same time, because the selection is probabilistic (roulette wheel selec-
tion), less-fit individuals still retain a nonzero chance of being selected,
which helps maintain population diversity and prevents premature
convergence. The selected parents then undergo crossover (recombi-
nation), where pairs of parent chromosomes exchange genetic infor-
mation to create offspring (also known as the new trial solution) that
combine desirable traits from both parents. This mechanism promotes
the exploration of new regions within the solution space and increases
the likelihood of discovering improved solutions. Next, mutation is
applied by randomly altering one or more components of a chromosome,
further enhancing genetic diversity and reducing the risk of the algo-
rithm becoming trapped in local optima.

After the mutation step, the algorithm proceeds with the generation
of a new population, where the offspring produced through crossover
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Fig. 2. Backbone curves for HystereticSM and Hysteretic material models.

and mutation form the updated population for the next iteration. Once
the new population is generated, the algorithm checks whether the
convergence criteria have been met. These criteria typically include
reaching the maximum number of generations, achieving a predefined
fitness threshold, or observing no significant improvement in fitness
values over multiple iterations. In this study, the maximum number of
generations is used as the convergence criteria to stop the process. If the
convergence criteria are not satisfied, the algorithm returns to the
evaluation of fitness step, ensuring that the new population is assessed
and undergoes subsequent iterations of selection, crossover, and muta-
tion. This iterative process continues until the stopping condition is met.
Once convergence is achieved, the algorithm terminates, and the best
solution found is returned as the optimal solution.

In this study, the package known as geneticalgorithm in python [40]
was used for the optimization process. Every evolutionary algorithm
requires certain parameters to be adjusted for optimal performance. GA
implemented in geneticalgorithm package also requires several key pa-
rameters that influence its efficiency and solution quality. The param-
eters along with their descriptions are presented in Appendix A. Detailed
information of the used package and the theory of GA can be found in
the literature [41,42].

2.2. HystereticSM material model

In this study, HystereticSM material model was employed to calibrate
the cyclic hysteresis behavior observed in experimental tests. Hyster-
eticSM model, recently developed as an extension of the Hysteretic
model in OpenSees [27], is a uniaxial multilinear hysteretic model
capable of simulating pinching effects in force and deformation, damage
accumulation related to ductility and energy dissipation, and stiffness
degradation during unloading based on ductility levels. Fig. 2 illustrates
the visualization of the backbone curve for the HystereticSM and Hys-
teretic material models. Building on the original Hysteretic material,
which permits inputting four pairs of force-displacement (or stress—
strain, moment-rotation, or moment-curvature) values, HystereticSM
retains this compatibility while also allowing users to specify up to seven
pairs when a more detailed backbone curve is required to fully capture
the hysteresis behavior. As shown in Fig. 2, this flexibility enables a
more accurate representation of envelope curves when hysteresis loops
exhibit multiple turning points or nonlinear characteristics, while still
permitting the simpler four-point definition when appropriate.
Furthermore, the number of segments in the monotonic envelope can be
increased (up to seven) to better capture nonlinear response, while
retaining the option of four segments ensures backward compatibility
with the original Hysteretic model. This added flexibility also aligns
with the backbone curve definitions specified in ASCE-41 [43].
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Fig. 3. Parametric study on pinching parameters of HystereticSM.

Furthermore, the force-displacement values can be independently
defined for positive and negative loading directions, making the model
particularly advantageous for capturing asymmetrical envelope
behavior. During optimization, the ability to accommodate multiple
data points (i.e., seven points in each direction) and separately define
the envelope for positive and negative loading directions allows the GA
to efficiently calibrate material parameters to closely align with exper-
imental results.

Additionally, another essential input parameter that enables mod-
elers to simulate crack opening and closing during cyclic loading of
connections or structural members is the parameter controlling the
pinching effect. The pinching effect in a hysteresis loop describes the
narrowing of the loop in the middle during cyclic loading, typically
caused by mechanisms such as slip, cracking, or degradation of material
interfaces. This characteristic shape indicates a reduction in effective
stiffness and a significant loss of energy dissipation capacity. In the
HystereticSM material, the pinching effect is captured through the pa-
rameters $pinchx and $pinchy. The parameter $pinchx controls the
degree of pinching along the displacement axis during unloading and
reloading, while $pinchy governs the pinching along the force axis.
Lower values of $pinchx and $pinchy produce narrower loops with

GENETIC

Hysteresis behavior

Initial input set for
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pronounced inward pinching, whereas values closer to 1 maintain fuller
loops with limited pinching. Fig. 3 demonstrates the variations in hys-
teresis behavior corresponding to different values of $pinchx and
$pinchy. It is evident that these parameters significantly influence the
shape and characteristics of the hysteresis loop. In other words, this
shows the advantage of this material to be able to simulate various
pinching behaviors under cyclic loading.

Moreover, three parameters— $damage, $beta, and $degEnv—are
available to represent cyclic strength and stiffness degradation. Specif-
ically, the $damage parameter captures the damage effects related to
ductility and energy dissipation, $beta defines stiffness degradation
during unloading based on ductility, and $degEnv controls the degra-
dation of the positive and negative envelope curves. It should be noted
that these three damage parameters are optional, with default values set
to zero. Summarization of the six primary input parameters for the
HystereticSM material, along with brief descriptions are provided in
Appendix B. Detailed information about the HystereticSM material
model as well as the parametric studies on $damage, $beta, and $degEnv
can be found in the literature [32] and in the OpenSees documentation
for HystereticSM uniaxial material model [13].

3. Proposed procedure for calibration of HystereticSM using
genetic algorithm

In this study, a novel procedure, illustrated in Fig. 4, is proposed for
calibrating the input parameters of the HystereticSM material model
based on experimental data using the GA. For the initial information
required in the procedure, the steps within the GA and its input pa-
rameters were introduced in Section 2.1. Meanwhile, the loading pro-
tocol was obtained directly from testing, as it was recorded during the
experiment.

The final input information, which includes the initial values and
parameter boundaries of the HystereticSM model, plays a crucial role in
this procedure. These input parameters are sent to the OpenSees model
to generate a hysteresis loop, which is then compared with the experi-
mental results. Accordingly, selecting suitable starting points can
significantly reduce the computational cost of the optimization process.
In other words, the closer the initial values are to the optimal solution,
the less effort is required to find the optimal parameters. Therefore, this
study introduces a general approach for determining appropriate initial
load and displacement values from the experiments. This approach aims
to eliminate the need for manual selection. Specifically, based on
experimental data, the alpha shapes theory [44], which generalizes the
concept of a convex hull to allow for concave boundaries, is utilized to
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Fig. 4. Calibration procedure for HystereticSM using GA.
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Fig. 5. Example of estimated load-displacement values.

accurately capture the envelope of the hysteresis loop. The identified
boundary is then divided into two distinct segments representing the
negative and positive sides. A polynomial fitting procedure is applied to
the boundary data to smooth the curve and facilitate precise selection of
representative points. The main reason for applying polynomial fitting is
that, in some cases, the number of points determined by the alpha shapes
theory is fewer than seven, while in other cases, the boundary may be
excessively smooth with too many points. In this study, a polynomial of
degree four was used for this fitting process. Since the displacement (or
strain) values must be unique in the HystereticSM material model, unique
displacement values are carefully identified and selected. Seven evenly
spaced data points, including the peak points, are chosen for both
negative and positive sides. After identifying these boundary points,
each selected point is matched and replaced with the closest corre-
sponding point from the original experimental dataset using Euclidean
distance [45]. Moreover, the HystereticSM material model requires
strictly monotonic displacement points (i.e., increasing on the positive
side and decreasing on the negative side). To prevent errors during
optimization, slight numerical adjustments are introduced when
displacement values are too close to each other. The magnitude of these
adjustments depends on the user-defined upper and lower bounds of
each parameter, which must be specified in the initial step. For example,
if bounds of +5 % are applied, the adjustment procedure ensures that
the difference between any two consecutive strain values in the initial
input is greater than 10 %. Finally, the resulting boundary points, which
represent a precise yet simplified characterization of the cyclic behavior,
are structured appropriately and are ready for immediate use in the
optimization process. It is noted that the above procedure may not be
effective for all types of hysteresis loops. In such cases, manual param-
eter selection should be employed. Fig. 5 presents an example of esti-
mated seven pairs of load-displacement values for both the positive and

Table 1

Selected input parameters for GA.
Parameter Value
‘max_num_iteration’ 1000
’population_size’ 10
‘mutation_probability’ 0.1
“elit_ratio’ 0.01
*crossover_probability’ 0.5
’parents_portion’ 0.3
’crossover_type’ “uniform”
‘max_iteration_without_improv’ 50

Engineering Structures 346 (2026) 121622

negative sides of an experimental test using the proposed approach.

For the pinching parameters, as discussed in Section 2.2, these pa-
rameters significantly influence the shape and characteristics of the
hysteresis loop. Fig. 3 illustrates how the shape changes under three
different pinching parameter cases. Generally, there is no established
method for automatically selecting the initial values of the pinching
parameters. Therefore, to enhance efficiency, it is recommended that
these parameters should be selected based on different hysteresis loop
shapes, using the reference values provided in Fig. 3. It is noted that the
random values with a large upper and lower range could be used.
However, this approach may increase computational cost. For the
parametric study of other parameters ($damage, $beta, and $degEnv),
the information is provided in the OpenSees documentation for Hyster-
eticSM material model [13].

Another important information for the optimization process of GA is
the objective function. In this procedure, the objective function is the
difference in energy dissipation between the hysteresis loops obtained
from the test and the numerical model. Specifically, energy dissipation is
calculated as the area under the curve. In this study, the loop area was
computed using the trapezoidal rule applied to the time-ordered force-
—displacement pairs. Ultimately, the last information, which is the
convergence criteria to stop the GA, was introduced in Section 2.1. The
entire procedure can be summarized as follows:

Step 1 - Estimate Initial Load-Displacement Values: Determine
the initial values for the seven pairs of load-displacement relationships
using the approach introduced earlier.

Step 2 - Estimate Initial Pinching, Beta, Damage, and Degrada-
tion Parameters: Select initial pinching, beta, damage, and degradation
values based on the shape of the experimental hysteresis loop.

Step 3 - Define Boundary Values: Set the upper and lower limits for
the input parameters.

Step 4 - Build the OpenSees Model: Develop an OpenSees model
with a single-degree-of-freedom system incorporating a nonlinear zero-
length spring using the HystereticSM material. The applied force follows
the displacement protocol from the test.

Step 5 - Set GA Parameters: Define the necessary input parameters
for the GA, which are introduced in Appendix A.

Step 6 - Run Analysis and Adjust Iterations: Generate material
input parameters using the GA based on the initial estimates and their
predefined boundaries. These inputs are sent to the OpenSees model,
which simulates the hysteresis loop. The simulated response is compared
with the experimental results using an objective function (e.g., mini-
mizing the difference in energy dissipation). The GA evaluates whether
the stopping criteria are met. If not, it generates a new set of input pa-
rameters. This iterative process continues until the convergence criteria
are satisfied.

Step 7 - Obtain Optimized Parameters: Complete the process and
extract the optimized parameter values for further analysis.

4. Application of calibration procedure to timber components
and systems

To demonstrate the robustness of the proposed procedure, it was
applied to calibrate the hysteresis loops obtained from testing of timber
connections and wood-frame shear walls. Following the steps outlined in
Fig. 4 and Section 3, the general input information for the proposed
procedure was determined. The parametric study on the pinching pa-
rameters affecting the shape of the hysteresis loops was presented in
Section 2.2, while the parametric studies of the other parameters are
provided in the OpenSees documentation for HystereticSM uniaxial
material model [13]. Based on the shape of the hysteresis loops of the
considered timber connections and light wood-frame shear wall, the
initial values for the pinching parameters were set to 0.8 for $pinchx and
0.2 for $pinchy (Step 2). The values of $damagel, $damage2, $beta,
$degEnvP, and $degEnvN were initialized at 0.001. Since the
load-displacement values are obtained directly from experimental data,
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a £+ 5 % variation was used for their upper and lower bounds (Step 3). It
is recommended that the bounds for load-displacement remain small, as
they are derived directly from experimental measurements. By contrast,
a wider £50 % variation was applied to the pinching, beta, damage, and
degradation parameters to allow a broader search range and improve
the ability to match different hysteresis behavior. The initial values for
the genetic GA parameters (Step 6) are summarized in Table 1. It is
noted that these values are recommended in the geneticalgorithm package
[40]. The information for the other steps is determined based on each
specified experimental test.

Given the initial information, the optimized procedure is applied to
timber connections fabricated with three types of fasteners (timber rivet,
bolt, and nail) and a light wood-frame shear wall to evaluate its per-
formance, as detailed in the following sections.
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4.1. Riveted connection

For this investigation, data from testing of two riveted connections in
spruce-pine glulam members of grade 20f-EX [46] were considered.
Both connections used 20 timber rivets (4 rows of 5) on each side of the
glulam member, for a total of 40 rivets at each end of the glulam
member. These two connections were identical except for the length of
timber rivets. The connection with shorter rivets (40 mm) is referred to
as RC1, while the one with a length of 65 mm is referred to as RC2. The
connection specimen configurations are illustrated in Fig. 6.

As required in Step 1, initial load-displacement values are needed.
Fig. 7a and Fig. 7b show the selected load-displacement values in both
the positive and negative directions for RC1 and RC2, respectively, using
the proposed approach described in Section 3.

As described in Step 4, the displacement protocol from the test is
required for the OpenSees model. Fig. 8a and Fig. 8b present the
displacement protocols used in the experiments for RC1 and RC2,
respectively.

All necessary inputs for the calibration are prepared. After running
the calibration procedure, the results were obtained. Fig. 9 illustrates the
performance of the proposed procedure for the RC1 case. It can be seen
that the backbone curve of the hysteresis loop obtained from the simu-
lation is generally close to that obtained from the experiment. As shown
in Fig. 9a, the maximum and minimum loads obtained from the nu-
merical model are 107.49 kN and 115.61 kN, respectively, with differ-
ences of 0.22 % and 0.42 % compared to the experimental results. These
small discrepancies highlight the importance of selecting appropriate
initial points for the envelope of the hysteresis loop. In addition, based
on the hysteresis loop, the energy dissipation was calculated for both the
simulation and the experiment. The energy dissipation from the simu-
lation is 7,575.58 kJ, which is similar from the experiment
(7,575.57 kJ). The energy dissipations of simulation and experiment are
identical, as demonstrated in Fig. 9b.

The calibration process of the hysteresis loop for the RC2 connection
is presented in Fig. 10. As observed, the proposed procedure yields a
hysteresis loop that closely matches the experimental results. Fig. 10b
indicates that there is a very minimal difference in energy dissipation
between the experiment and simulation. Specifically, the energy dissi-
pation measured in the experiment is 16,482.76 kJ, while the simulation
produces 16,482.77 kJ. In terms of maximum load, the experiment re-
cords 143.72 kN, compared to 143.26 kN in the simulation, corre-
sponding to a discrepancy of 0.32 %. For the negative load region, the
values are 149.87 kN in the experiment and 151.31 kN in the simula-
tion, with a difference of 0.96 %.

The rate of convergence to the final results in the calibration pro-
cedure for the two rivet connections is presented Fig. 9b and Fig. 10b

150

100 ¢

50 r

-20 0 20 40
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Fig. 7. Selected envelope points of force—displacement curve for riveted connections.
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respectively. For the RC1 connection, the GA procedure reaches tested by [47] were selected for calibration. These connections consisted
convergence after 89 iterations, while for RC2, convergence is achieved of Douglas Fir-Larch glulam member of grade 16c-E. One is a standard
after 76 iterations. bolted connection with four 9.5 mm diameter bolts, referred to as BC1.

The other also has four 9.5 mm diameter bolts but includes additional
reinforcement using four fully penetrated 8 mm diameter self-tapping
screws, referred to as BC2. The details of these connections are shown
in Fig. 11.

4.2. Bolted connection

In this assessment, the hysteresis loops of two bolted connections
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Fig. 12. Selected envelope points of force-displacement curve for bolted connections.

Fig. 12a and Fig. 12b show the selection of envelope values in both
positive and negative directions for the BC1 and BC2 connections,
respectively. In addition, the two displacement protocols used in these
experiments are presented in Fig. 13.

Fig. 14a and Fig. 15a show the hysteresis loops obtained using the
proposed procedure for the BC1 and BC2 connections, respectively,

along with the corresponding optimization processes presented in
Fig. 14b and Fig. 15b. In terms of peak force, the difference on the
positive side for BC1 is 0.19 %, while the difference on the negative side
is 0.16 %. For BC2, the differences are 0.13 % and 0.96 % on the positive
and negative sides, respectively. These small discrepancies indicate that
the proposed procedure effectively calibrates the input parameters of
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Fig. 15. Performance of the calibration procedure for BC2 connection.

the HystereticSM material model to follow the envelope of the hysteresis
loops from experimental tests for the two bolted connections considered.

In terms of energy dissipation, the differences are again minimal, as
shown in Fig. 14b and Fig. 15b. Specifically, the energy dissipation
values for BC1 are 44,800.58 kJ and 44,800.72 kJ for the experiment
and simulation, respectively. For BC2, the values are 95,819.12 kJ and
95,818.87 kJ. These observations confirm that the GA effectively opti-
mizes the parameters based on energy dissipation for these two bolted
connections.

4.3. Nailed connection

A nailed connection adopted from Qiang et al. [48] was considered
for this investigation. The tested nail measured 63.5 x 3.33 mm and was
used to connect 15 mm oriented strand board (OSB) panel, to 38 mm x
89 mm No. 2 grade Douglas fir lumber. Connection specimen details are
presented in Fig. 16.

Fig. 17a presents the initial selected force-displacement values, and
Fig. 17b displays the loading protocol applied to the numerical model
and experiment. The loading protocol was generated based on the
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information provided in [48], which follows Method C of ASTM E2126
[49], using a reference displacement of 31.75 mm (1.25 in.).

The performance of the proposed procedure for the nail connection is
illustrated in Fig. 18. In terms of total energy dissipation, both the
simulation and experiment produced the same value of 599.06 kJ. The
peak force errors between the two models were 0.84 % on the positive
side and 0.22 % on the negative side. Overall, the calibration procedure
can still yield an acceptable hysteresis loop for the considered nail
connection compared to the experiment, despite some discrepancies
when the nail connection began to fail. In fact, as shown in Fig. 18a, the
nail connection failed during the final loading cycles of the experiment,
which led to deviations between the experimental and simulated results,
especially in the negative direction.

Force, kN
o

1
N

4 L . s : s
-40 -20 0 20 40

Displacement, mm
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4.4. Light wood-frame shear wall

For the light wood-frame shear wall, the test data obtained by
FPInnovations and the University of Victoria [50] were used for cali-
bration. The shear wall was fabricated with 9.5 mm thick OSB sheathing
panels and 63.5 x 3.33 mm diameter nails at spaced at 75 mm at panel
edges. Each wall measured 2440 x 2440 mm (8 x 8 feet) with details
shown in Fig. 19. The wall was sheathed on one side with two vertically
OSB panels. Additional details about the tested wall can be found in the
literature [50], where it is referred to as “Wall 2b”.

The initial load-displacement values and the displacement protocol
are presented in Fig. 20a and b, respectively. In this calibration, the
loading protocol was generated following Method C of ASTM E2126
[49] with a reference displacement of 63.5 mm (2.5 in.).

Fig. 21 shows the performance of the calibration procedure for the
light wood-frame shear wall. The peak force on the positive side of the
calibrated model is 75.94 kN, corresponding to differences of 0.51 %
compared to the experimental result. On the negative side, the differ-
ences in peak force between the experiment and simulation are 0.36 %.
As shown in Fig. 21b, the calibration procedure stops at iteration 168,
with the difference in energy of 0.0005 % between the numerical model
and the experiment. In this case, the energy dissipations are
29,114.05 kJ in the experiment and 29,114.19 kJ in the simulation.
Generally, the calibrated HystereticSM material model successfully pro-
duces a hysteresis loop that closely matches the experimental results for
the light wood-frame shear wall.

Overall, across four application cases, the outstanding performance
of the GA to optimize the energy dissipation in the proposed procedure
suggests that the recommended input parameters listed in Table 1 are
effective and can serve as a reliable starting point for future applications.
However, despite the very small discrepancies in energy dissipation
between the experimental and simulated hysteresis loops, further im-
provements are still needed to better align the loops with the loading
path in each cycle, especially in the bolted connections.

5. Conclusions

This study proposes a novel procedure to automate the calibration of
the hysteresis loops of timber components using the HystereticSM ma-
terial model. The procedure was presented thoroughly in this study to
ensure it can be applied to calibrate hysteresis loops with varying
characteristics. The HystereticSM model was selected for its ability to
capture pinching effects, as well as strength and stiffness degradation.
Compared to other commonly used material models, it requires fewer
input parameters, which facilitates the calibration process. To accelerate
optimization, a GA was employed in the calibration procedure using the

50 . : :
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o
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Cycle

Fig. 17. a) Selected envelope points of force—displacement curve of nailed connection and b) Loading protocol of the experiment.
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difference in energy dissipation as the objective function. The proposed
procedure was then applied to calibrate hysteresis loops for various
types of fasteners in timber connections and light wood-frame shear
walls. The investigation has yielded the following conclusions:

Displacement, mm

-150 -100 -50 0 50 100 150

-100 ¢ 1

-150

The proposed procedure generally reproduced the hysteresis loops of
three types of fasteners (i.e., rivets, bolts, and nails) in timber con-
nections and light wood-frame shear walls with good accuracy when
compared to experimental results. Specifically, the errors in terms of
peak force and energy dissipation were considered small.

The calibrated results of four applications confirmed that the Hys-
tereticSM was capable of well capturing the pinching effects, as well
as strength and stiffness degradation. Therefore, it could be possi-
bility used for different hysteresis behaviors.

In all application cases, the calibrated models were able to accurately
capture the backbone curves, closely matching those obtained from
tests. This emphasizes the importance of selecting appropriate initial
force-displacement values. Accordingly, the proposed approach for
automatically selecting these values proved to be effective.

For the pinching, beta, damage, and degradation parameters, the
initial values should be selected based on the hysteresis character-
istics, using the reference values from the parametric study presented
in Section 2.2. In this study, the values were set to 0.8 for $pinchx
and 0.2 for $pinchy and other parameters ($damagel, $damage2,
$beta, $degEnvP and $degEnvN) were initialized at 0.001.
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Fig. 20. a) Selected envelope points of force-displacement curve of light wood-frame shear wall and b) Loading protocol of the experiment.
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e The strong performance of the proposed procedure in optimizing the
difference in energy dissipation confirms the effectiveness of GA.
Furthermore, the use of the ‘max_iteration_without_improv’ param-
eter is highly recommended in GA, as it allows the procedure to
terminate when no further improvement is observed, thereby
reducing overall computational cost.

Despite the very small discrepancies in energy dissipation and peak
force between the experimental and simulated hysteresis loops
across four applications, further improvements for the proposed
procedure are still needed to better align the loops with the loading
path in each cycle.

In this study, the proposed procedure demonstrated strong perfor-
mance in modeling the hysteresis behavior of timber connections and
components. It can be extended to other materials and various types of
hysteresis loops/loading protocols to further validate its applicability. In
addition, alternative parameters can be considered in the objective
function of GA to better align the hysteresis loops with the loading path
in each cycle. Furthermore, the influence of parameter bound settings on
the numerical adjustment process (e.g., the effect of different bound
ranges on the spacing between input values) was not investigated in this
work. These directions will be explored in future studies.

APPENDIX A. INPUT PARAMETERS FOR GA
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Parameter Description Range

’max_num_iteration’ The stopping criterion for the genetic algorithm. The algorithm terminates when the maximum  [0,c0]
number of iterations is reached.

*population_size’ Defines the number of candidate solutions (individuals) in each generation of the population. A [0,00 ]
larger population increases diversity but requires more computational resources.

‘mutation_probability’ Specifies the probability that a gene in an individual solution will be randomly altered to [0,1]
introduce genetic diversity. Higher values increase exploration but may disrupt good solutions.

“elit_ratio’ Determines the proportion of the population preserved as elites, meaning the best-performing  [0,1]
individuals are carried over to the next generation without modification. For example, with a
population size of 100 and ’elit ratio’ = 0.01, one elite individual is retained.

*crossover_probability’ Defines the likelihood that two selected parents will exchange genetic material to produce [0,1]
offspring. Higher values promote exploration, while lower values preserve existing solutions.

’parents_portion’ Specifies the fraction of the population that consists of individuals carried over from the [0,1]
previous generation (parents). The remaining portion is filled with newly generated offspring

*crossover_type’ Determines the method of crossover used to combine genetic material from parents. “one_point”, “two_point”, and “uniform”

‘max_iteration_without_improv’

Defines the number of consecutive iterations without improvement in the objective function
before the algorithm stops early. If the best solution remains unchanged over this threshold, the
algorithm terminates before reaching *'max_num_iteration’.

“None” or positive integer. Note that it should
be less than *max_num_iteration’
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Number of Notation Description
input
1 $s1p $elp, ..., $s7p Force-displacement (or stress-strain; moment-rotation; moment-curvature) values from the first ($s1p $elp) to the seventh ($s7p $e7p)
$e7p points defining the envelope in the positive direction.
2 $s1n $eln, ..., $s7n Force-displacement (or stress-strain; moment-rotation; moment-curvature) values from the first ($s1n $eln) to the seventh ($s7n $e7n)
$e7n points defining the envelope in the negative direction.
3 $pinchx and $pinchy Pinching factors for strain ($pinchx) and stress ($pinchy) during reloading.
4 $damagel and Factors accounting for damage related to ductility ($damagel) and energy dissipation ($damage2).
$damage2
5 $beta Factor determining degraded unloading stiffness based on ductility.
6 $degEnvP and Envelope-degradation factors used with damage parameters to degrade the positive ($degEnvP) and negative ($degEnvN) envelopes.
$degEnvN

Data Availability

Data will be made available on request.
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