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Abstract

Improving the resilience of structures to earthquake demands requires improving the accuracy and transparency of
damage assessments, as well as the implementation of new strategies for limiting damage during strong shaking.
Unfortunately, current standardized and non-standardized methods for design, evaluation, and retrofit are stymied in
reaching goals of improved seismic performance and recovery times by several challenges: the most outstanding of
which being the lack of reliable decision-oriented simulation capabilities. The objective of the research work presented
is to fill this critical gap by developing enhanced simulation capabilities for reinforced concrete columns subjected to
severe earthquake demands. The project focuses on concrete columns because they represent the most critical threat to
seismic safety and resilience. The proposed simulation element and associated tools go beyond the traditional force-
deformation computational space and deliver critical engineering data that enables informed decisions for enhancing
seismic resilience. The proposed tools can deliver metrics for damage type and extent, for residual capacities applicable
to post-event recovery evaluations, and for retrofitted capacities in support of retrofit decisions. The metrics also
provide critical data needed to the development of the next generation of performance-based seismic standards. The
column simulation model is calibrated to all major failure modes in concrete columns, including flexural, splice, shear
and axial failures. It is implemented in OpenSEES and has the ability to simulate coupled shear-flexure-axial behavior.
The model is also capable of simulating the full cyclic behavior of retrofitted columns. While users can input manually
any parameter of the model, in its calibrated format the model only requires the input of column material and geometric
properties to fully calibrate its multi-axial behavior; thus facilitating use by the profession. To capture the effects of
damage progression and residual strength, a new damage model is implemented that takes monotonic-pushover
backbone relations derived from test data and nonlinear continuum finite element analyses and adjusts response due to
cyclic damage effects. The model can explicitly simulate axial failure and the nonlinear axial degrading behavior, which
can permit engineers to explore the full extent of structural redundancies and load redistributions. Such capabilities can
therefore aid in refining retrofit strategies and greatly reduce rehabilitation costs. An associated web tools is designed to
let users explore different column design and retrofit schemes by running any deformation history through the column
model and observing changes in response and damage levels. The tool can also utilize the exported damage state of a
column from a nonlinear analysis and run it through prescribed deformation histories to assess its residual capacities.
An overview of key novel aspects of the computational element is presented.
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1. Introduction

The Christchurch earthquake of 2011 as well as other recent earthquakes have highlighted critical
shortcomings that are limiting the seismic resilience of building infrastructure: 1) older non-ductile concrete
buildings pose a severe threat to loss of life during strong earthquake shaking; 2) buildings meeting the latest
seismic design standards can be expected to suffer damage extensive enough to require costly and time
consuming repairs, or warrant demolition; and 3) the structural engineering community has close to non-
existent post-earthquake residual capacity evaluation methodologies that are critical for disaster recovery.

Unfortunately, the tools that are currently available to structural engineers for evaluating building seismic
performance and making informed retrofit, repair or enhanced-design decisions, have many gaps. These gaps
have resulted in crude performance metrics, which do not lend themselves to streamlining decisions for
enhancing the seismic resilience of new building designs, nor to optimizing retrofits often resulting in costly
measures. For example, no methods are currently available that quantify reductions in the level of damage
resulting from detailing changes in concrete members. Consequently, the life-cycle cost benefits of
enhancement measures are currently difficult to evaluate, and require extensive interjection of engineering
judgement, which in turn causes objectivity to be lost in the process. Moreover, the primary seismic
evaluation and retrofit standards used in the U.S., ASCE/SEI 41-17 [1] and ACI 369.1-17 [2] that provide the
most advanced standardized framework for addressing the seismic resilience of buildings, have been shown
to produce overly conservative estimates of building seismic capacities, resulting in costly building retrofits
that discourage interventions and render efforts to enhance community resilience to major earthquakes less
tractable. Moreover, recent National Institute of Standards and Technology (NIST) studies [3] have
uncovered severe inconsistencies between ASCE/SEI 41-17 and the primary design standard for modern
concrete buildings, ACI 318-19 [4]. These inconsistencies have brought challenges to both standards, which
further contributed to inaction towards increased disaster resilience.

Recognizing the limitations of current standards, several studies have attempted to fill some of the gaps and
provide engineers with more powerful and refined tools for improving estimates of seismic performance.
However, concrete columns subjected to large deformations under strong earthquake shaking can exhibit a
number of strength degradation modes, mainly those induced by: shear forces, anchorage failure, flexural
demands, loss of concrete confinement, and axial forces. Complicating matters further is the fact that
numerous interactions occur between column actions (i.e., axial, bending and shear), and degradation
mechanisms; for example, shear and confinement mechanisms often interact as they depend on the integrity
of the core concrete. Few available column simulation models possess the required advanced capabilities,
and when they do, it is only for a subset of degradation mechanisms. The state-of-the-art in column tools and
their limitations were summarized in a 2013 NIST report [5]. The report highlights that the available models
and tools for concrete columns are highly fragmented by strength degradation mechanisms and typically
incomplete with respect to simulating the load-path dependent cyclic behavior (e.g., [6, 7, 8, 9]). None of the
column models currently found in the literature offer direct damage estimation. Instead, they deliver force-
deformation behaviors from which column damage states have to be inferred. Few models exist for
simulating the response of retrofitted columns, none of which providing guidance on selecting the cyclic
behavioral rules. Fiber-element models that incorporate constitutive rules of FRP-confined concrete and
spliced steel are promising but lack generality [10]. Given the variety of retrofitting techniques used in
columns with deficient details, existing models are not universal and have only been calibrated using limited
sets of test results.

The objective of the research work presented is to fill current critical gaps by developing enhanced
simulation capabilities for reinforced concrete columns subjected to severe earthquake demands. The project
focuses on concrete columns because they represent the most critical threat to seismic safety and resilience.
The proposed simulation element and associated tools go beyond the traditional force-deformation
computational space and deliver critical engineering data that enables informed decisions for enhancing
seismic resilience. The proposed tools can deliver metrics for damage type and extent, for residual capacities
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applicable to post-event recovery evaluations, and for retrofitted capacities in support of retrofit decisions.
The metrics also provide critical data needed to the development of the next generation of performance-
based seismic standards. The column simulation model is calibrated to all major failure modes expected in
concrete columns in buildings, including flexural, splice, shear and axial failures. It is implemented in
OpenSEES [11] and has the ability to simulate coupled shear-flexure-axial behavior. The model is also
capable of simulating the full cyclic behavior of retrofitted columns. While users can input manually any
parameter of the model, in its calibrated format the model only requires the input of column material and
geometric properties to fully calibrate its multi-axial behavior; thus facilitating use by the profession. To
capture the effects of damage progression and residual strength, a new damage model is implemented that
takes monotonic-pushover backbone relations derived from test data and nonlinear continuum finite element
analyses and adjusts response due to cyclic damage effects. The model can explicitly simulate axial failure
and the nonlinear axial degrading behavior, which can permit engineers to explore the full extent of
structural redundancies and load redistributions. Such capabilities can therefore aid in refining retrofit
strategies and greatly reduce rehabilitation costs. An associated web tools is designed to let users explore
different column design and retrofit schemes by running any deformation history through the column model
and observing changes in response and damage levels. The tool can also utilize the exported damage state of
a column from a nonlinear analysis of a building and run it through prescribed deformation histories to assess
its residual capacities. An overview of key novel aspects of the computational element is presented.

2. Proposed Computational Element

A lumped-plasticity computational framework was selected as the basis for the proposed model since such a
framework is computationally efficient and allows a greater degree of control in calibrating the degrading
and cyclic behaviors of concrete columns. When considering the task of assessing the seismic vulnerability
of building structures using nonlinear dynamic procedures, current standards (e.g. [1, 12]) require subjecting
a building model to numerous ground motions (11 or more). Moreover, when engineers investigate retrofit
schemes to optimize rehabilitation measures, several more analyses need to be conducted. Due to the sheer
number of nonlinear dynamics analyses that are requires in the process, continuum finite element modeling
approaches are computationally prohibitive and were precluded from consideration in the project. Fiber-
based models, in which the cross-section of the member is subdivided into longitudinal fibers and the
behavior of each fiber is represented based on stress-strain relationship for concrete or steel bars, are more
computationally efficient than continuum models and offer advantages in modeling axial-flexure
interactions. However, these modeling techniques cannot account for the coupling of axial, flexural and shear
behaviors. Furthermore, fiber-models are difficult to calibrate to achieve observed strength degradation and
cyclic damage behaviors. A detailed explanation of these modeling techniques can be found in [13, 14].

Lumped-plasticity behavioral models can be broadly classified into two groups: (i) pre-defined models
having parameters that remain static during analysis, and (ii) adaptive models that monitor varying quantities
during analysis and adjust their parameters accordingly. In the first category of models, polygonal hysteresis
(PH) rules that use two or three straight lines to simulate stiffness changes during cyclic loading are typically
used. Reviews of such models are presented in several publications [e.g., 15, 16, 17, 18, 19, 20, 21]. These
models usually require an extensive number of input parameters that lack physical interpretation to define the
prominent characteristics of the cyclic properties of the responses. Moreover, current models do not
represent the coupling behavior as each uniaxial model constructs the load-deformation response for each
degree of freedom independently from others. In the second category of models, a capacity model defines a
limit surface. When the load-deformation response of the element contacts the surface, the element’s
underlying model changes its hysteresis behavior to initiate strength loss and degradation. Examples of such
models are presented in [6, 7]. While such models may define the onset of failure of one degree of freedom
due to changes in another, they currently do not treat the full coupled behavior due to axial, shear and
bending actions. Moreover, they are currently limited to only a subset of column failure modes.

A novel lumped-plasticity based computational element is proposed to address shortcomings listed above.
The element uses behavioral models that define limit-state failure surface construct to trigger strength loss in
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various degrees-of-freedom, while accounting for salient axial-shear-flexure interactions. The element and
underlying behavioral models are intended to comprehensively treat all concrete column failure modes
expected in building construction. The element is developed to explicitly simulate column nonlinear
behavior up to complete loss of shear strength, moment strength and axial strength. The element aggregates a
series of zero-length spring elements and an elastic line element that communicate with each other for
coupling behaviors (Fig. 1). The elastic line element can adjust its stiffness based on the applied axial load.
At the time of publication, the element was implemented in 2-dimensions as illustrated in Fig. 1, but will be
expanded to full 3-dimensinal behavior including 3-dimentional flow rules in the near future. The element is
offered in two formats. The first format is more traditional and requires the user to input all the behavioral
model force-deformation relation parameters. This format is useful if absolute control over model behavior is
desired. The second format is the automatic calibration format whereby the user only inputs column material
and geometric properties, leaving the element and associated behavioral models to automatically define the
backbone, cyclic and damage parameters. The behavioral models were calibrated to a large dataset of column
tests. The ACI 369 column test database [22, 23] was used as the starting point with over 100 additional tests
added to the set from the Iiterature for a total dataset of over 600 column tests.
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Fig. 1 Proposed computational element for considering axial/flexure/shear coupling behavior (2D version)
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2.1 Rotation and Shear Behavior Models
2.1.1 Cyclic Behavior without Damage

The rotation and shear behavioral models are constructed using a typical force-deformation backbone either
directly by the user or automatically through self-calibration (Fig. 2a). These model backbones can be
defined non-symmetrically. Fourteen parameters are needed in total to define the backbone curve (seven
parameters for each quarter). These parameters, shown in Fig. 2a for the moment-rotation behavior, are

elastic stiffness (Ke), yielding moment (M»), capping moment (Mc), capping rotation (fc) stiffness of
degrading branch (K4), residual moment (Mr), and ultimate rotation (Fu).

To better represent the stiffness changes during cyclic lateral loading, a new spline curve model was
implemented (Fig. 2b, Fig. 3). The behavioral models for rotation and shear only use three physically
meaningful parameters to capture the key characteristics of column cyclic responses such as pinching effects.
These parameters are the unloading stiffness, reloading stiffness, and energy ratio (Fig. 3). The energy ratio
represents the energy inside the spline curve (gray dashed-line hatched area) divided by the maximum energy
that could be dissipated denoted as the secant energy (green solid-line hatched area) as illustrated in Fig. 3b.
The energy ratio accounts for the energy dissipated during cyclic loading and controls the pinching behavior.
Applying a lower value of energy ratio leads to a more pinched behavior in this model as illustrated in Fig. 4.
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Before reaching the capping strength, the cubic spline model uses peak-oriented rules to target the backbone
curve such that the reloading path always targets the previous maximum displacement reached in that
particular quadrant. In other words, target points may be different in each quadrant based on loading history.
However, after exceeding the capping deformation in any direction of loading, the target point is now the
peak prior deformation magnitude that was reached in any quadrant (Fig. 2b, steps 6 to 7 to 8). This latter
rule was implemented to account for damage caused by excursions in one loading direction past the capping
point on the behavior in the other loading direction. If the model is defined non-symmetrically, the target
past capping is scaled based on the relative force and deformation values of the capping and residual points
in each quadrant.

Fig. 2 a) Input parameters that define the backbone behavior for moment-rotation behavior. b) Hysteresis
behavior of spline model without considering the damage model
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Fig. 3 Parameters needed to define spline curve including a) unloading and reloading stiffnesses, and b)
energy ratio
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(a) (b)
Fig. 4 Effect of energy ratio on pinching behavior; a) energy ratio of 0.6 and b) energy ratio of 0.2

2.1.2 Cyclic Damage Implementation

The rotation and shear behavioral models incorporate a damage model that can be triggered prior and/or after
the capping point is exceeded. Different parameters can be defined for the two phases of behavior: 1) post
yield but before capping, and 2) after capping. The damage model offsets the degrading branch of the
backbone towards the force-deformation origin while the negative stiffness remains constant (Fig. 5a,c). The
effect of the damage model prior to capping is to shift the capping point and ensuing degrading branch closer
to the origin (Fig. 5a). No visible change in response therefore occurs due to the damage model being applied
in the post-yield branch until the response reaches the adjusted capping point (Fig 5a). Once the response
exceeds the capping point, the damage-model parameters for that phase are applied and the degrading branch
continues to shift towards the origin (Fig. 5¢). Damage cannot reduce the target load below the residual
strength and therefore maintains the residual strength as a lower-bound strength.

The damage model calculates the energy under curve for every half cycle (Fig. 5b) and normalizes it by the
area within the original force-deformation backbone. When load reversal takes place, based on the
normalized energy, the descending branch in the opposite quadrant is shifted towards the origin, e.g. load
paths number 3 and 4 in Fig. 5¢. The proposed model is able to update the damage at every half cycle even
without contact to the backbone. This feature makes the model capable to replicate realistic behaviors of
structural responses under long duration ground motions where a large number of inner cycles are imparted
that do not reach the backbone. Due to this functionality, the ability to accurately capture damage incurred in
partial cycles that occur in different regions of behavior becomes important. The area under the curve for a
given load path is subdivided into three separate regions and the area under the curve for each region is
multiplied by a specific coefficient. Within the first region (green dotted in Fig. 5b), essentially elastic
unloading can be expected and therefore limited damage to materials is expected. Consequently the
coefficient C; multiplying the area for that region is likely to have a relatively low value. On the other hand,
deformations incurred along the degrading branch of the backbone where never-before experienced
deformations are sustained (orange dashed region in Fig. 5b) are expected to cause the most damage to the
member, and so the C; coefficient is likely to have a relatively large value. The damage incurred per unit of
energy dissipated within the intermediate range (gray shaded area in Fig. 5b) is expected to result in
intermediate damage and therefore coefficient C, may be an intermediate value between C; and Cs.

3. Calibration of Model for Non-Retrofitted Concrete Columns

A comprehensive treatment of all behavioral models implemented in the proposed computational element is
not possible within this paper. This section focuses on key novel aspects of the flexure and shear behaviors to
highlight the capabilities of the computational model and illustrate sample coupling effects between
behaviors.
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3.1 Elastic Range of Behavior

In the linear elastic range of behavior, the most salient behaviors that the flexure and shear models capture
include the effects of axial load on the stiffness, as well as moment and shear strengths of a column element.
Prior studies [24] and national U.S. standards (e.g. [1, 2, 4]) have recognized the large shifts in column
lateral stiffness due to variation in axial load. The elastic line element and rotational spring model in the
proposed computational element monitor axial load on the element and adjust their elastic stiffness
accordingly during analysis. Moreover, the rotational spring behavioral model adjusts the yield moment
strength based on axial load during analysis and calculates it using the ACI 318-19 [4] stress block approach.
The shear spring behavioral model also monitors axial load and adjusts the shear strength accordingly during
analysis.
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Fig. 5 Damage model: a) damage application in the pre-capping range, b) energy calculation, and c) applying
damage based on normalized energy in the post-capping range

3.2 Post-Yield Range of Behavior
3.2.1 Backbone Parameters

After yield, the moment behavioral model calculates the capping or ultimate moment strength using 1.15 the
steel yield strength and the ACI 318-19 [4] stress block approach. This moment strength is also adjusted
continuously during analysis based on axial load. For shear, no hardening is expected if shear failure occurs
and therefore the shear strength is maintained post-yield until the capping point.

Relations for the capping deformation at which strength loss initiates (Fig. 2a) were extracted from test data
and implemented in the flexure and shear spring behavioral models. For example, for columns sustaining
flexural modes of strength degradation such as loss of confinement and longitudinal bar buckling, the
deformation at which moment strength loss initiates was found to be related to the normalized compressive
axial load to cross-section area and concrete compressive strength (Nw/Agfce), the spacing of the transverse
steel normalized by the least column cross-sectional dimension (s/hmin), and the volumetric transverse
reinforcement ratio adjusted by the ratio of transverse steel yield strength to concrete strength (ptvor.fyie/fee)

(Fig. 6).
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Fig. 6 Trends between the plastic rotation at capping and influential parameters for columns sustaining a
flexural mode of strength degradation
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3.2.2 Cyclic Parameters

As mentioned previously, only three parameters define the full cyclic behavior of the flexure and shear
models. Relations were uncovered between the unloading (Kunioad) and reloading (Kreioad) Stiffnesses and the
secant stiffness to the contact point between the spline and backbone curves; the stiffness to that point is
dubbed the secant stiffness (Kseant) (Fig. 7a). This relation is clearer for the reloading stiffness than the
unloading stiffness (Fig. 7b,c). The shear and flexural models were therefore implemented to relate the
unloading and reloading stiffnesses to the secant slope. Consequently, the unloading and reloading
stiffnesses will soften as deformation increases and strength decreases.
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Fig. 7 a) Stiffness definition; b) trends between unloading (Kuniead) and secant stiffness (Ksecant); €) trends
between unloading (Kreioad) and secant stiffness (Ksecant); data shown for columns sustaining a splice failure
mode and flexural modes of failure.

Significant scatter was found when extracting the energy ratio from column experiments. The energy ratio in
the post-yield behavioral range can be seen not to change with increasing deformation demands for columns
deforming primarily in a flexural mode (Fig. 8a). Similarly, for columns in the post-yield behavioral range,
the energy ratio does not appear to increase across the database of tests with increasing column deformation
capacity to the capping point (Fig. 8b). This implies that a constant energy ratio can be defined for the post-
yield behavioral range for flexure dominated behavior. Similar trends were observed for other
deformation/failure modes of non-retrofitted columns.
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Fig. 8 Trends between the energy ratio and a) deformation demands for one column test and b) deformation
capacities at capping for two groups of column tests

3.3 Post-Capping Behavior

The proposed element monitors all strengths and deformation capacities for each potential failure mode
throughout the analysis. Once the first strength or deformation capacity is reached, either in the rotation
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model or shear model, strength loss is initiated in that model while the other model unloads to maintain
equilibrium as forces drop in the column element. In this strength degradation range, the model utilizes
relations to define the degrading stiffness, residual strength, and cyclic parameters that can differ from those
used in the post-yield pre-capping range. An ultimate deformation is also defined beyond which strength
drop to essentially zero. Extraction of salient trends for test data was done in a similar fashion in this range of
behavior as discussed for the previous range, and relations developed based on those trends such that the
model can determine its parameters automatically in this range of behavior.

4. Calibration of Model for Retrofitted Concrete Columns

In a manner similar to non-retrofitted columns, data was extracted from tests of retrofitted columns using
results of past studies. The data were classified according to column cross sectional shape (rectangular or
circular), type of column deficiency (shear, lap-splice, or inadequate confinement), and jacketing material
(steel or fiber-reinforced polymer). The laboratory specimens that make up the database were designed to
reflect common deficient properties typically found in columns of older existing buildings. The proposed
element in only applicable to columns that are adequately retrofitted to preclude the more brittle modes of
failure and shift column behavior to become flexurally dominated. As such, nonlinear behavior of retrofitted
columns is governed by the flexural model. This section presents the key aspects defining the performance of
retrofitted columns.

4.1 Elastic Range of Behavior

In the linear elastic range, the stiffness of retrofitted columns is similar to that of non-retrofitted columns; it
was found that steel and fiber jackets in columns do not increase the stiffness of concrete columns
significantly.

4.2 Post-Yield Range of Behavior

Steel or fiber-reinforced polymer jackets increase concrete confinement and, consequently, concrete strength.
Therefore, both the axial and flexural strengths of jacketed columns are increased due to retrofitting. Shear
strength is also increased because of jacketing. Jackets have an effect on the construction of the backbone
response, which is needed to define properties of the flexural behavioral model.

4.2.1 Backbone Parameters

Key parameters used to generate backbone curves consistent with ASCE/SEI 41-17 were extracted from the
measured hysteretic response of jacketed columns. Key parameters needed for the computational model
include the force at yield, the peak force, the drift at yield, the drift at 80% of peak force (capping point).
Details of other parameters extracted from the jacketed column test database are presented by Alvarez and
Brena (2018) [25]. The strength data extracted from test results were compared with simple models chosen to
represent the yield and capping flexural strength of jacketed columns. As an approximation, yield flexural
strength of jacketed columns was estimated using the ACI 318-19 stress block with a stress intensity equal to
the confined concrete strength. The capping or ultimate moment strength was calculated using the ACI 318-
19 stress block and a steel stress equal to 1.15 the steel yield stress to account for hardening.

4.2.2 Cyclic Parameters

Parameters for cyclic behavior rules of retrofitted columns were extracted from the database following an
approach consistent with that from non-retrofitted columns. These parameters include the unloading and
reloading stiffness ratios (Fig. 3a). Fig. 9 illustrates trends for secant stiffness (Ksecant) With unloading (Kunioad)
and reloading (Kreioag) Stiffness, normalized to the extracted elastic stiffness (Keiasic) for FRP retrofitted
rectangular columns. The trend indicates a relationship between unloading and reloading stiffness with the
secant stiffness. This figure shows a high variability in the results, but unloading stiffness tends to be
measurably smaller than the secant stiffness. Similarly, reloading stiffness tends to be smaller than the
corresponding secant stiffness, but stiffer than the reloading stiffness.
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Fig. 10 shows the relationship between the extracted capping deformation and energy ratio. The values of the
energy ratios obtained at large capping deformations are, on average, smaller than those obtained at lower
deformations (compare group 1 for columns with low capping deformation with group 2 for columns with
larger capping deformation). This observation is consistent with higher pinching for the cycles of the
columns with large capping deformations, which agrees with observations from past laboratory tests on
retrofitted columns.
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Fig. 9 Relations between unloading (Kunioad) and reloading (Kreioad) stiffnesses and the secant stiffness (Ksecant)
normalized by the elastic stiffness (Kelastic)-
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4.3 Post-Capping Behavior

Most available test data of jacketed columns do not include enough information about post-capping behavior.
At the time most of the jacketed column tests were conducted, it was typical to discontinue loading beyond a
strength degradation of less than 80% of the capping strength. Therefore, the post capping behavior of
retrofitted columns was assumed to be similar to that of non-retrofitted columns governed by flexural failure
(not shear or lap-splice deficient columns). A calibrated model for non-retrofitted and FRP retrofitted
rectangular columns (specimen C1 and C1FP1, tested by Harajli and Rteil 2004 [26]) is presented in Fig. 11.
The model shows good agreement with test data.
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Fig. 11 Calibrated element vs. experimental data for retrofitted columns
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