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Chapter 10
Constitutive Model Calibration via Autonomous Multiaxial
Experimentation

P.L. Phillips, R.A. Brockman, D.J. Buchanan, and R. John

Abstract Modern plasticity models contain numerous parameters that can be difficult and time consuming to fit using
current methods. Additional experiments are seldom conducted to validate the model for experimental conditions outside
those used in the fitting procedure. To increase the accuracy and validity of these advanced constitutive models, software and
testing methodology have been developed to seamlessly integrate experimentation, parameter identification, and model
validation in real-time over a range of multiaxial stress conditions, using an axial/torsional test machine. Experimental data
is reduced and finite element simulations are conducted in parallel with the test based on experimental strain conditions.
Optimization methods reconcile the experiment and simulation through changes to the plasticity model parameters.
Excursions into less-traveled portions of the multiaxial stress space can be predicted, and then executed experimentally,
to identify deficiencies in the model. Most notably, the software can autonomously redirect the experiment to increase
the robustness of the plasticity model where further deficiencies are identified, thus providing closed loop control of the
experiment. This novel process yields a calibrated plasticity model upon test completion that has been fit and more
importantly validated, and can be used directly in finite element simulations of more complex geometries.

Keywords Axial/torsional experimentation * Plasticity « Constitutive model fitting * Autonomous testing « FEMU

This paper is declared a work of the U.S. Government and is not subject to copyright protection
in the United States.

10.1 Introduction

Due to the high cost of designing and manufacturing complex subcomponents, it is becoming common for finite element
analysis to replace experimental tests to avoid the costs associated with elaborate test fixtures and equipment or expensive
physical specimens. In addition, certain stress states commonly of interest are difficult, if not impossible, to physically
reproduce in experiments. Accurate material models that are calibrated over a wide range of stress and temperature
conditions are critical to ensuring the accuracy and reliability of finite element results for complicated geometries subjected
to realistic loading environments. Identifying parameters for modern constitutive models, that continue to grow in
complexity, is a difficult and time consuming process that has historically be a separate process from the experimental
testing. As such, additional experiments are seldom conducted to validate the model for experimental conditions outside
those used in the fitting procedure.

Current methods for parameter identification are either separate endeavors as is the case with Finite Element Model
Updating (FEMU) [1, 2] or are still limited in the scope of nonlinear models or stress states as is the case with the growing
area of the Virtual Fields Method (VFEM) [3]. Multiaxial experimentation [4—6], specifically axial/torsional testing [7], is a
mature technology and modern equipment is capable of testing at various rates and elevated temperatures; however, material
testing is still dominated by tension testing. Finite element methods continue to advance and the constitutive models
(including modern plasticity models) used within continue to evolve and grow in complexity as researchers seek to describe
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more complicated behavior, e.g. low-cycle fatigue, non-proportional loading, etc. For an extensive review of modern
plasticity models, see Chaboche [8]. Computer hardware has reached the point where multiple CPU systems are relatively
inexpensive and parallel processing architectures are readily available in OpenMP and MPI. The maturity of the aforemen-
tioned fields enables the advancement of the state-of-the-art in experimental testing through the combination of multiaxial
experiments with real-time constitutive model calibration. Software and testing methodology have been developed to
seamlessly integrate experimentation, parameter identification, and model validation in real-time over a range of multiaxial
stress conditions, using an axial/torsional test machine. The methodology is material agnostic; however, initial work has
been focused on initially isotropic materials using phenomenological plasticity models. Upon test completion, this new,
novel methodology yields a calibrated plasticity model that has been fit and more importantly validated, and can be used
immediately in finite element simulations of more complex geometries. The new method also reduces the time required to
perform the complex fitting and decreases the required number and complexity of the test specimens. It also significantly
reduces the time to develop a validated model since the experiments are done as needed to fit the model and in real-time as
opposed to post-test.

10.2 Methodology

Many different pieces of software are required to perform constitutive model calibration through autonomous multiaxial
testing. Figure 10.1 provides an overview of the entire methodology and illustrates how the different pieces of software
communicate with each other. Experimental data is reduced and finite element simulations are conducted in parallel with the
test based on experimental strain conditions. Optimization methods reconcile the experiment and simulation through
changes to the plasticity parameters. Excursions into less-traveled portions of the multiaxial stress space are predicted by
the testing platform, and then executed experimentally, to identify deficiencies in the model. Most notably, the software can
autonomously redirect the experiment to increase the robustness of the plasticity model where further deficiencies are
identified, thus providing closed loop control of the experiment.

The model fitting relies on Finite Element Model Updating (FEMU) which requires both a finite element code and an
optimizer. Developing autonomous experimental control of the axial/torsional testing hardware requires software for test
control, acquisition of data, and communication with the external software responsible for the overall integration.
Section 10.2.1 describes the axial/torsional testing machine and test specimen details. Section 10.2.2 describes the
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10 Constitutive Model Calibration via Autonomous Multiaxial Experimentation 79

specialized finite element code written for its compact size, fast execution, and integration with the optimization
program. Section 10.2.3 describes the optimization program and the different methods available. Lastly, Sect. 10.2.4
outlines the new novel software responsible for the autonomous constitutive model calibration via multiaxial
experimentation.

10.2.1 Experimental Setup

The experiments were conducted on a MTS 809 Axial/Torsional test frame with force and torque capabilities of 100 kN and
1100 N m, respectively. The test frame was controlled using a custom program written in MTS TestSuite. Axial and shear
strain measurements were obtained using a MTS high-temperature axial/torsional extensometer with a gage length of
25.0 mm. The specimen used for the initial capability demonstrations was made from 4340 steel, with dimensions as shown
in Fig. 10.2.

10.2.2 Simulator (Finite Element Program)

A finite element program has been written that is customized for isotropic materials subjected to axial/torsional loading. This
allows for accurate simulation of multiaxial loading for both solid and thin-walled cylindrical specimens made of materials
with continuum level isotropic behavior. The code uses axisymmetric, four node elements formulated in cylindrical
coordinates with displacement degrees of freedom in the radial, circumferential, and axial directions. Figure 10.3 shows
the simplification from the solid three-dimensional mesh to the axisymmetric mesh used in the code. All three degrees of
freedom are assumed to be independent of the angular position; therefore, the four node elements are modeled in the theta
equals zero plane. The program handles material nonlinearity and implements the material routines through Abaqus/
Standard [9] user material subroutines (UMAT) that are written in Fortran. The same material subroutines used in the
custom finite element code are directly compatible with the commercial code, Abaqus. Material models for elastic and linear
isotropic hardening are also included.

A UMAT has been written for a unified plasticity model with combined nonlinear isotropic-kinematic hardening.
The development of the rate equations and the consistent material tangent matrix follows Kirchner [10] with the
exception that the yield function has been simplified to include the von Mises stress. This Chaboche type plasticity
model has been used successfully by others [8] for the simulation of cyclic experiments. The rate equations describing
the model are
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where f is the yield function, py is the initial yield surface size, p(w) are the individual isotropic hardening terms, D is the drag
stress, n is the rate sensitivity exponent, and Xij(w) are the individual backstress terms. The yield function uses the deviatoric
stresses, Sjj, and backstresses, Xj;. The backstresses have both a linear hardening term, A, and a recovery term, B. The
isotropic hardening terms have a saturation stress, Q, and a rate term, b. In addition a series of terms can be used for both the
isotropic and kinematic terms to achieve better calibration over multiple strain ranges.

10.2.3 Optimizer

A critical part of the methodology developed is the optimization software as this directly influences to success of the
constitutive model fitting. When using FEMU, each objective function evaluation requires a separate call to the finite
element program with a different set of material parameters. The optimization seeks to minimize the objective function
given in Eq. (10.2), where N is the number of load steps (experimental data points) used in the FE solution, and k denotes the
individual load step. The first and second terms of the objective function are related to the force, F, and torque, T,
respectively. The subscript ‘exp’ denotes experimental results while ‘FE’ denotes finite element results. Each term has a
weight factor that can reconcile the difference in magnitude between the force and torque. For this work, wg is A~> where A
is the initial cross-section area, and wr is r°J~* where r is the outer radius of the specimen and J is the polar moment of
inertia. With the chosen weight factors, the objective function has units of stress squared. The experimental values come
directly from the load cell, while the FE values are obtained through integration of element stresses.
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10 Constitutive Model Calibration via Autonomous Multiaxial Experimentation 81
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The optimization software currently has three methods available: Powell’s method, a genetic algorithm (GA), and particle
swarm optimization (PSO). The three methods have shown to yield fairly similar results when similar inputs and tolerances
are used; therefore, the GA and PSO are used as the objective functions can be evaluated in parallel.

The GA is a simple version with concepts taken from Goldberg [11]. The GA uses bound constraints, tournament
selection with three parents, uniform crossover, and mutation. Ten parents are used, the probability of crossover and
mutation is 0.5 and 0.02, and ten rounds are carried out for a total of 100 objective function evaluations. The PSO has inertia,
cognitive, and social factors similar to Kennedy [12] with an additional pheromone velocity factor similar to Foo
et al. [13]. The parameter values are bounded through a simple rebound formula in which a particle that exceeds the bounds
is reflected at the boundary and the reflected portion loses half its magnitude. Ten particles are used for ten rounds with
velocity factors ramped linearly from starting values to end values over the specified number of rounds. Initial and final value
pairs for the inertia, cognitive, social factors, and pheromone factors are (0.5, 0.5), (1.0, 2.0), (2.0, 1.0), and (1.0, 1.0)
respectively. The initial populations for both methods have been formulated using a Latin-hypercube sampling method
similar to Singh et al. [14]. Initial velocities for the PSO are equated to the difference between a second Latin-hypercube
population on the initial population. Lastly, velocity clamping is used for the PSO to limit the maximum Euclidean norm of
the velocity to 0.33.

10.2.4 Testing Platform

The testing platform software includes the optimizer, simulator, methods to communicate with the MTS test frame through
the hardware controller, and additional intelligent algorithms to perform the autonomous multiaxial experimentation and
constitutive model fitting. Experimental control is determined on-the-fly rather than requiring the entire process to be
predefined because the testing platform software runs simultaneously with the experiment, collects the experimental data,
processes the data, and dictates the next loading step for the experiment. The loading steps can be a single ramp from one
load level to another, a series of cycles between prescribed load levels, or dwelling at current loads. Control algorithms are
included in the testing platform to perform: initial modulus checks for signal verification, zero-load offsets for strain
channels based on least-squares regression, yield surface probing for multiple stress trajectories using single specimens
(similar to Lissenden et al. [15]), and most importantly, autonomous constitutive model fitting and multiaxial
experimentation.

The software can accommodate control modes for load, stroke, and strain implemented through stroke (pseudo-strain).
The load and stroke control utilize the built-in capabilities of the test frame controller. However; the pseudo-strain control
requires an understanding of the relationship between increments in stroke and corresponding strain increment. This
correlation is determined during the initial modulus check. In addition, calculations are done to map the desired strain
level to a required stroke, and limit detection is used to stop the load excursion once the requested strain level is reached. As
plasticity occurs, the stroke limit predictions based on correlation from elastic deformation will be excessive; however, the
strain limit detection stops the stroke at the desired strain. The pseudo-strain method is implemented to bypass the possible
instabilities of strain control, and to also allow for the possibility of redundant strain control mechanism (if the extensometer
fails or jumps, strain gage data could be used as the controlling signal).

Prior to use in the optimization software, the experimental data is filtered using a lowpass filter. Both eighth-order
Butterworth and 100-pole finite impulse response (FIR) filters are available within the software with various cutoff
frequencies. The default used is the 100-pole FIR filter with a 10 Hz cutoff. Each loading segment of the filtered data is
then further down sampled based on the elastic modulus and user-defined increments in strain over the nonlinear region. This
reduces the number of load increments required for the finite element analysis.

The software needs to be initialized with information regarding the desired material model and definitions of the testing
boundaries with respect to the axial and shear stress or strain space. Each constitutive model has its own setup routine where
the user can prescribe which parameters of the model they wish to optimize. In addition, they can set bounds on the
parameter values or accept the default values present in the software. The testing bounds are described in terms of the
maximum and minimum levels, or maximum levels and R-ratios where R is the maximum over the minimum load/strain.
A sequence of rounds can be prescribed in which the maximum levels increase over each round. Figure 10.4 shows an
example for a pseudo-strain-controlled test in which the maximum strain limits were 1.0 % strain. This example also
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Fig. 10.4 Test conditions for
autonomous model fitting
with: strain control, £90°
with no compressive strain,
and two rounds with a
maximum strain of 0.5

and 1.0 %

corresponds to the results presented in the next section. Two rounds are chosen, with the test bounds between +90° with no
compressive strain allowed. The behavior within each round can be predefined by the user or randomly assigned by the
software, and each round can consist of multiple stress trajectories within the defined test bounds.

The autonomous fitting procedure directs the experimental test based on the setting for the current round. Force, torque,
and strain data from the experiment are read by the software, filtered, and down sampled for use in the optimization program.
Some initial portion of the experimental data can be used in the model fitting process, and the remainder can be used for
model validation. Plasticity models are history dependent so the entire loading process must be simulated whenever the
model parameters are revised. As an example, if the test has a total of three rounds, the first two rounds can be used for
the model fitting and the third round can be used for validation to determine the accuracy of the optimized material
parameters. The criterion for which data is used in the prediction and which is used for validation is still evolving and will
be the focus of future work. In addition, the criteria for when the autonomous fitting procedure has deemed itself converged
is continuing to evolve.

10.3 Results

Testing was carried out on a solid cylindrical specimen (Fig. 10.2) made from 4340 steel. Force and torque measurements
were obtained from the 100 kN, 1100 N m load and torque cells. Both axial and shear strain data were collected using the
axial/torsional extensometer. Prior to starting the fitting procedure, the axial and shear moduli were determined as well as
parameters required for using the pseudo-strain algorithm. Rather than perform the yield surface probing, a yield stress of
100 MPa was assumed (based on yield surface probing of a separate specimen). The autonomous model fitting procedure
was performed under pseudo-strain control for two rounds with maximum strain levels of 0.5 and 1.0 % strain. Figure 10.4
depicts the test conditions. At each strain level, the specimen underwent: axial only loading (tension only), fully reversed
torsional loading, and combined axial and torsional load (again tension only). Figure 10.5 shows experimental results for
engineering stress vs. engineering strain for both axial and shear stresses. Both rounds of strain levels were used for the
prediction of the material properties. Development of more advanced algorithms for the model fitting and validation data set
definitions will continue to evolve as more experience is gained in working with the new software.

The plasticity model with nonlinear isotropic and kinematic hardening given in Eq. (10.1) was used during the modeling
fitting procedure. A single isotropic hardening term was used (with two parameters b and Q), and two nonlinear kinematic
hardening terms were used. The first kinematic term used both parameters A1, and B1, while the second kinematic term only
used the linear parameter A2, with the corresponding recovery parameter B2 set to zero. The optimization was therefore
performed for a total of five material parameters (b, Q, Al, B1, and A2). Both the GA and PSO were used for comparison of
the methods with settings as described in the Optimizer section.

Table 10.1 provides results for the optimized material parameters, and also provides computation times for each
algorithm. Both algorithms were run using two computer processors (thus two FE jobs are run simultaneously). Preliminary
scalability testing of the parallelization has shown a scalability factor of 0.92 out of 1.0. Both optimization methods
converged on similar material parameters, and the objective function values are in reasonable agreement. Figure 10.6
compares the stresses from the experiment with the stresses from the best set of parameters resulting from the GA and PSO.
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Fig. 10.5 Strain controlled experimental results for solid cylindrical specimen made of 4340
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Table 10.1 Material property fitting optimization results for both GA and PSO

Method Computer cores Number of analyses Run time (min) Run time (s) Obj fun.
GA 2 100 23.6 1414 4,373,610
PSO 2 100 16.2 969 3,607,640
Par GA PSO min max
Q 250 224 10 250
b 5520 4550 500 9000
Al 290,370 108,160 50 9,000,000
Al/B1 297 341 10 1000
B1 976 317 5 9000
A2 3,226,500 5,846,300 1000 10,000,000
B2 - -

The optimized set of parameters follow the same trends as the experiment, but there is room for improvement. Changes to
the control settings of the optimization methods will likely reduce the difference in peak magnitudes between the
experimental and FE results. Work is ongoing to improve the optimization control settings.

10.4 Conclusions

To increase the accuracy and validity of modern plasticity models, software and testing methodology have been developed
to seamlessly integrate experimentation, parameter identification, and model validation in real-time over a range of
multiaxial stress conditions, using an axial/torsional test machine. This novel process can yield a calibrated plasticity
model upon test completion that has been fit and more importantly validated, and can be used directly in finite element
simulations of more complex geometries. This work is a significant step in advancing how materials are tested in the
laboratory and characterized using constitutive models. The new methods can produce calibrated models in real-time for
multiaxial conditions (rather than the predominate trend of uniaxial testing) and will likely require less time and fewer
specimens. The methodology is material independent and the finite element software and material models could be extended
to anisotropic materials if desired. Future work will focus on improving the fitting and validation algorithms, and applying
the new testing methodology to materials of interest in the aerospace community, namely nickel-based superalloys and
titanium.
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