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ABSTRACT
ASCE 41 component backbone curves are typically based on envelopes of data from laboratory
tests of specimens subjected to simulated seismic demands. Prior editions of ASCE 41 required
loading protocols having fully-reversed cyclic loading at increasing displacement levels. Such
protocols do not necessarily reflect earthquake response patterns and can result in overly
conservative component backbone curves that underestimate actual component ductility. The
new ASCE 41-17 provides additional freedom in protocol selection to better reflect realistic
seismic demands. Ideal protocols could include combinations of monotonic and one-sided cyclic
loading patterns. Protocols are suggested based on statistics of simulated building response from
case studies using two buildings subjected to suites of earthquake records. A maximum
considered earthquake (MCE) loading protocol was developed based on 2,475-year earthquake
record suites for Los Angeles and Seattle. A greater-than-MCE loading protocol was developed
using ground motions from several great subduction earthquakes that exhibit long duration
characteristics: the 2011 Tohoku (M9.0), the 2010 Chile (M8.8), and the 1985 Santiago (M8.0)
earthquakes. The latter protocol may be considered as a worst-case loading scenario. The
authors are members of the Modeling Parameters Working Group within the Analysis
Subcommittee of the ASCE/SEI Standards Committee responsible for revision to ASCE 41.
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ABSTRACT
ASCE 41 component backbone curves are typically based on envelopes of data from laboratory
tests of specimens subjected to simulated seismic demands. Prior editions of ASCE 41 required
loading protocols having fully-reversed cyclic loading at increasing displacement levels. Such
protocols do not necessarily reflect earthquake response patterns and can result in overly
conservative component backbone curves that underestimate actual component ductility. The new
ASCE 41-17 provides additional freedom in protocol selection to better reflect realistic seismic
demands. Ideal protocols could include combinations of monotonic and one-sided cyclic loading
patterns. Protocols are suggested based on statistics of simulated building response from case
studies using two buildings subjected to suites of earthquake records. A maximum considered
earthquake (MCE) loading protocol was developed based on 2,475-year earthquake record suites
for Los Angeles and Seattle. A greater-than-MCE loading protocol was developed using ground
motions from several great subduction earthquakes that exhibit long duration characteristics: the
2011 Tohoku (M9.0), the 2010 Chile (M8.8), and the 1985 Santiago (M8.0) earthquakes. The
latter protocol may be considered as a worst-case loading scenario. The authors are members of
the Modeling Parameters Working Group within the Analysis Subcommittee of the ASCE/SEI
Standards Committee responsible for revision to ASCE 41.

Introduction
The ASCE 41 standard, Seismic Evaluation and Retrofit of Existing Buildings [1] uses the
concept of a backbone curve derived from the envelope of component laboratory tests for setting
displacement-controlled component modeling and acceptance criteria (e.g., linear procedure mfactors, and nonlinear procedure a, b, and c modeling parameters). A loading protocol is a
sequence of quasi-static displacements applied to a specimen to simulate the demands imposed
by an earthquake. ASCE 41-13 requires fully-reversed cyclic loading at increasing displacement
levels (Fig. 1a), with the number of cycles and displacement levels based on expected response
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Displacement

of the structure to the selected seismic hazard level (section 7.6.1). Backbone curves derived
from envelopes of fully-reversed cyclic test data may not adequately describe component
behavior at near-collapse displacement levels and can significantly underestimate component
ductility [2,3,4]. The new ASCE 41-17 provides additional freedom in protocol selection to
better reflect actual seismic demand patterns (e.g., Figs. 1b to d).
+
_
(a) Fully-reversed cyclic
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Load Step
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Figure 1.
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Examples of loading protocols.
Background

Fig. 2a depicts an ASCE 41-13 backbone curve as an envelope of experimental cyclic test data
for a structural component (adapted from Fig. 7-5 in ASCE 41-13). The peak displacement
reversal points in the hysteresis loops govern where the abrupt decline in strength occurs in the
backbone giving the impression that the component has zero strength beyond deformation point
E. However, the specimen resists considerable force at the displacement reversal points
indicating the component has more ductility than that implied by the backbone curve as shown.
The abrupt decline at point E is an artifact of the loading protocol since use of a different
protocol would change the location of point E.

Figure 2.

Component laboratory test data.

Fig. 2b illustrates the dramatic effect that loading protocols can have on test results
(adapted from Fig. 6 in [5]). For this component (a plywood shear wall), there was little
difference between the envelope of cyclic response and a monotonic test out to about 3 % drift,
but at about 4 %, the cyclic envelope strength was less than one-half that of the monotonic test
(sequential phased displacement, SPD, protocol has large numbers of fully-reversed cyclic
loading). A backbone curve for the component would be vastly different depending on which

envelope is taken as representing the behavior. A backbone from the cyclic envelope would be
appropriate if the earthquake generates numerous fully-reversed cycles of response, but the
monotonic test would be a better backbone if the quake generates few cycles. Prior research
indicates that near-collapse seismic behavior is closer to the monotonic test [2,3,4]. Many
protocols used in prior tests were the fully-reversed type (Fig. 3), and using the results in ASCE
41 backbone curve formulation can lead to overly conservative estimates of ductility.
Pattern of a primary cycle followed by 2 or 3
trailing cycles at 75% of primary amplitude

Displacement

Pattern of 2 or 3 cycles having equal amplitudes

ATC-24 Protocol

CUREE Ordinary Protocol

Figure 3. Fully-reversed loading protocols representative of those used in many experiment
tests: ATC-24 [6] and CUREE ordinary [7].
New ASCE 41-17 Provisions
ASCE 41-17 (section 7.6) emphasizes the importance of protocols in the formulation of a
backbone curve, and that careful consideration must be given to protocol selection to provide
realistic cyclic loading based on expected response of the structure to the design earthquake. It
does not prescribe a specific “one-size-fits-all” loading protocol due to the wide variation of
factors involved with a particular component, e.g., performance objective (life-safety vs. collapse
prevention), type of structure (tall long period steel buildings vs. squat short period concrete
buildings), and seismic setting (strike-slip faults producing short duration shaking vs. subduction
faults having long durations). To ensure reasonable protocols are selected for a particular
component and project, concurrence is required by independent peer reviewers experienced with
the use of test data in design and analysis of structures. Many prior component tests were
performed using fully-reversed cyclic loadings for purposes other than backbone curve
formulation. ASCE 41-17 allows such test data to be supplemented to better define behavior at
large near-collapse displacement levels. It is permitted to supplement cyclic tests with
monotonic tests in the formulation of a backbone curve under certain conditions (section 7.6.3).
Protocols Based on Simulated Seismic Response
The following presents results from case studies in which computer simulations were performed
to assess building deformation response patterns during earthquakes. The purpose is to gain
insights about actual earthquake demands, and translate these into loading protocols.
MCE Protocol
Fig. 4a shows a protocol derived in a prior study [2] from analyses of a four-story wood-frame
building subjected to suites of earthquake records representing shaking at generic sites in Los
Angeles and Seattle. The suites represented very rare events commonly used to check for

collapse prevention (2,475-year recurrence interval), and may be considered as equivalent to a
maximum considered earthquake (MCE). The protocol differs from those typically used in many
previous laboratory tests because it does not consist of fully-reversed cyclic loading with
increasing displacement levels (Fig. 1a). Fig. 4b shows a seldom used “near-fault” protocol
developed for testing of wood components in the CUREE-Caltech Woodframe project [7]. The
MCE protocol agrees favorably with the near-fault protocol with both having relatively few
excursions with a bias in one direction.
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MCE and near-fault loading protocols.

Greater-than-MCE Protocol
This section provides insights as to “worst-case” loading patterns in terms of number of building
response cycles. Computer simulation case studies of two buildings are presented using several
earthquake records having long durations. The buildings are an 8-story steel eccentricallybraced frame (EBF) (Building-A), and a 4-story wood-frame building (Building-B). Fig. 5
depicts the computer models, and a description of modeling features can be found elsewhere
(EBF in [8,9], and wood building in [2]).
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Figure 5. Computer models of case study buildings.
Table 1 presents information about the six records used in the analyses: three from large
magnitude subduction earthquakes (records a to c), and three spectrum-matched records fitted to
a MCE spectrum for Seattle (d to f). These records constitute shaking from great earthquakes
(Mw > 8) that are larger than those customarily used to represent MCE events (Table 1, Seattle
and Los Angeles strong to major earthquakes, 6 < Mw < 8). Accordingly, the six records have
shaking durations that range from 44 to 150 s that are much greater than those from characteristic
MCE earthquakes for Seattle (31 s) and Los Angeles (10 s). Hence, building response from the
six long duration records is denoted here as greater-than-MCE because of the large number of

response cycles they might generate. Acceleration time histories and response spectra are shown
in Figs. 6 and 7, respectively.
Table 1.

Earthquake records: magnitude (Mw), peak ground acceleration (PGA), and duration.

Mw
PGA
Durationa
Actual recorded earthquakes
a. 2011 Tohoku Japan [13]
9.0
0.59g
110 sec
b. 2010 Chile (Maule Region) [14]
8.8
0.70
59
c. 1985 Santiago (Algarrobo)
8.0
0.71
44
b
Spectrum-matched to Seattle MCE
d. Parent record: 2011 Tohoku
-0.95
150
e. Parent record: 2010 Chile
-0.73
61
f. Parent record: 1985 Santiago
-0.76
47
Suites representing 2,475-year characteristic earthquakesc [10]
City of Seattle site
6.5 to 8.0
0.77
31
City of Los Angeles site
6.7 to 7.4
0.90
10
a
Duration defined as the time between the first and last instance when the acceleration
exceeds 0.13g taken as equivalent to Modified Mercalli Intensity (MMI) of VI
corresponding to threshold of slight building damage. MMI converted to PGA [12].
b
Spectrum-matched records using the WAVGEN computer program [11].
c
For the characteristic earthquakes, the median values of PGA and durations are presented.
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Figure 6.

Long duration acceleration records (Table 1 records a to c).
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Seismic response was quantified by the number of drift excursions in the story having the
largest drift. An excursion is the deformation unit expressed as the maximum drift attained after
crossing the zero drift axis (drift sign reversal). Within an excursion there can be smaller
undulations that do not cross the axis and these are ignored (Fig. 8). Fig. 2b suggests numerous
relatively low amplitude oscillations are not particularly damaging when measured against a
monotonic test. This trend is also found in laboratory tests of reinforced concrete bridge piers
(see Fig. 2-17 in [4]). In essence, excursions may be thought of as major half-cycles of response
causing damage. The forward direction is defined as that having the largest drift and reverse is
the opposite direction. The number of excursions greater than one-half of the peak forward drift
was counted for the particular earthquake record. This drift level was taken as a damage
threshold for the particular record.
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Figure 8. Example depicting definition of drift excursion. Data shown is for Building-A
subjected to a Los Angeles MCE record (Table 1).
Building-A Analysis Results
Fig. 9 shows the relationship of peak reverse drift to peak forward drift. The un-scaled Tohoko
records (Table 1, records a and d at 100 % intensity) caused side-sway collapse so both were
scaled by 67 %, and the results from the scaled records are shown. There is a one-sided response
bias in contrast to protocols having fully-reversed deformations used in many component tests.
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Figure 9. Case study Building-A relationship of peak reverse drift to peak forward drift. Results
for the story having the largest drift (stories 3 to 7 depending on the record).
Fig. 10a depict numbers of excursions in the forward and reverse directions having
amplitudes greater than 50 % of the peak forward drift for the particular record. The graph can
be interpreted as follows. Consider the analysis using the spectrum-matched Tohoku x 0.67
record that produced a peak forward drift of 1.9 % (point d in Fig. 10a). There were nineteen
excursions > 0.95 % drift (= 1.9/2) in the forward direction, and two excursions in the reverse
direction having drifts > 0.95 % (read counts from the vertical axis).
The trend is for very few excursions when the peak drift was greater than 2 % indicating
the response was mostly one large excursion within a set of many relatively smaller ones like
that depicted in Fig. 8. In essence, once there was significant yielding in the story, the response
may be characterized as having very few excursions.
Fig. 10b depict numbers of excursions in the forward direction having amplitudes greater
than 50 % of the peak forward direction before and after the peak forward drift was attained. For
example, record d in Fig. 10b had four forward excursions occurring before and fourteen
occurring after the peak forward drift was attained (4 before + 1 peak + 14 after = 19 total
forward excursions > 0.95 % drift). The trend is for most of the excursions to occur after the
peak forward drift was attained like that depicted in Fig. 8.
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Building-B Analysis Results

Peak Reverse Drift, DR (%)

Fig. 11 shows the relationship of peak reverse drift to peak forward drift. There is a trend of
one-sided response with the peak reverse drift being about 75 % of the peak forward drift at the
median.
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Figure 11. Building-B peak forward versus peak reverse drift. Results are for the fourth story
having the largest drift.
Fig. 12 shows the excursion counts that tended to be independent of peak forward drift in
contrast to that for Building-A (Fig. 10). A significant number of excursions occurred at all peak
forward drifts. The following building qualities were the likely causes of the different behaviors.
 Building period. Building-A has a much longer period (2.3 s) than Building-B (0.3 s). The
longer period should result in fewer cycles of response.
 Hysteretic behavior. Building-A has full hysteretic loops from the ductile shear-link yielding,
whereas Building-B has pinched hysteretic loops indicative of wood-frame construction.
Full hysteretic behavior promotes “ratcheting” of the response which means that the lateral
deformations (story drifts) increase in one direction and displacement reversals are inhibited.
The resulting one-sided response should have fewer excursions.
 P-delta effect. Building-A peak drifts occurred in stories three to seven thus having
increased P-delta effect from the stories above in contrast to Building-B that had the peak
drift occurring in the fourth story thus having a very small P-delta effect because of no stories
above. Larger P-delta effects promote ratcheting that should lead to fewer excursions.
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Worst-Case Protocol
Building-B has a more severe loading pattern (Fig. 12) compared to that for Building-A (Fig.
10). Building-A excursion counts exceeded those for Building-B only at relatively small drifts,
and most of those excursions occurred after the peak drift was attained. Hence, a “worst-case”
greater-than-MCE protocol shown in Fig. 13 was based on the median results from the BuildingB analyses (Fig. 12). This protocol has about 3-times the number of forward excursions (10 vs.
3), and 2-times the number of reverse excursions (6 vs. 3) than the MCE level protocol (Fig. 4a),
respectively.
Two excursions after peak drift (50% < D < 100%)

Displacement, D

Eight excursions before peak drift ( 50% < D < 100%)

Monotonic loading
to failure

m

100%
50%
0

Load Step

-50%
-100%

Four excursion before peak drift (-50% < D < -75%)
Two excursions after peak drift (-50% < D < -75%)

Figure 13.

Greater-than-MCE protocol based on Building-B response simulations.
Conclusion

The new ASCE 41-17 provides freedom in loading protocol selection to better reflect realistic
seismic demands. Ideal protocols could include combinations of monotonic and one-sided cyclic
loading patterns. Protocols are suggested here based on statistics of simulated building response
from case studies using two buildings subjected to suites of earthquake records. A MCE loading
protocol was developed based on 2,475-year earthquake record suites for Los Angeles and
Seattle. A greater-than-MCE loading protocol was developed using ground motions from
several great subduction earthquakes that exhibit long duration characteristics. The latter
protocol may be considered as a worst-case loading scenario.
Acknowledgment and Disclaimer
The authors are members of the Modeling Parameters Working Group within the ASCE 41
Analysis Subcommittee. The authors appreciate the valuable assistance provided by numerous
members of the Standards Committee in the creation of the new ASCE 41-17. The study herein
does not constitute an official endorsement or warranty on the part of ASCE, the Standards
Committee, National Institute of Standards and Technology (NIST), or the authors. Users of
information from this study assume all liability arising from such use. Certain commercial
software may have been used in the preparation of information contributing to this paper.
Identification in this paper is not intended to imply recommendation or endorsement by NIST,
nor is it intended to imply that such software is necessarily the best available for the purpose.

References
1.

American Society of Civil Engineers (ASCE). Seismic Evaluation and Retrofit of Existing Buildings, ASCE
Standard ASCE/SEI 41, Reston, VA, 2013 and 2017 editions.

2.

Maison, B.F., and Speicher M.S. Loading protocols for ASCE 41 backbone curves, Earthquake Spectra, vol.
32, no. 4, November, 2016.

3.

Krawinkler, H. Loading histories for cyclic tests in support of performance assessment of structural
components, Proceedings of the 3rd International Conference on Advances in Experimental Structural
Engineering (3AESE), San Francisco, October, 2009.

4.

Federal Emergency Management Agency (FEMA). The Effects of Strength and Stiffness Degradation on
Seismic Response, Technical Report FEMA P-440A, Washington D.C., 2009.

5.

Gatto, K., and Uang, C-M. Effects of loading protocol on the cyclic response of woodframe shearwalls, Journal
of Structural Engineering, ASCE, vol. 129, no. 10, October, 2003.

6.

ATC-24. Guidelines for Cyclic Seismic Testing of Components of Steel Structures for Buildings, Report No.
ATC-24, Applied Technology Council, Redwood City, CA, 1992.

7.

Krawinkler, H., Parisi, F., Ibarra, L., Ayoub, A., and Medina, R. Development of a Testing Protocol for
Woodframe Structures, CUREE-Caltech Woodframe Project, CUREE Publication W-02, 2001.

8.

Harris, J.L., and Speicher, M.S. Assessment of First Generation Performance-Based Seismic Design Methods
for New Steel Buildings Volume 3: Eccentrically Braced Frames, National Institute of Standards and
Technology,
NIST
Technical
Note
1863-3,
Gaithersburg,
MD,
February,
2015.
(http://dx.doi.org/10.6028/NIST.TN.1863-3)

9.

Speicher, MS, Harris, JL, 2016. Collapse prevention seismic performance assessment of new eccentrically
braced frames using ASCE 41, Engineering Structures, 117, 344-357, June, 2016.

10. Sommerville P., Smith N., Punyamurthula S., and Sun J. Development of Ground Motion Time Histories for
Phase 2 of the FEMA/SAC Steel Project, Background Document, Report No. SAC/BD-97/04, October, 1997.
11. Mukherjee S. and Gupta V.K. Wavelet generation of spectrum-compatible time histories, Soil Dynamics and
Earthquake Engineering, vol. 22, 2002. (WAVGEN http://home.iitk.ac.in/~vinaykg/wavgen.htm)
12. Wald D.J., Quitoriano V., Heaton T.H., and Kanamori H. Relationships between peak ground acceleration, peak
ground velocity, and Modified Mercalli Intensity in California, Earthquake Spectra, vol. 15, no. 3, August,
1999.
13. Goto H., and Morikawa H. Ground motion characteristics during the 2011 off the Pacific Coast of Tohoku
Earthquake, Soils and Foundations, The Japanese Geotechnical Society, vol. 52, no. 5, 2012.
14. Saragoni G.R., Lew M., Naeim F., Carpenter L.D., Youssef N.F., Rojas F., and Adaros, M.S. Accelerographic
measurements of the 27 February 2010 offshore Maule, Chile earthquake, The Structural Design of Tall and
Special Buildings, vol. 19, 2010.

