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Abstract

There has been a great deal of interest in developing new, innovative construction materials that can compensate for
weaknesses of conventional materials. In order to assure the structural safety and durability of the new materials during
the life span of civil infrastructure, it is important to thoroughly study and predict behavior of the new materials under
severe loading and rapid-changing environmental conditions. This paper studies the development and application of a
new simulation framework for studying responses of structural systems equipped with unconventional materials under
extreme loading conditions. The new hybrid (experimental-numerical) simulation method, named material testing
integrated (MTI) simulation is able to extract the complex behavior of physical materials, and conduct numerical
simulation of full structural systems. The concept of MTI simulation can be applied to predict flexural response of
reinforced concrete (RC) columns with a high focus on compressive behavior of concrete. This application is based on
two assumptions: 1) overall flexural response of the RC columns is approximated by using fiber-based beam-column
elements, and 2) complex behavior of concrete expected in localized regions of the columns (i.e. plastic hinge) is
provided from physical concrete specimens. The MTI simulation framework used in this study consists of four key
components: 1) main simulation coordinator which controls overall simulation process, 2) structural analysis platform
capable of constructing hybrid models of a structural system and predicting its responses, 3) experimental test setup
which includes a load-carrying device and its control system, and 4) experimental data storage which collects and
processes experimentally obtained material behaviors. One of the great advantages of MTI simulation is that this
method can capture realistic material behavior from physical specimens (concrete cylinders in this case) that may not be
accurately predicted by existing material models, and directly use it in numerical simulation. Much higher simulation
accuracy is expected, compared to purely numerical simulation. Because only the material of special interest is
fabricated in small-unit scale and tested under desired conditions, there is no need for using complex and expensive
experimental test setup. The use of small unit specimens will also allow easy application of various material-related
parameters or loading conditions, reflecting a variety of situations. This feature is expected to make structural
performance evaluations more cost-effective and flexible. In this study, the new simulation method is employed to
explore structural cyclic response of RC frame rehabilitated with external shape memory alloy (SMA) spirals that apply
active confinement on concrete. One example simulation was carried out to evaluate the performance of SMA
confinement on the lateral cyclic response of the frame when SMA spirals are applied to repair damaged regions of the
frame. Simulation results revealed that the damaged RC frame continued to maintain its lateral force capacity after
being repaired with the SMA spirals.

Keywords: hybrid simulation, shape memory alloys, active confinement, pre-existing damage, temperature variations

© The 17th World Conference on Earthquake Engineering - 2i-0072 -



The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

1. Introduction

A wide range of new, innovative construction materials have been continuously developed and studied for
civil engineering applications [1-7]. Despite their distinguished characteristics, the possibility exists that
some materials exhibit unexpected behaviors or degraded functionality when exposed to high temperature
variations, chemical reactions, and repeated and/or sustained loads [8-12]. In order to properly evaluate
performance of a structure equipped with the novel materials, it is crucial to thoroughly study how those
materials behave in the rapidly varying conditions and how the changed material behavior can affect
responses of the structure both at component and system levels.

The task of evaluating structural performance, taking into account such complex conditions, however,
could be difficult and costly to achieve with conventional approaches. Although many sophisticated
computer-based structural simulations have become available, unique material behaviors and multi-physical
phenomena under such complex conditions may not be properly reflected in the simulations. On the other
hand, large-scale experiments [13-17] enable accurate and reliable structural performance evaluation.
However, test setups with diverse loading effects are not readily available, and cost and time to construct
large test specimens can be substantial.

In this study, a new type of simulation framework, named material testing integrated (MTI) simulation
[18], is adopted. This approach takes advantages of both numerical simulation and experimental testing. It
captures realistic material behaviors through physical material testing and uses them directly in the numerical
simulation of a full-scale structural system. MTI simulation is well suited to explore behaviors of new
materials and their implications on the overall structural responses. This study presents MTI simulation of a
reinforced concrete (RC) frame structure rehabilitated with shape memory alloys (SMAS), a class of smart
materials with distinct thermo-mechanical properties [19].

2. Material Testing Integrated (MTI) Simulation
2.1 Conceptual discussion

MTI simulation focuses on the behavior of individual material which has a crucial impact on the system-
level structural response. Local material behaviors are extracted experimentally from a sample specimen and
provided for the prediction of a global structural response. MTI simulation can be considered as a type of
hybrid simulation [20-23] in that the entire structure is divided into analytical and experimental domains at
the material level, and that responses of the two domains are combined as a whole. Compared to the
conventional hybrid simulation, MTI simulation can be used as a more cost-effective and flexible method of
structural performance evaluation. Without fabricating large specimens, small-scale specimens of particular
materials can be tested, using a simple test setup, and be readily replaced for subsequent tests. Fig. 1
illustrates the concept of MTI simulation.

-

Full Structure Numerical Simulation Material Testing

Fig. 1 — Concept of MTI simulation

The concept of MTI simulation can be used to assess responses of flexural-dominant RC columns with
special attention to compressive behavior of concrete. Two underlying assumptions are: 1) the flexural
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columns are numerically modeled by using fiber-based beam-column elements, and 2) complex material
behaviors exist in limited regions of a column such as plastic hinges. Fig. 2 depicts how the fiber-based
section analysis is carried out in conjunction with physical material testing. If axial strain () and curvature
() at a plastic hinge region (Section 1) are numerically calculated, strain (e;) of each iw concrete fiber is also
calculated (Eg. 1), assuming that the section remains plane after bending. Once the highest compressive
strain demand (emax) is selected, a concrete cylinder in laboratory is deformed by a corresponding axial
deformation. Measured stress-strain data will construct a new uniaxial constitutive relationship of concrete in
the plastic hinge region. Axial force (N) and bending moment (M) at Section 1 are calculated from the
experimental concrete stress (oi) on each fiber area (Ai) and numerical steel bar stresses (Eq.2 and 3).
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Fig. 2 — Determination of section response within a flexural RC member, using experimental testing of a
concrete cylinder

2.2 Simulation framework

For implementation of the MTI simulation concept, a new framework with various components was
established. The components used in this study include: 1) main simulation coordinator which controls
overall simulation process, 2) structural analysis platform capable of constructing hybrid (numerical-
experimental) models of a structural system, 3) experimental test setup which includes a load-carrying device
and its control system, and 4) experimental data storage which collects and processes experimentally
obtained material behaviors. The composition of the simulation framework and data flow are illustrated in
Fig. 3.

The main simulation coordinator administers overall simulation process by providing global
displacements that will be imposed on the structural system. The target displacements (command) are sent to
the structural analysis platform, and restoring forces (feedback) were returned to the coordinator at each
simulation step. In this study, the coordinator developed in LabVIEW sent target displacements for the RC
frame subjected to quasi-static lateral loading. For communication of command and feedback, Transmission
Control Protocol/Internet Protocol (TCP/IP) network was used.
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For the structural analysis platform, a new software program was developed in MATLAB. This
program contains a base numerical model of the structural system and performs non-linear finite element
analysis (FEA). The RC frame which consisted of flexibility-based beam-column elements [24, 25] was used
as the base model. In the program, the strain demand on the concrete fibers are sent to the load-carrying
device in laboratory as command. The numerical model becomes hybrid (numerical-experimental) as
feedback (i.e. experimental stress-strain relationships) are integrated into the model as depicted in Fig. 2.

Simulation Coordinator

Command 1 T Feedback

. 1
J 7, 1
i (Target Disp.) (Restoring Force) TCP/IP NETWORK '
______________________________________________________________ 1
Finite Element Analysis Program (MATLAB) Test Data
RC Column (Beam-Column Element Model) Storage
Numerical Portion Experimental Portion
Envelope curve
Existing Numerical Material Models -~ .
Unloading slopes
Command l T Feedback
(strain) (strain & stress)
Material Testing in Laboratory
Experimental Test Setup Command | Digital Controller
(Voltage)
Concrete | «—| Hydraulic |« MTS — DAC <+ | LabVIEW
Cylinder |~>( Actuator |™| Controller . ADC —- ‘
Feedback
(Voltage)

Fig. 3 — Schematic diagram of MTI simulation framework conducted with concurrent material testing

Digital controller is an interface program between the MATLAB FEA program and the experimental
test setup. It was newly developed in LabVIEW to control uniaxial motions of the load-carrying device
(hydraulic actuator) which applies axial deformation to the concrete specimen. The program operates a
hardware device that acts as digital-to-analog and analog-to-digital converters (DAC and ADC). Digital
command from the MATLAB FEA program is converted into analog voltage signal, and this voltage signal
is fed into an analog controller (MTS controller) controls hydraulic servo valves of the actuator. For precise
motion control and smooth movement of the actuator, Ramp-Hold phase algorithm proposed by Nakata et al.
[26] was implemented.

The raw displacement-force responses measured from the concrete specimen are preprocessed and
stored into two key material properties: 1) envelope of the stress-strain curve and 2) unloading slopes. The
envelope curve provides a common compressive behavior path for all concrete fibers, and the unloading
slopes are used to describe hysteresis loops of individual fiber unloaded from the envelope curve. Fig. 4
shows how the two properties are obtained from cyclic behaviors of concrete. In Fig. 4a, data points on path
O-A-C-D constitute the envelope curve whereas the unloading slopes are estimated from points on paths A-B
and D-E. To reflect changes in the unloading slopes under each unloading strain (eun.), the entire stress
range is divided into several sections (e.g. Section 1 throughout Section b in Fig. 4b), and averaged
unloading slope (e.g. E11) is obtained at each stress section. This modeling scheme is implemented whenever
a new datum point added during the simulation.
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Fig. 4 — Construction of a new uniaxial constitutive relationships of concrete

3. Active Confinement Technique using Shape Memory Alloys

SMAs have been known as a smart engineering material, and their applications in civil engineering have
been extensively studied [2, 3, 5-7, 27, 28]. One of the recent applications of SMA is active confinement
technique which uses strong pre-stressing force for concrete confinement. Compared to passively confined
concrete which relies on lateral dilation of concrete, actively confined concrete exhibits much higher force
deformation capacities under compression. The principle behind the SMA-active confinement technique is
shape memory effect of SMA associated with the phase transition of crystal structure at elevated temperature.
At a temperature below the martensite finish temperature (Mr), the SMA is in martensite phase and can be
permanently deformed after being unloaded from large deformation. If it is heated above austenite start
temperature (As), austenite phase begins to form and causes the SMA to recover its original shape until the
austenite finish temperature (Ar) is reached. High recovery stress (pre-stressing force) can be exerted when
this shape recovery is restrained.

Andrawes and Shin [32] and Shin and Andrawes [5] implemented the active confinement technique
using NiTiNb SMA wires for seismic retrofitting of RC columns with insufficient lateral confinement. SMA
wires prestrained by 6% are spirally applied around plastic hinges of the RC columns and firmed anchored.
If the SME of the SMA wires are thermally triggered, the SMA wires unable to recover their original shape
develop high pre-stressing force, and actively confine the plastic hinge regions. Fig. 5 illustrates the
application of the SMA confinement to the RC columns. The efficacy of the SMA confinement to improve
structural performance of RC members has been validated in many previous experimental and numerical
studies [5, 29-35]. However, more research is still needed on how the SMA confinement would work under
varying ambient temperature and how it affects the behavior of damaged concrete in repair of concrete

structures.
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Fig. 5 — Application of active confinement to a RC column using SMA spirals
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4. Application Example of MTI1 Simulation

As an exploratory study that demonstrates the capabilities of MTI simulation, this paper presents an example
MTI simulation conducted for a simple RC frame structure repaired with SMAS, a scenario which could not
be readily reflected in traditional simulation approaches.

4.1 Description of RC frame

Fig. 6 shows a configuration of the RC frame structure considered in this study. Two circular RC columns
which had a 9.75 m height and a 1.22 m diameter supported a 39 m long rigid beam. Monolithic connections
and fixed boundary conditions were assumed at the top and base of the columns, respectively. The columns
were reinforced with eighteen No. 11 longitudinal steel bars. No. 4 (12.7 mm) internal steel hoops were
placed at a 305 mm spacing, providing insufficient lateral confinement. Each column had an axial force of
3864 kN (10% of the columns’ force capacity). The frame was assumed to be subjected to quasi-static lateral
displacement, forming plastic hinges at the top and base of the columns.

‘P =0.1" A, Rigid Beam Py Lateral
Load
Expected plastic hinge regions
9.75m
Column 1 Column 2
7 39m /]

Fig. 6 — Layout of the RC frame structure used in this study

A base numerical model of the frame was first developed in the MATLAB FEA program. Fig. 7
shows numerical modeling of the RC columns represented by single flexibility-based beam-column element
with four Gauss-Lobatto integration points (IPs). The top and bottom integration points (i.e. 1P, and 1P1)
were assumed to describe flexural responses of the plastic hinge regions. For the fibers of longitudinal steel
bars, Giuffre-Menegotto-Pinto model [36, 37] was used with 200 GPa Young’s modulus, a 414 MPa vyield
strength and strain hardening ratio of 1%. Both numerical and experimental uniaxial material models were
employed for concrete fibers depending on their confinement effects. Details of concrete materials will be
discussed in the example section.
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Fig. 7 — Numerical modeling of the flexural RC column members: (a) RC column with external SMA
confinement, (b) beam-column element model and (c) composite fiber section with uniaxial material
behaviors
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4.2 Test set-up for MTI simulation

Fig. 8 shows physical setup of the MTI simulation framework (see Fig. 3). All the software programs
including the simulation coordinator, the MATLAB FEA program and the LabVIEW digital controller were
executed in a single laptop computer. An USB type National Instruments data acquisition (NI-DAQ) device
was used as the DAC and ADC hardware, connecting the digital controller and the analog controller (MTS
controller). A 445 kN capacity servo-controlled hydraulic load frame was used to apply uniaxial compressive
loading to a concrete cylinder. The concrete cylinder (102 x 203 mm) had an average compressive strength
of 32.4 MPa. The specimen was provided with SMA wires to represent actively confined concrete in the
columns. Table 1 shows diameter, spacing and recovery stress of the SMA wires designed to apply active
confinement pressure of 1.38 MPa after heating [29]. An external LVDT and a load cell were used to
measure axial displacement and force feedback of the specimen, respectively.

Laptop Computer

NI-DAQ (DAC & ADC Uniaxial Load Frame Material Specimen

Simulation

Coordinator

N
MATLAB FEA
Program

LabVIEW Digital |
Controller

Table 1 — Specifications of the SMA confinement

Wire diameter Wire spacing Recovery stress Confining pressure
1.9 mm 20 mm 551 MPa 1.38 MPa

4.3 Simulation scenario — Pre-existing damage effect

The objective of the simulation was to investigate the effect of SMA repair on the damaged concrete. If a RC
structure is damaged from a foreshock earthquake, an emergency repair strategy using SMA confinement [34,
38] can be implemented to avoid more significant damages or total failure of the structure under sequential
earthquakes.

The simulation was carried out in two phases according to a loading protocol shown in Fig. 9. In Phase
1, the as-built (i.e. without SMA confinement) RC frame (see Fig. 6) was laterally deformed by 1.2% drift
ratio to mimic the initial seismic damage effect, and returned to a zero lateral force position. Two concrete
materials were used for modeling of the columns (see Fig. 7) in Phase 1: 1) unconfined (cover) concrete and
2) core concrete confined by the internal steel hoops. For the numerical modeling of cover concrete, the
Popovics concrete model [39] with a compressive strength of 32.4 MPa at a strain of 0.2% and zero tensile
strength was chosen. For the core concrete, on the other hand, experimental data extracted from the concrete
cylinder was used. The concrete cylinder was tested without activation of the SME in Phase 1, assuming that
the inactivated SMA wires can apply the low level passive confinement effect of the steel hoops. The
concrete materials used in Phase 1 are shown in Fig. 10a.
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Fig. 10 — Concrete materials used for the RC columns: (a) Phase 1 and (b) Phase 2

The Phase 1 simulation was expected to induce partial spalling of cover concrete and minor damages
in core concrete at the top and bottom (IP1 and IP4) of the columns. After Phase 1, the frame was provided
with SMA confinement in the damaged regions for the repair, and subjected to the lateral loading up to 4%
drift ratio in Phase 2 (see Fig. 9), which corresponded to the greater earthquake loading. To mimic the SMA
repair effect, the concrete cylinder tested in Phase 1 was heated, and tested again in Phase 2 to supply a new
compressive behavior for the repaired core concrete at IP; and IP4 (see Fig. 10b). The damages of core
concrete fibers which did not reach the peak compressive stress in Phase 1 were considered negligible. For
those undamaged, actively confined concrete fibers, a uniaxial concrete model, ConcreteSMA [40, 41] which
describes the compressive behavior of SMA confined concrete, was implemented. The concrete materials in
the middle fiber sections (1P, and IP;) and the steel materials in all fiber sections remained unchanged during

Phase 2.

Fig. 11depicts how the concrete behaviors between Phase 1 to Phase 2 are connected, which is crucial
for continuous transition of the material behaviors. As an example, the last stress-stain point (Point C)
reported during unloading in Phase 1 becomes a starting point in Phase 2. For this curve to be engaged in
again compression following the new concrete behavior (B-D) in Phase 2, it needs to be loaded beyond Point

B which had zero stress in Phase 1.
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Fig. 11 — Transition of concrete stress-strain behavior from Phase 1 to Phase 2
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4.4 Simulation result

Base shear-drift ratio responses of Column 1 and the stress-strain relationships of the concrete cylinder
during the simulation are presented in Fig. 12. As the column was laterally loaded in Phase 1, the concrete
cylinder experienced the compressive strain up to 0.41% with a peak stress of 33.9 MPa. The damage status
of the concrete passively confined with the inactivated SMA wires is shown in Fig. 13 indicating that it
experienced minor damages with very fine cracks. The experimental result obtained from the specimen was
used to describe to uniaxial material behavior of the core concrete fibers. Fig. 14 presents stress-strain curves
of two concrete fibers located at the top and bottom sections of the columns. It is shown that both concrete
fibers followed the stress-strain envelope curve (Envelope 1) of the tested cylinder fairly well.

After the heating was applied to the SMA wires, the frame was again loaded up to 4% drift ratio in
Phase 2. The lateral responses of Column 1 and stress-strain curve of the tested concrete cylinder are
presented in Fig. 12. In Phase 2, Column 1 recorded a peak base shear of 885 kN at 1.8% drift ratio and
continued to have the base shear of 829 kN when it reached a drift ratio of 4%. It is shown that the repaired
column maintained its lateral capacity above 93% of its peak base shear (894 kN) achieved in Phase 1. In Fig.
12b, the repaired concrete recorded a peak stress of 31.7 MPa and a residual compressive stress of 22.2 MPa
when it reached 1.26% axial strain in Phase 2. While being subjected to the large axial strain, the tested
specimen experienced severe cracking and partial loss of concrete. However, the SMA confinement was able
to induce the ductile behavior from the damage concrete and preventing its brittle failure. In Fig. 14, it is
shown that the behaviors of the repaired concrete well followed the new material behavior (Envelope 2), and
that smooth transition of the material behaviors was made the between Phase 1 and Phase 2.
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Fig. 12 — Global and local responses of the RC column: (a) Base shear-drift ratio of Column 1 and (b) stress-
strain behaviors of the concrete cylinder

@ (b)
Fig. 13 — Damage status of the tested concrete cylinder: (a) Phase 1 and (b) Phase 2
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Fig. 14 — Stress-strain behaviors of concrete fibers: (a) IP1 in Column 1 and (b) IP4 in Column 2

6. Conclusions

A new framework, namely MTI simulation, was employed to explore the performance of SMA confinement
for concrete with pre-existing damage. The important findings of the current study are summarized as
follows:

« Within the new framework, the concrete behaviors under the complex conditions were well extracted
from the physical specimen and incorporated as new material models in the simulations.

o After the SMA repair, the damaged concrete recorded the peak strength close to 98% of the
unconfined concrete strength. The repaired concrete retained its compressive stress corresponding to
65% of its peak strength at the axial strain of 1.26%.

e The RC column repaired with the SMA confinement maintained 93% of its peak lateral force
capacity at 4% drift ratio.

The simulation presented in this study focused on the behaviors of SMA confined concrete and the
lateral response of the flexural RC frame. Further studies are needed to widen the application of MTI
simulation to different types of materials, shear-dominant structural systems and more complex loading
conditions combined with other various effects such as corrosion, fatigue or fire damage.
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