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Using Nonlinear-Elastic Stiffness at Small
Displacement to Identify Damage in a Full-Scale
Reinforced Concrete Building

Fabian Consuegra, Ph.D."; Damon R. Fick, Ph.D., P.E., M.ASCE?;
and Ayhan Irfanoglu, Ph.D., A.M.ASCE?

Abstract: In this paper, sensitivity of small-amplitude stiffness of a full-scale, three-story reinforced concrete flat-plate structure is inves-
tigated to assess development of damage during cyclic lateral load with up to 3.0% lateral drift ratio. The small-amplitude displacement tests
were made at a maximum 0.03% drift ratio between the cycles of lateral loads causing mean roof drifts of 1.5% and 3.0% drift ratios. Results of
the small-amplitude experimental program suggest that the building behaves as a nonlinear-elastic system at small displacement (i.e., drift ratio
below 0.03%), and the small-amplitude stiffness compared at identical displacements can indicate damage from previous large-displacement
cycles. It is shown that there is a robust and consistent relationship between stiffness and varying natural frequency measured at small displace-
ments. As demonstrated, small-amplitude vibration properties may be an effective indicator of damage as long as a nonlinear-elastic model is
used instead of a traditional linear model. DOI: 10.1061/JPCFEV.CFENG-4506. © 2024 American Society of Civil Engineers.

Introduction

Small-amplitude displacement experimental data from the full-
scale, three-story building shown in Fig. 1 were used to develop
linear-elastic and nonlinear-elastic models to observe the sensitivity
of small-displacement stiffness to the increasing damage observed
from four cycles of lateral load testing of the full-scale structure to
0.2%, 0.5%, 1.5%, and 3.0% mean roof drift ratios. This range of
deformation will be referred to as large-displacement drift and it
has been extensively studied in the literature for this type of struc-
ture, in order to associate structural damage to large displacement
(Elgabry and Ghali 1987; Farhey et al. 1993; Pan and Moehle 1992;
Sozen and Siess 1963; Hwang and Moehle 2000; Durrani et al.
1995; Luo and Durrani 1995; Robertson et al. 2002; Hawkins
et al. 1974). Given that monitoring large displacement in structures
is seldom available, easy-to-record small-amplitude stiffness being
related to large displacement is used to detect damage in the build-
ing specimen. Stiffness was statically measured between large load
cycles at a maximum deformation of 0.03% drift ratio (0.254 mm
top displacement), where no additional damage was induced, and
accordingly elastic behavior was expected (Takeda et al. 1970).
Small-amplitude dynamic measurements in the form of free and
forced vibrations were performed at (1) the pristine condition prior
to any cyclic lateral loading, (2) after the 1.5%-drift ratio cycle, and
(3) after the 3.0%-drift ratio cycle where punching shear failure
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occurred in one of the slab-column connections. A nonlinear-elastic
softening model led to an understanding of the building behavior
measured in small displacements, better than that of the traditional
linear model. Using the nonlinear-elastic model, it was possible to
identify small-amplitude stiffness variations associated with dam-
age in the building observed after the 1.5% and 3.0% drift ratio
lateral load cycles by means of small-amplitude vibrations. Similar
damage assessment could not be investigated for cycles 1 and 2 in
Fig. 3, because those quasi-static tests were executed continuously
and no dynamic test data were collected between the 0.2% and
0.5% drift ratio cycles.

The proposed damage identification approach by means of
changes in natural frequencies of the structure is consistent with
the widely known approach used by many researchers in the
literature (Doebling 1996; Doebling et al. 1998; Chang et al.
2003; Salawu 1997; Sohn et al. 2003). Thus, in this investigation,
variation in natural frequency is observed directly from the load-
displacement curve as frequency depends on stiffness. However,
rather than using a linear-elastic model, as done by many research-
ers (Neild 2001), this investigation expands on the results of
previous researchers by using a nonlinear-elastic model at displace-
ments below 0.03% drift ratio to identify damage from larger-scale
displacement histories. The sensitivity of small-amplitude natural
frequency and damping to displacement in reinforced concrete
structures has been reported by Consuegra and Irfanoglu (2012).
In the current paper, the focus is on the direct relationship between
damage and stiffness measured at small displacements (i.e., no
more than 0.03% drift ratio).

The novelty of the current research is to measure stiffness
directly from the load-displacement curve that matches the
nonlinear behavior identified from frequency measurements, both
at small displacement. Nowadays, structural engineering for re-
inforced concrete structures continues to have nonlinear modeling
strongly focused on large drift ratio studies (Tura et al. 2023;
Fischinger et al. 2019; Ibarra et al. 2005; Kolozvari et al. 2019).
Although there exist approaches based on nonlinear behavior at
small-amplitude nonlinear response to detect damage in the fields
of aerospace, mechanical, and civil, these may be cumbersome
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Fig. 1. Three-story RC flat-plate building.

(Farrar et al. 2007). Most of the nonlinear applications at small
displacements in structural engineering have been found for
fatigue in metals and very little has been done even for a single
reinforced concrete beam (Neild 2001). This research provides a
valuable example of small-amplitude nonlinear behavior being
sensitive to damage in simple terms of stiffness observations in
a full-scale building.

Comparison between Linear-Elastic and
Nonlinear-Elastic Systems

The magnitude of a transfer function (TF) defined as the ratio
between the response (displacement) and the input (force) for a
linear-elastic SDOF system can be defined as shown in Eq. (1)
(Chopra 1995)

1/k
VIT= (Qw)P+[2- (- Q/w]?

where k, 2, w, and ( = stiffness, excitation frequency, natural
frequency, and equivalent viscous damping ratio, respectively.
An experimental version of the TF is obtained through a series
of harmonic forcing vibration tests where input force and displace-
ment response are measured during steady-state condition. If the
system is nonlinear so the stiffness becomes a function of displace-
ment for instance, the TF in Eq. (1) becomes a function of dis-
placement amplitude.

In order to illustrate the nonlinear effect in the calculation of
a TF according to Eq. (1), consider a system where the secant
stiffness k is a function of the displacement amplitude A, thus,
k = k,A™“. The system was selected with a slight nonlinear behav-
ior defined through a value of o = 0.015 as shown in Fig. 2(a) and
with the value of k, selected equal to the stiffness in the pristine
condition of the building specimen (Fig. 1). The exponential
function selected for displacement dependence of stiffness is in
accordance with experiments in the pristine condition of the build-
ing of this article [circle series and solid line in Fig. 5(a) are
experimental results similar to Fig. 2(c)], as will be shown
later. The selection of « = 0.015 is also based on response

ITE(Q)| =

(1)

© ASCE

04024011-2

measurements under pseudo-static loading of the building in the
pristine condition. Fig. 2(d) shows the load-displacement curve be-
fore releasing the building to obtain free vibration records reported
in Table 2. Two stiffness measurements, k; and k,, are used to ob-
tain the value for a, which allows for simulating the nonlinear
behavior of the building in its pristine condition through the expres-
sion k = k,A™. In Fig. 2(d), a dashed line that connects origin to
final test datum at 0.52 mm displacement is used to enhance visu-
alization of the nonlinear softening behavior. A comparison of the
corresponding load-displacement relationship with that of a linear
system (o« = 0) can be seen in Fig. 2(b), where almost no difference
can be seen between the curves (both from numerical simulation).
Fig. 2(c) shows the calculated TF for the nonlinear system through
Runge-Kutta (Oppenheim et al. 1999) by numerically solving
the equation of motion stated for a nonlinear-elastic system (The
MathWorks 2004). Also, in Fig. 2(c), the best fit calculated through
a square root of the sum of squares (SRSS)-error method according
to the theoretical linear TF of Eq. (1) is plotted (parameters for the
linear solution were selected such that the full SRSS representing
the difference between nonlinear and the linear transfer functions
was minimized). It can be seen that given the slight level of non-
linearity (o« = 0.015), natural frequencies of the two systems iden-
tified by the resonance peak of the curve (maximum), are similar.
However, values of the linear TF to the left of the peak are larger
than those from the nonlinear system TF (for frequencies below
1.86 Hz), and the opposite situation is observed to the right side
of the peak. An error estimate of the linear fit according to
Eq. (1), obtained as the point-to-point difference with respect to
the actual (nonlinear) TF through an SRSS calculation, is about
30%. Also, the stiffness estimate from the linear model differs
by 10% from actual stiffness of the nonlinear system at initial dis-
placements represented by a plateau in Fig. 2(a).

A theoretical frame of reference for the behavior of nonlinear-
elastic systems like the one used for the present study is cited in the
literature as the Duffing oscillator (Kovacic and Brennan 2011) and
the nonlinear-stiffness representation has been used in different en-
gineering applications (Adams 2010; Feldman 2006). This type of
nonlinearity makes the so-called nonlinear softening system due to
the fact that stiffness decreases as displacement (distortion) is
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Fig. 2. Simulated response of a nonlinear system and comparison with a linear system: (a) stiffness-displacement relationship; (b) load-displacement
curve; (¢) TF of actual nonlinear system and its linear model fit; and (d) pseudo-static loading before obtaining free-vibrations records in building

of Fig. 1.

increased, and as will be shown later, it is suitable for the descrip-
tion of small-amplitude behavior of the reinforced concrete build-
ing used in this paper. Even though nonlinearity has been broadly
used for structural modeling of reinforced concrete structures
for large displacements associated with reinforcement yielding
(Clough and Penzien 1975; Eberhard and Sozen 1989; Moehle
and Sozen 1978; Iwan and Gates 1979; Lakshmanan et al. 1991),
the mentioned stiffness nonlinearity (elastic) in this article is ob-
served at small displacements (below 0.03% drift ratio).

A similar comparison between linear and nonlinear systems
shown in Fig. 2 can be seen in Fig. 5 for the experimental results
of the 3-story reinforced concrete flat-plate building shown in
Fig. 1. Two different types of forced-vibration results, and there-
fore, two corresponding experimental TFs, are shown in Fig. 5
(circles and squares). The first TF identified as non-constant-
displacement response (circle series) corresponds to the traditional
experiment where the dynamic actuator is set to a constant-
displacement amplitude (stroke) value A, q0r, SO €ach frequency
run produces a different force in the building via the expression
F = mQ? A ator» and the building displacement is simply differ-
ent for each excitation frequency ¢2. The second type of experimen-
tal TF in Fig. 5, identified as constant-displacement response
(square series), was obtained such that the actuator amplitude
A, cuator 18 modified at each excitation frequency €2 in order to pro-
duce the same target displacement in the building. Therefore, this
type of TF corresponds to a set of experiments with an identical
peak displacement response at each frequency (2, so the building
has the same secant stiffness in each test, as if it were a linear sys-
tem. As stated previously, values of stiffness k, and nonlinearity
factor « for the simulated SDOF system in Fig. 2 were selected
to represent the pristine condition of Fig. 5. Based on the exper-
imental protocol for the two types of TFs, note that comparison
in Fig. 5(a) between the circle series [linear, Eq. (1) used with
constant k assumed] and the square series (nonlinear TF) in the
pristine condition, depicts a similar comparison of that of simulated
responses in Fig. 2(c). It can be observed in Fig. 5(a) that even
in pristine condition, the building exhibits noticeable levels of
nonlinear-elastic behavior at small displacement. A more detailed
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discussion regarding the TF measured in the building specimen
will be further presented in the “Experimental Program” and
“Comparison” sections next below.

Experimental Program

Cyclic Quasi-Static Tests

The test specimen (Fig. 1) was a full-scale, two-span by one-span,
three-story reinforced concrete flat-plate structure of six columns
spaced at 20 ft (6.1 m) in each direction and supporting a 7 in.
(~20 cm) thick slab at each story. Fig. 1(a) is a photograph of
the constructed full-scale specimen, and Figs. 1(b and c¢) show the
east and north elevations views, respectively. Fig. 1(d) shows the
column reinforcement detail, consisting of 8 #7 bars (7/8 in or
#22 bar in metric size) or 1.5% longitudinal reinforcement ratio.
Slab was provided with reinforcement amounts of 0.27% (bottom)
and 0.53% (top) for both directions. Each footing was secured
to the 33 in. (83.8 cm)-thick laboratory strong floor with four
1-3/8 in. (34.9 mm) Dywidag Threadbars, each post-tensioned to
100 kip (444.8 kN). A superimposed load of 13.3 psf (0.64 kN/m?)
was added at each floor by means forty 55-gallon barrels (0.208 m?)
filled with water.

The structure was quasi-statically loaded by applying lateral
forces at each floor in the longer north-south direction of the struc-
ture. The applied loads followed a triangular distribution over the
height of the specimen and followed a 3:2:1 ratio at the roof, second
floor, and first floor slab levels (Fick 2010). Fig. 3 summarizes the
four quasi-static loading cycles with roof drift ratios of 0.2%, 0.4%,
1.5%, and 3% in the form of roof drift ratio versus base shear ratio
coefficient, i.e., ratio of the base shear force as a percentage of total
weight, respectively. The structure suffered punching shear failure
at roof drift ratio of 3.0%, as shown in Figs. 4(a and b), consistent
with the traditional failure mode in this type of structure (Megally
and Ghali 2000; Ghali et al. 1976; Pan and Moehle 1989; Morrison
et al. 1983). Dynamic tests were performed at three stages of the
quasi-static cyclic testing as indicated in Table 1: (1) before cycle 1
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Fig. 3. Load-displacement response of a three-story flat-plate structure. (Data from Fick 2010.)

(c)

1.00

f=1.90 Hz
(d)

Fig. 4. Punching shear failure location and finite element model.

(i.e., as-built pristine condition), (2) after cycle 3 (i.e., after 1.5%
roof drift ratio), and (3) after cycle 4 (i.e., after 3% roof drift ratio).

Small-Amplitude Dynamic Tests

Table 1 summarizes the small-amplitude vibration tests performed
in the building at displacement levels below 0.03% overall drift
ratio, at different stages of the quasi-static cyclic testing that
produced structural damage in the building. The dynamic tests
consisted of ambient, free, and forced-vibration tests, performed
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before and after some of the quasi-static cyclic tests applied to the
building (up to 3 % drift ratio). 5g-full-range output accelerometers
were used in conjunction with a 19-bit acquisition system which
can detect displacements as small as one-thousandth of a millimeter
if recorded at steady-state frequency of 2 Hz (when noise is ignored
in the estimate).

Forced-Vibration Tests
Forced-vibration tests were done by use of a linear actuator placed
on the roof-level of the building and connected to a cart with
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Table 1. Experimental program in the RC building

Test

Description

Dynamic
Free vibration

Forced-vibration

Ambient vibration
Quasi-static (cycles 1, 2 and 3)
Dynamic

Free vibration

Forced-vibration

Ambient vibration
Quasi-static (cycle 4)
Dynamic

Free vibration

Set of pull-release tests on each slab-level NS direction. A, = 0.508 mm roof.
Set of pull-release tests on roof-level EW direction. A, = 0.508 mm roof.
NS dir. roof-level excitation by use of actuator. A, = 0.254 mm roof
1-h record of ambient vibrations
Series of pseudo-static loading cycle. A, = 13.7 cm roof (1.5% overall drift ratio)

Set of pull-release tests on each slab-level NS direction. A,,,, = 6.35 mm roof.
Set of pull-release tests on roof-level EW direction. A, = 1.016 mm roof.
NS dir. roof-level excitation by use of actuator. A, = 2.54 mm roof
1-h record of ambient vibrations
Series of pseudo-static loading cycle. A, = 27.4 cm roof (3.0% overall drift ratio)

Set of pull-release tests on each slab-level NS direction. A, = 1.27 cm roof.

Downloaded from ascelibrary.org by North Carolina State University on 04/15/24. Copyright ASCE. For personal use only; al rights reserved.

Set of pull-release tests on roof-level EW direction. A, = 2.03 mm roof.
NS dir. roof-level excitation by use of actuator. A, = 2.54 mm roof
EW dir. roof-level excitation by use of actuator. A, = 1.778 mm roof
1-h record of ambient vibrations

Forced-vibration

Ambient vibration

weight. Harmonic dynamic force was transmitted to the building as
the linear actuator reacted against the roof slab-level. An acceler-
ometer placed on top of the cart allowed estimation of the dynamic
force. The dynamic force computed using the cart accelerations al-
lowed verification of load measured by the load cell of the actuator.
Harmonic excitations with forcing frequencies [€2 in Eq. (1)]
in the vicinity of the natural frequency of interest were used.
Force-input and acceleration-output of the building were recorded
for 200 seconds after steady-state response was observed, with
1,000 mV /g-sensitivity accelerometers in environment-controlled
conditions in the laboratory to record data with precision such that
the ratio between the minimum displacement amplitude of interest
and the system precision was about 1,000.

Fig. 5 shows TFs estimated from three different stages of dam-
age of the building that are associated to the large displacement of
quasi-static cycles, as described in Table 1. Fig. 5(a) shows TFs in
the as-built condition with zero past displacement, Fig. 5(b) shows

TFs after the building was subjected to 1.5% overall drift ratio, and
Fig. 5(c) shows TFs after the building was subjected to 3.0% over-
all drift ratio. In each damage condition, three types of TFs were
obtained and are described next. The nonconstant-displacement re-
sponse TF (circle series) comes from the standard type of harmoni-
cally forced-vibration tests, where each excitation frequency (£2) is
set with a constant stroke in the actuator so the force applied to the
building is different in each frequency step. This results in different
peak roof lateral displacement amplitudes in the building when ex-
cited at different forcing frequencies. The constant-displacement
response type of TF (square series) was performed in a manner such
that at each frequency the actuator stroke was selected to result in
the same peak roof-lateral displacement of 0.254 mm. In these latter
tests, the structure responds at an identical peak displacement level
so any nonlinear-stiffness behavior would apply equally at each
forcing frequency, as the dynamic response of the structure is
displacement-controlled (i.e., identical peak displacement) and
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Fig. 5. Transfer function of the building in different structural conditions: (a) pristine; (b) after 1.5% drift ratio; and (c) after 3.0% drift ratio.
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the structure exhibits identical secant stiffness at each forcing case.
The third type of TF plotted is the linear best fit achieved with
Eq. (1) on the experimental data from the constant-displacement
response TF (square series) by selecting the parameters of natural
frequency w, total top-stiffness K, and damping ratio ¢. For a linear
system, the two types of experimental TFs, i.e., for nonconstant-
displacement response and for constant-displacement response
types, would be identical relative to different displacement ampli-
tudes as a normalization process is implicit in true linear-elastic
structures. However, given the nonlinear-stiffness nature of the
building, there are differences in the two types of experimental
TFs (circle and square series) obtained from actual buildings such
as the structure studied herein. The protocol for obtaining the two
TFs presented differs from protocols executed in other forced-
vibration tests performed in similar structures (Yu 2005). A com-
parison of the two experimental TFs in Fig. 5 shows that even at
small displacement levels and regardless of the damage condition,
the building exhibited nonlinear-elastic behavior in a similar man-
ner to that simulated in Fig. 2. Similar to the best-fit curve shown in
Fig. 5, afitting procedure (not shown in Fig. 5 for clarity purposes)
was performed on the nonconstant-displacement TF data, thus, on
the circle series of data. In order to verify the adequacy of Eq. (1) in
estimating the response of a nonlinear system, error estimates for
the case of nonconstant-displacement and constant-displacement
TFs were compared. The error in each case was defined as the
SRSS of the differences between experimental and best-fit analyti-
cal TF estimates. The ratio of error estimates between nonconstant-
displacement TF (nonlinear behavior) and constant-displacement
TF (enforced linear-elastic behavior), obtained for the pristine con-
dition of the building, was 20.8, which shows the remarkable rel-
ative inaccuracy of a linear-elastic model [Eq. (1)] to predict the
natural behavior of the nonlinear-elastic system, whereby the error
of a linear model to predict the actual (nonlinear) building behavior
is more than 20 times the error of the same model to predict behav-
ior of the same building enforced to behave linearly. Error estimates
of the linear model to predict the experimental nonconstant-
displacement TF and the constant-displacement TF were also ob-
tained for the building conditions after 1.5% and 3.0% drift ratios.
Similar to the error ratio obtained for the pristine condition (ratio of
more than 20), the ratio of error estimates for the conditions of the
building after 1.5% and 3.0% drift ratio, respectively, were 4.8 and
16.1. These two error ratios confirm the inaccuracy of the linear-
elastic model even at small displacement, due to the fact that the
building exhibited nonlinear behavior regardless of the damage
levels imposed by large displacements. Based on the best fit of
Eq. (1) on the constant-displacement response data (square series),
the estimates of natural frequencies of the building associated with
results plotted in Fig. 5 are 1.91 Hz, 1.17 Hz, and 0.96 Hz for the
three structural conditions; thus, different natural frequencies were
obtained for the same small displacement (0.254 mm roof drift) at
different damage levels. Variations of observed natural frequencies
of reinforced concrete structure have been reported in the literature
at small displacements with no apparent damage (Clinton et al.
2006; Celebi 1996). However, the current study shows that regard-
less of the damage conditions in the building, a nonlinear-elastic
model is more suitable for damage identification by means of
changes in small-amplitude stiffness.

Free Vibration Tests

Free vibration tests in the building were performed through a quick-
release mechanism installed at the roof-level. The structure was
given an initial target displacement and released from rest so that
it vibrates freely with zero initial velocity. A sensor data sampling
rate of 2,000 samples/s was used in all tests with similar sensor
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Table 2. Free vibration response summary

Test Ao (mm) P (kN) f, (Hz)
As-built
1-1 0.511 7.9 1.92
1-2 0.521 8.1 1.92
1-3 0.508 7.9 1.91
After 1.5% drift ratio
2-1 0.516 35 1.26
2-2 0.516 3.6 1.26
2-3 0.521 3.7 1.27
2-4 1.024 6.9 1.24
2-5 1.026 6.8 1.23
2-6 1.026 6.8 1.23
2-7 2.545 14.5 1.17
2-8 2.553 14.1 1.16
2-9 2.555 14.0 1.15
After 3.0% drift ratio
3-1 0.406 2.0 0.99
3-2 0.511 2.0 1.00
3-3 0.513 2.0 0.99
3-4 1.029 3.9 0.96
3-5 1.049 4.0 0.96
3-6 1.077 39 0.96
3-7 2.565 8.8 0.93
3-8 2.578 8.8 0.93
3-9 2.565 8.7 0.93

configurations to that used in forced-vibration tests. A summary
of natural frequencies estimated through a Fast Fourier Transform
(FFT) (Bendat and Piersol 1986) of the free vibration response ob-
tained for each of the structural conditions of the building is shown
in Table 2. Each test is identified by its initial displacement A ¢
selected as one of the nominal values of 0.5, 1.0, or 2.5 mm. The
natural frequency of the building reported in Table 2 was identified
by the largest peak in the Fourier spectrum of the corresponding
vibration record. The maximum coefficient of variance for the
natural frequency measured in tests with similar displacement and
reported in Table 2 was 0.8% (for instance tests 2-1, 2-2, and 2-3),
which indicates the elastic behavior of the building (repeatability of
tests), and also shows the consistent relationship between natural
frequency and displacement amplitude (nonlinear-stiffness be-
havior). Therefore, it can be seen in Table 2 that for a given struc-
tural condition, the frequency decreases as the initial displacement
is increased. This variation in frequency resembles the nonlinear
softening behavior of the building represented by the « exponent
in Fig. 2.

Fig. 6 shows some examples of the Fourier spectra where the
natural frequencies identified as the largest peak were reported
in Table 3, scaled to the number of sample points to make them
comparable (Flandrin and Stockler 1999). In Fig. 6(a), the natural
frequency from 0.5-mm tests at different structural conditions of
the building decreases as past-large displacement is increased.
Thus, damage in the building causes reduction of small-amplitude
vibration frequency when a comparison is made at identical dis-
placement (0.5 mm). In other words, the small-amplitude natural
frequency is sensitive to past-large displacement in the building,
even though small and large displacement differ by a factor of more
than 300: for instance, test 3-1 in Table 2 performed at 0.004% drift
ratio (the drift is obtained as 0.406 mm/9 m) was sensitive to pre-
vious 1.5% drift ratio tests. Fig. 6(b) shows that for the condition
after the building experienced 3.0% drift ratio, the behavior of the
building at small displacement may be also represented as that of a
nonlinear softening system. Fig. 6(b) shows how the largest peak of
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Fig. 6. Natural (peak) frequency from Fourier spectrum amplitude: (a) natural frequencies for the same small displacement of 0.508 mm at different
past-large displacement stages; and (b) natural frequency for the after-3.0% peak drift ratio stage at different small displacements.

Table 3. Stiffness values from static and dynamic tests (kKN/mm)

Small displacement for testing

0.254 mm 0.508 mm 1.016 mm 2.54 mm
Row Test/condition STA  DYN r STA  DYN r STA  DYN r STA  DYN R
1 At pristine — 14.0° 1.06 — — — — — — — — —
2 0.2% drift ratio cycle 13.2¢ — — 13.3 — — 134 — — 133 — —
3 1.5% drift ratio cycle 8.1 — — 7.5 — — 6.9 — — 6.2 — —
4 After 1.5% drift ratio cycle — 6.6°  1.06 — 6.3 1.12 — 5.7 1.09 — 5.4° 1.21
5 3.0% drift ratio cycle 6.2° — — 5.6° — — 5.2¢ — — 4.5° — —
6 After 3.0% drift ratio cycle — 3.7 — — 32 — — 32 — — 3.0 —

Note: STA: static stiffness, DYN: dynamic stiffness; r: stiffness ratio = DYN/STA; superscripted letters a through e indicate pair of values from specific

dynamic and static tests that can be compared.

the spectrum shifts to the left as the initial displacement in the test is
increased. This numerical variation of natural frequency has been
reported in Table 2. It is similar to the nonlinear softening behavior
assumed for the system in Fig. 2 (nonlinearity represented by the
exponent).

Comparison of Stiffness from Static and
Dynamic Tests

The quasi-static tests shown in Fig. 3 were performed through a
linear load distribution of lateral forces F, F», and F3, being ap-
plied at the first, seconds and third floors, respectively. Such a set of
forces can be summarized through a column vector {F} and the
corresponding displacements at each floor defined as {u}. The vec-
tors { F'} and {u} were used to estimate stiffnesses of the building at
displacement amplitudes similar to those from dynamic tests. The
building was represented by means of a single lateral DOF at each
floor, therefore the equilibrium equations represented by {F} =
[K]{u} were solved to calculate each of the three terms in the stiff-
ness matrix [K]. This calculation was performed for each state of
Fig. 3 represented by the sum of all forces plotted on the vertical
axis and the roof displacement u3 plotted on the horizontal axis.
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A total top-stiffness was calculated as the in-series sum of stiff-
nesses of the three stories, in order to simplify the stiffness com-
parison with the dynamic testing where external load was applied at
the roof only. The precision of load (hydraulic actuator) and dis-
placement (string potentiometer) measured during static tests were
20 1bf (0.089 kN) and 0.001 in. (0.025 mm); thus, displacement
precision of static tests was equal to one-tenth of the smallest dis-
placement considered (0.01 in. = 0.254 mm used in dynamic tests).
Based on a linear estimate from Table 2, the top-floor load applied
so as to produce the smallest displacement of dynamic tests equal
to 0.254 mm is about 1 kN (2 kN produces a displacement of
0.406 mm in test 3-1), which is more than 10 times the force pre-
cision of static tests. Given the comparison between smallest force
and displacement quantities of static tests and their corresponding
precision levels, precision is about one-tenth of the smallest mag-
nitude of interest. Accordingly, estimates of stiffness from static
tests at small displacement are considered accurate enough in
comparison with the high-precision measurements of dynamic
tests described in the section “Small-Amplitude Dynamic Test.”
Fig. 7(a) shows the story shear versus the story drift for the static
cycle of 3.0% drift ratio from Fig. 3. The story stiffnesses shown in
Fig. 7(a), varying with displacement, are the secant slopes of the
curves in Fig. 3. This stiffness variation is observed even at the
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Fig. 7. Small-amplitude-displacement stiffness estimates from quasi-static test at 3.0%-drift ratio cycle.

beginning of the cycle where a linear-elastic assumption is com-

monly made. This nonlinearity represents

the same nonlinearity

presented in the section “Experimental Program” through vibration
testing. The story drift used in Fig. 7(a) is not allowed to relate the
nonlinearity to the top (roof) displacement, which is explicitly
the limit set for the elastic behavior in the building. Fig. 7(b) shows
the total base shear of Fig. 7(a) versus the top-story displacement,
plotted up to a maximum displacement of 2.5 mm (0.03% drift ra-
tio) that represents the elastic behavior in concrete sections (Takeda
et al. 1970). It can be seen that at small displacement levels there is
a clear nonlinear behavior of the building when compared with the
straight-line reference that represents a constant stiffness. Fig. 7(c)
shows variation of total top-stiffness calculated from actual mea-
surements through the matrix solution presented in this Section,

with an estimate of 4.476 kN/mm for

a target displacement

level of 2.5 mm (0.03% drift ratio). This estimate of stiffness is

30% smaller than the straight-line stiffness shown in Fig. 7(b)
(6.322 kN/mm). This estimate is included in the full comparison
of stiffness values in Table 3. Variation of stiffness values in
Fig. 7(c) is about 27% and this variation may be more apparent
when tracing a specific story stiffness, given the fact that total
(equivalent) stiffness (a measure of overall roof drift stiffness) is
less sensitive to any particular story-stiffness variation.

Fig. 8 shows each story stiffness as a function of the story drift
for the static cycles of 1.5% and 3.0% drift ratio. The total top
stiffness obtained as the in-series summation of stiffnesses is also
shown in Fig. 8. Notice that the horizontal axis limit corresponds to
the elastic limit of 0.03% drift ratio converted to the displacement
of one single story (0.03% x 3 m—1 mm). The quasi-static cycle of
0.2% drift ratio has been left out of Fig. 8 based on a very small
amount variation of stiffness exhibited in this condition, as will be
shown in Table 3. Fig. 8 shows that the total top-stiffness of the
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Fig. 8. Estimates of total top-stiffness for static tests: (a and b) individual and total stiffnesses for 1.5%-drift ratio cycle; and (c and d) Individual and

total stiffnesses for 3.0%-drift ratio cycle.
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building varies with displacement. Figs. 8(a and b) correspond to
the 1.5% drift ratio cycle while Figs. 8(c and d) correspond to 3.0%
drift ratio cycle. Figs. 8(a and ¢) show that first (ground) story is the
story most sensitive to displacement. However, the contribution of
ground story stiffness to the total equivalent stiffness is less com-
pared to the stiffness of other stories based on their in-series con-
tribution. Maximum variation of total top-stiffness for the data
plotted is 30% and 40% for 1.5%- and 3.0%-drift ratio cycles, re-
spectively. On both conditions (1.5% and 3.0% drift ratio cycles),
a power function has been fitted to data whose fitting and corre-
lating values indicate good agreement with experimental data.
The exponent in the fitted functions resembles the « value used
in the numerical simulation of Fig. 2, with values of o = 0.124
and a = 0.145 for the two conditions. These values correspond
to higher degrees of nonlinearity than that of the numerical simu-
lation in Fig. 2, which is in good agreement with the measured pris-
tine condition in Fig. 5(a), where the maximum roof displacement
was set to 0.559 mm. Given that maximum roof displacement in
Fig. 8 is 2.54 mm, it is concluded that nonlinearity increases for
larger values of small displacement [Fig. 8 corresponds to small
displacement but larger than the displacement of pristine condition
in Fig. 5(a)].

Table 3 shows the comparison of stiffnesses obtained from
quasi-static (“STA”) and dynamic ("DYN”) tests at small displace-
ments bounded by 2.54 mm, thus an overall drift ratio of 0.03%
where elastic behavior has been assumed (Takeda et al. 1970).
At such a level of drift, no additional damage is incurred.

In Table 3, dynamic results come from the forced-vibration re-
sults obtained through the constant-displacement response TF as
described in the section “Forced-Vibration Test” and shown in
Fig. 5. Results from static tests shown in Table 3 were obtained
similarly to the procedure presented in Figs. 7 and 8. Column r
corresponds to the stiffness ratio of dynamic to the static test. Stiff-
ness values marked by superscripted letters a thru e in Table 3 (val-
ues in row 1 linked to values in row 2, and values in row 4 linked to
values in row 5) indicate the pair of values from dynamic and static
tests that can be compared to obtain factors r. This set of compar-
isons is limited based on the chronological order of tests performed
(Table 1), such that comparisons are made without unfairly consid-
ering additional damage to the building. Comparisons made this
way enforce that the sensitivity of stiffness is strictly evaluated
due to large-past displacement. The only reasonable comparisons
of stiffnesses for damage identification purposes were: (1) dynamic
result in the pristine condition in row 1 to static result at beginning
of 0.2% drift ratio cycle in row 2, and (2) dynamic tests after 1.5%-
condition in row 4 to static tests at beginning of 3.0% drift ratio
cycle in row 5. An average r-value of 1.1 indicates the consistency
between measurements, so tracing the stiffness variation in the
building at small displacement can be done by means of either static
or dynamic testing. The nonlinear softening type of behavior of the
building at small displacement observed in free and forced vibra-
tions of the “Forced and Free-Vibration Test” sections is confirmed
through static measurements from the section “Cyclic Quasi-Static
Tests,” as the stiffness decreases for increases in small displacement
regardless of the damage condition. This can be seen by comparing
stiffness values along a given row of Table 3. Such behavior is ob-
served in all measurements from static tests, except for 0.2% drift
ratio at row 2 where stiffness varies by about 1% due to the absence
of damage introduced to the building up to that point. This insen-
sitivity of the total top-stiffness is consistent with the fact that for
early stages of testing (like that of pristine condition simulated in
Fig. 2 and comparable to condition prior to 0.2% drift ratio cycle), a
representative value of v = 0.015 produces less than 4% variation
between 0.254 mm and 2.54 mm of displacement, according to the
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analytical expression k = k,A~“. This small variation of stiffness
may be experimentally undetectable in the pristine condition, and
this may be the reason for the 0.2% drift ratio in row 4 of Table 3,
which shows almost no variation for the total top-stiffness. Despite
the insensitivity of stiffness to small displacement observed in the
pristine condition, the sensitivity was clearly observed for the
cycles with 1.5% and 3.0% peak drift ratios, i.e., once damage
to the building has been imposed. Consistent with data from the
damaged building, as will be explained next, stiffness variations
through the analytical expression for the cycles of 1.5% and 3.0%
drift ratio in Fig. 8 are 33% and 40%, respectively.

Static and dynamic tests do not produce identical estimates of
stiffnesses (r is not 1.0), due to the fact that the load distribution
patterns for the two tests enforce different deformed shapes in the
building. While quasi-static tests correspond to linearly variation
with floor elevation (inverted triangle), the forced-vibration tests
contain inertial forces proportional to the natural mode shape.
The deformed shape of the building measured at small displace-
ment of quasi-static tests was {0.20, 0.72, 1,00} while the first
mode shape of the building observed through modal identification
was {0.26, 0.66, 1.00}. Modal identification on the experimental
data was verified by comparing with results from a 3D finite
element model built for the pristine condition (SAP2000), as shown
in Fig. 4. The model consisted of 17,097 nodes, 18 frames, and
16,200 shell elements. ACI formulation was used to calculate
the concrete modulus of elasticity used (ACI 2002). The fundamen-
tal mode natural frequency and mode shape of the FE model are
within 3% difference of the experimental results shown for the pris-
tine condition in Figs. 5 and 6, and Table 2. When comparing the
two shapes in static and dynamic testing scenarios, it can be seen
that while dynamic testing is engaging more contribution of the
stiffest story (first) than that of the static test, making the system
stiffer in general, the static test drift is concentrated in a more flex-
ible story (second) which makes the building more flexible (story
deformation of second story in static test is 0.52 versus 0.40 of
dynamic test). The building responds stiffer during dynamic tests
than during static. This is represented by r-values larger than 1.0 in
Table 3.

In Table 3, it can be seen that small-displacement stiffness is
always sensitive to damage caused by past-large displacement,
as long as the comparison of stiffness is done at identical displace-
ment levels, i.e., when stiffness values along a given column of the
table are compared. Rather than the use of a single column to com-
pare stiffnesses, if the comparison is erroneously done at different
displacement amplitudes, the observation would lead to erroneous
interpretation such that the stiffness is insensitive to damage or even
worse, that stiffness could increase after damage. Consider, for in-
stance, in Table 3, the comparison from dynamic tests before and
after the 3.0% drift ratio cycle (rows 4 and 6), so the stiffness de-
crease can be correctly calculated through four pairs of values as-
sociated to displacement amplitudes of 0.254, 0.508, 1.016, and
2.54 mm. The four comparisons are: from 6.6 to 3.7, from 6.3
to 3.2, from 5.7 to 3.2, and from 5.4 to 3.0 KN/mm. The average
ratio of stiffness decrease in those four comparisons is 55%. A re-
duction of 45% of stiffness was observed due to damage caused in
the building by the 3.0% drift ratio cycle. The coefficient of varia-
tion of the four ratios is less than 5%, which indicates the consis-
tency and equivalence in the damage identification if identical
displacement amplitude is selected for the comparison. However,
if stiffness measured at 2.54 mm before 3.0% drift ratio cycle
(5.4 KN/mm, dynamic, row 4) is compared to stiffness measured
at 0.254 mm during 3.0% drift ratio cycle (6.2 kN/mm, static,
row 5), a fictitious increase of 15% in the stiffness would be
concluded. An adjusted version of this comparison would lead
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to almost no variation of stiffness at all, if one considers that
dynamic stiffness is 10% higher on average than static stiffness
according to ratio r, the net increase would fall within the exper-
imentally undetectable variation of 5% (15% becomes 5% when
considering average r = 1.1; 5% is similar to the 4% of the unde-
tected variation of the pristine condition as described earlier in this
section).

Conclusions

A full-scale, three-story, flat-plate concrete building was used to
detect damage based on small-amplitude stiffness measurements.
Stiffness measured at a maximum 0.03% drift ratio was sensitive
to past-large displacements bounded by 3.0% overall drift ratio.
Consistency between stiffness measured in static and dynamic tests
proved that an elastic nonlinear softening model is a better repre-
sentation of the actual behavior of the building than the traditional
linear model. This study shows that comparing small-amplitude
stiffnesses before and after a large-displacement event may be used
to detect damage, as long as identical displacements are used (peak
displacement if dynamic tests are used). Otherwise, erroneous con-
clusions may be derived. Given the relationship between damage
and small-amplitude stiffness and given the direct connection be-
tween stiffness and frequency, use of a nonlinear-elastic dynamic
system is recommended: (1) to represent small-amplitude displace-
ment response of; and (2) to detect damage in reinforced concrete
structures. As a promising implementation of nonlinear modeling
in detection of damage, this research provides a clear example of
small-amplitude nonlinear behavior being sensitive to damage in
simple terms of stiffness observations in a full-scale building.

As for the proposed model, there are two assumptions and lim-
itations: (1) nonlinearity is assumed to come from stiffness only
based on the observation of the pseudo-static load-deflection curve
of the building; and (2) the analytical expression k, A~ used to
define the nonlinear softening system at small displacements is an
expression that has not been derived from a rational, mechanics-
based analysis but is based only on direct observation of the exper-
imental results.

Based on everything mentioned earlier, future works may
include: (1) investigation of elastic nonlinearity of reinforced con-
crete structures at small displacements where vartiations in equiv-
alent damping are taken into consideration; (2) modeling of
behavior of reinforced concrete at small displacements so that prop-
erties such as the load-displacement curve, which is obtained ex-
perimentally, may be estimated from numerical analyses; this could
improve our understanding of the nonlinear-elastic behavior at
small displacements; and (3) to establish quantitative procedures
for estimation of stiffness and frequency degradation at small
displacements due to damage.

Data Availability Statement

Some or all data, models, or code that support the findings of this
study are available from the corresponding author upon reasonable
request.
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