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Transient nonlinear vibration
characterization of building
materials in sequential impact
scale experiments

James A. Bittner'* and John S. Popovics?

Engineering Fundamentals, Michigan Technological University, Houghton, MI, United States, Civil
and Environmental Engineering, University of Illinois, Urbana, IL, United States

Characterizing standard building materials such as concrete is challenging
primarily because of the broad range of constituent component sizes within
the material itself. Concrete, the most ubiquitous building material, contains
critical components that span at least three orders of magnitude of physical
size. This work introduces a nondestructive sequential impact test to extract
transient nonlinear vibration behaviors that provide statistically significant
holistic characterization of a heterogeneous building material, neat cement
paste, on a centimeter scale sample. The sensitivity of the single impact
vibration combined with the repeatability of the new sequential apparatus
enables the extraction of statistically distinct transient nonlinear (slow
dynamic) material memory behaviors. Experimental results on neat cement
paste prisms and borosilicate glass blocks across several environmental states
and damage conditions reveal an underlying phenomenon of transient
nonlinear behaviors. Material damage and moisture state significantly affect
the proper interpretation of the transient nonlinear material behaviors. The
presented testing procedure and observations, supported by historical
experiments, confirm that sequential impact reports a consistent transient
nonlinear vibration behavior, and the measured behavior can identify
damaged heterogeneous building materials.

KEYWORDS

nondestructive, impact, cement, glass, damage, slow dynamics, nonlinear vibration

Introduction

Material testing for civil infrastructure materials is a complex task with implications
ranging from public safety to the effective use of public funds. Most existing testing
methods lack sufficient spatial resolution to identify microscopic degradation details early
enough to prevent extensive, costly damage from occurring. Leveraging new
measurement techniques, transient slow dynamic measurements, to characterize
material changes (such as damage) is highly desired. A history of the transient slow
dynamic behavior field was provided by Ten Cate (Guyer et al., 1995; Ten Cate, 2011). The
initial work in manually applying transient slow dynamic measurements to a standard
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cementitious testing framework has yielded highly variable
observations (Somaratna, 2014). As a results of the high
variability, the feasibility of damage monitoring with transient
slow dynamic measurements was difficult to evaluate.

Transient slow dynamic behaviors are a form of non-classical
dynamic behaviors and can be observed to occur in a wide range
of natural materials, such as sandstones and granites (Ten Cate
et al, 2000b; Ostrovsky and Johnson, 2001; Ten Cate, 2011;
Snieder et al, 2017). In these natural materials, structural
properties (grain size, fractures, and composition) are variable
and uncontrolled. Efforts to categorize the manifestation of the
softening have identified several influential triggers that activate
slow dynamic behavior events, such as temperature, pressure,
and strain (Ten Cate et al., 2002).

In order to assess the value of transient slow dynamic
measurements for nondestructive tests in civil infrastructure, a
series of simplified automated observational studies need to
capture the feasibility of the observation, demonstrate the
repeatability of the measurement, and identify key material
states that influence the behavior.

The Nonlinear Resonant Ultrasound Spectroscopy (NRUS)
test is an established method to measure material nonlinearity
(Van Den Abeele and Visscher, 2000; Bentahar et al., 2006).
However, NRUS has several drawbacks for the work studied here
because it may disrupt the natural dynamic behaviors and the
the
requirements of a permanently attached piezoelectric wafer to

environmental condition of the material, such as
the sample and a long slender geometric test sample geometry of
about 12:1. These two limitations make applying NRUS on
cement paste not ideal.

One solution to avoid these limitations was to extend an
existing concrete testing standard, ASTM C215, to provide a
sequential and consistent controlled level of excitation over time.
The existing ASTM C215 standard was designed to extract a
linear dynamic modulus from a cylinder or prismatic sample
through a specific fundamental vibration mode. The standard
defines the support, receiving, and excitation positions to excite a
specific vibration mode. The excitation occurs through an impact
of a steel ball on the material, and the receiver can be a small
detachable accelerometer.

In this article, work with a sequential impact test device that
was designed, built and applied to prismatic samples is described.
The
measurements with identical force impacts over time. The

device was wused to perform transverse vibration

application of multiple high-strain vibration events elicits a
slow dynamic conditioning behavior as observed in the free
resonance frequency of the sample. First, the consistency of
the impact energy provided by the sequential impact test
device was verified and the linearity of the complete vibration
system was established. Then a series of experiments explored
slow dynamic conditioning behaviors in neat cement paste
prisms under different environmental conditions. Further
measurements studied the effects of damage levels and
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moisture. Parallel experiments were carried out on a material
that has a simple microstructure: solid borosilicate glass block.

Neat cement paste, described in detail below, exhibits many
similarities to the natural materials in which the transient slow
dynamic behaviors were discovered, such as porosity, strength,
and multi-scale degradation features. In contrast to natural
materials, cement paste provides a relatively young
microstructure with a known material history in terms of
moisture and loading. By controlling the sample’s loading
history, an exploratory series of experiments can be
performed to observe how sensitive the slow transient

dynamic behaviors are to various changes of state.

Experimental materials and methods
Sequential impact test

The sequential impact test consists of a multiple impact-
driven slow dynamic conditioning phase followed by a
The
conditioning phase comprises the time during which regularly

perturbation free slow dynamic recovery phase.
applied impact events drive high-strain vibration events for a
specified number of impact events. The recovery phase begins
immediately after the conditioning phase during which the
sample is at rest.

The sequential impact test records the vibration resonance
frequencies during the conditioning phase of a test. This is in
contrast to the NRUS method, which primarily focuses on the
recovery behavior of the test (Ten Cate, 2011). The distinction is
all

measurements after a conditioning has occurred, while the

worth noting because recovery behaviors require
conditioning measurements start with the material in an at-
rest state.

The material used in the experiments was neat portland
cement paste. The samples were cast into 5 cm by 5cm by
19.6 cm prisms with a water to cement ratio of 0.5. Samples
were mixed following the procedures of ASTM C305. Samples
were demolded and moist-cured for at least 28 days after
mixing, and then dried unrestrained in ambient laboratory
conditions for at least 56 days (8 weeks) after the end of moist
curing.

Experimental control and recording were performed by a
computer running MATLAB with a digital acquisition device and
two microcontrollers. The controls performed the sequential
impact tests utilizing the electro mechanical device. The
timing of the impact events was controlled through a
The first

microcontroller interfaced with the impact device. The second

programmed interrupt at a period of 4s.
microcontroller interfaced with environmental monitoring
sensors, for example humidity and temperature sensors. The
the of the

accelerometer to capture the vibrational behaviors in time.

digital acquisition device recorded signals
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The environmental monitoring sensors deployed were a
Sensirion SHT75 for humidity and temperature, and a Bosch
BMP180 for barometric pressure. The Sensirion SHT75 sensor
has a nominal accuracy of approximately +1.8% for relative
humidity and +0.3 C for temperature within the range tested,
with a response time of 8 s. The Bosch BMP180 barometer has a
nominal accuracy of +400 Pa. Environmental parameters were
averaged over 30 readings every 5 min.

The vibration sensor used was a PCB 352C15 accelerometer
with a PCB 482B11 line-powered ICP signal conditioner with ten
times amplification. The accelerometer was coupled using a
cyanoacrylate bonding to the cement paste samples at the
start of a sequential impact series. This bonding agent
provided consistent behavior regardless of temperature or
The
captured with a digital acquisition device, the Picoscope
5442 A. The sampling rate was 62.5 MHz at 16-bit resolution,
such that 3 million data points were captured for each impact

moisture conditions in the environment. data were

vibration. Each vibration signal was captured by the digital
acquisition device and stored as a compressed MATLAB file.
After each sequential impact series, the time-domain signals were
processed and the peak fundamental frequency was identified for
each impact. The outputs of the processed results are the peak
vibration frequencies over the impact sequence.

Electro mechanical sequential impactor
device

To extend the existing standard, ASTM C215, to capture slow
dynamic conditioning and recovery behaviors, the impact
excitation must have strictly controlled force and timing. An
overview of the developed sequential impact test is shown in
Figure 1. An electromagnetic impact driver is able to control the
motion of a ball to cause a single isolated strike and lift off away
from the surface of the sample. A small accelerometer is fixed at
an anti-node of the tested prism as defined in ASTM C215 and
records the acceleration of the vibration in time.
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Voltage of the open circuit magnetic impact driver during an
impact event occurring at approximately the 10,000th
measurement time step.

In order to prevent contamination of the recorded behaviors
over time, the friction of the rotating armature was limited to
enable multiple quick impacts. An angular solenoid activated by
a microcontroller was implemented to achieve repeatable
impacts as pictured in Figure 1. Current flowing through the
coil within the fixed magnetic field resulted in a smooth quick
force applied to the armature. To optimize repeatability, the force
was used only to lift the impactor ball; the downward motion was
driven entirely by gravity.

The electromagnetic impact driver, when not being driven
with a current through the coil, can be configured to act as a
sensor. During the free fall of the impact ball, the voltage
potential across the open circuit of the coil leads is
proportional to the velocity of the coil moving through the
magnetic field. Because the impact ball and the coil shared a
fixed armature, the voltage signal verifies that an impact occurred
and, with some calibration, measure the ball’s velocity before and

frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2022.949484

Bittner and Popovics

after the impact event. The recorded open circuit coil voltage for
a single impact event is shown in Figure 2. In the figure, the
occurrence of the impact event is defined by the time where the
ball velocity quickly changes direction, which in terms of the
plotted voltage is at the zero crossing of the voltage signal.
Unfortunately, due to the vibration of the armature that
occurs shortly after the impact event, the oscillating signal
after impact requires extrapolation to estimate the bulk
velocity of the steel ball by excluding the armature vibration.
The highlighted red and green regions of the measured voltage
signal are extrapolated to the zero-crossing time, which
represents the approximate velocity measurements of the ball
falling before the impact event and directly after the impact event.
The before and after impact velocities are denoted in the figure as
black stars. From the velocity and known mass, kinetic energy
can be calculated before and after an impact event.

Consistent device performance was critical to verify that the
observed behavior was not an artifact of the new measurement
system. One method to monitor the performance of the impact
device was through the energy of the impacts. The energy change
of each impact was measured from the impact velocity
measurements as illustrated in Figure 2. The energy change of
the impactor due to the impact was calculated by

AEnergy = (%)*m*(vlzzefure - Vflfter) o)
where m is the mass of the impactor, Vi, for, is the down-going
velocity before the impact, and V., is the up-going velocity
right after the impact. Assuming the voltage is proportional to
velocity, substitution of the recorded voltages into Eq. 1 for
velocity results in a relative measurement of energy. This
feedback system enables the tracking of the energy imparted
into the test sample for each impact event.

The ball impact location and accelerometer were physically
placed on the smooth top surface; two dowel bars were used for
supports as specified in ASTM C215 in order to excite a fundamental
transverse vibration mode. The fundamental transverse mode was
selected over the fundamental longitudinal mode so as to limit the
rigid movement of the specimen during a multiple-impact test series.

Using the test setup, the peak vibration frequency was
expected to correspond with the first fundamental resonance
frequency. The fundamental resonance frequency is a function of
the test geometry and the material mechanical properties. For a
consistent test geometry, a decrease in fundamental resonance
frequency corresponds to an apparent decrease in the material’s
mechanical properties, specifically Young’s modulus.

Because slow dynamic conditioning was studied here, the
parameter of interest was the modulus reduction that occurs
because of a specific conditioning history. One method to
measure this parameter is to record the reduction in
fundamental resonance frequency during the conditioning
phase that is setup by sequential impacts. The change in
resonance frequencies can be calculated as
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Af =fi-fa @

where f; is the frequency of the first impact and f, is the
frequency of the nth impact of the series. The difference in
frequency from the first impact to the last impact of a series is
referred to as a conditioning shift in resonant frequency.

One principal concern with running a sequential impact
test is the potential for non-uniform impact energy over time.
In order to evaluate the electromagnetic impact driver’s
performance over a series of impacts, the impact energy
test
laboratory-dried 0.5 w/c ratio neat cement paste over

was recorded for a sample prism of ambient
100 impacts. The sample was allowed to rest for 24 h prior
to testing at ambient environmental conditions. If the impact
energy is consistent, the softening trends observed are not due
to an error in the measurement system and are in fact the

material’s nonlinear behavior.

Linear material vibration

The next validation of the sequential impact device was to
test a known standard linear material. The material selected was
polymethyl methacrylate (PMMA), which is frequently used in
ultrasonic operations as a calibration material due to its being a
non-porous homogeneous linear material that is optically free of
defects at room temperature and has a mechanical impedance
similar to that of rocks. As a result, no transient dynamic
behaviors are expected when the sequential impact tests are
performed on the PMMA material.

The sequential impact test was carried out with a series of one
hundred impacts in a 4-s period with a 2-h period between
impact series. Two identical tests were carried out in succession.
A prism of PMMA was cut with a band saw to the identical
dimensions as the previously tested neat cement paste prisms:
5cm by 5cm by 19.6 cm. The impact test was configured to
excite the fundamental transverse vibration mode. The peak
frequency of vibration was measured and tracked for each of
the sequential impacts.

Measurement reproducibility and
correlations

The next critical experiment for the new testing device was to
understand the reproducibility and potential correlations with
indirect testing parameters such as temperature.

A sequential impact test was performed exciting the
fundamental transverse mode of a neat cement paste prism
(w/c 0.5) sized 5cm by 5cm by 19.6cm at both ambient
laboratory conditions and in environmentally controlled
conditions. The sequential impact test carried out 100 impacts
at an impact interval of 4 s every 2 h. The period between impact
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sets was a rest period where the sample was left undisturbed to
recover. The test was performed continuously for three and a half
days. Observations between recorded environmental parameters
and vibration behaviors were compared to identify any
correlations.

After correlations were identified, efforts were made to
improve the reproducibility by controlling the environmental
parameters (temperature and relative humidity), and the test was
repeated. Both the temperature and relative humidity were
maintained constant within a controlled chamber where the
test setup was housed: Associated Environmental Systems FD-
21. Humidity was controlled using different saturated salt
solutions following the specifications of ASTM E104 within
the sealed chamber. The nominal target environmental
parameters were temperature controlled at 32°C and a relative
humidity of 22% maintained with a potassium acetate solution.

Significance of moisture and damage
experiment

The next stage of observing the global nonlinear transient
dynamic behaviors was to build a sample dataset with various
levels of damage and moisture. The objective of this investigation
was to identify a driving material condition behind the
generation of nonlinear transient dynamic behaviors.

The material used for this experiment was neat portland
cement paste. In order to maximize any effects present in the
material due to the porous microstructure, a high water-to-
cement ratio of 0.8 was used. Cement paste was mixed in
accordance with ASTM C305. Prisms were cast in 5cm by
5cm by 19.6cm steel forms lined with oil to aid in
demolding conforming to ASTM C192. Prisms were covered
with two moist 0.15 mm thick plastic sheets for 24 h until
demolding. After demolding, specimens were cured in a moist
chamber conforming to ASTM C511.

The testing protocol followed for this investigation was to test
specimens before and after the prisms were treated with different
combinations of damage and moisture conditions. Prior to
implementing the testing plan, all specimens were completely
saturated by remaining in the moist curing room since creation.

Twenty prisms were cast and moist-cured for at least
3 months prior to testing. Four test groups were generated
that included each combination of two levels of damage and
moisture. The groups were defined as pristine wet, naturally dry,
damaged wet, and damaged dry. The pristine case was defined as
being in the mechanical condition present at the end of curing.
The damaged case was defined as being exposed to fast
temperature changes due to saturated thermal shocking. The
wet moisture case was defined as always being stored at above
97%-100% humidity. The dry case was defined as being slowly
dried down to 50% relative humidity, with an intermediate step at
80% humidity. The naturally dry condition was a pristine sample
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that had been slowly dried to limit any significant potential
shrinkage damage.

The this
investigation comprised saturated thermal shock cycles. This

damage procedure implemented during
method of damage was selected to induce a uniform level of
damage across the five prism samples while maintaining a
completely saturated moisture state within the material. Two
respective water baths were maintained at 4°C using ice water and
at 80°C using an electric heater. Prisms in the damaged groups
were cycled first to the cold bath for 20 min then to the hot bath
for 20 min; this procedure was repeated for two full cycles. To
monitor internal prism temperature, an extra prism was drilled,
and a thermocouple was inserted into the center of it. The
temperature history of the extra prism is shown in Figure 3.
The captured internal temperature profile shows uniform
shocking behaviors for the two cycles of identical damage.

The implemented drying procedure was designed to
gradually remove the moisture within the saturated porous
cement paste while limiting the damage caused by drying
has established that the
evaporation rate and the level of hydration of the cement
(Mindess et al., 2002) affect the extent of drying shrinkage
cracking in cement-based materials. These components were

shrinkage cracking. It been

mitigated in the test samples. First, the prisms were allowed
to reach maturity prior to testing by maintaining them in a
controlled moist-cure environment for 3 months after mixing.
Second, the evaporation rate was controlled by slowly stepping
down the humidity of the drying environment.

After the damaged set was created, prisms in the dry sets were
slowly dried by being placed in a sealed 23°C temperature and
80% relative humidity chamber controlled by saturated
potassium chloride for 1 week. After 1 week, the prisms were
dried further in a 50% relative humidity chamber. Mass
measurements were taken at 1, 3, 7, 14, and 21 days after the
start of drying and at least every 21 days thereafter. The relative
mass loss of each prism over time is shown in Figure 3. Once the
change in the mass loss ratio was identified as less than 0.01 per
day for all prisms, the drying protocol was defined as completed.
The recorded mass loss ratio resulted in a consistent trend among
most of the samples with an average mass loss of 25% of the
original mass. The two bounding outliers clearly seen in the
figure represent the minimum and maximum mass loss of 22%
and 31%. This confirms that the drying protocol was consistent
between the two groups of dried condition prisms being tested.

To build confidence in the material states of the sample
groups, additional measurements of damage identification were
performed. The first measurement was high-resolution optical
scanning. The dried blocks were scanned at 4600 dpi. Cracks
were identified manually through visual inspection and traced to
confirm that the material states represented different levels of
damaged specimens.

The second implemented measurement technique was
ultrasonic pulse velocity as documented in ACI 218.2R (ACI
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Committee 228, 2013). An ultrasonic pulser and receiver device,
the Proceq Pundit, was used with 54 kHz transducers to measure
a pitch-catch wave transmission. The time of flight of the
transmission was recorded along with the geometric distance
traveled. These two values were used to compute a wave velocity
in the prism. Wave velocity is proportional to the square root of
the modulus and inversely proportional to the square root of the
density. As a sample is damaged by cracking, the velocity will
decrease. Wave velocity was measured three times for every
prism.

The impact testing was performed following the previously
described sequential impact testing method. One hundred
impacts were recorded with 4 s spacing between impacts. The
sequential impact testing was performed on a 2-h cycle for 24 h.
The final four sequential impact test datasets were collected and
processed for two summarizing parameters. The first parameter
was the initial fundamental resonance frequency, which was used
to calculate the linear dynamic modulus as defined by ASTM
C215. The second parameter was the shift in the fundamental
resonance frequency during the duration of a single sequential
impact test series. The shift in frequency over a single sequential
impact test series was used to characterize the transient nonlinear
slow dynamic behaviors observed.

Solid and cracked glass block experiments

The final study performed in this global scale experiment series
was to explore the presence of slow dynamic nonlinearity in a non-
porous brittle material in both a pristine and damaged state.

The non-porous brittle material selected was a solid, transparent
soda-lime glass block. The blocks used are a standard architectural
material used in building design and were acquired from Seves Glass
Block in the Czech Republic. These blocks in the pristine condition
were optically clear of defects and contained very few small (<1 mm
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FIGURE 4
Solid soda-lime glass block in thermally shocked damaged
state on sequential impact test device.

diameter) voids. The block measured 24 cm by 11.7 cm by 5.3 cm in
dimensions and had a mass of 3.5 kg. The block was brought to
equilibrium testing conditions at 32°C and 80% relative humidity.
The block was initially tested in a pristine condition and then in a
damaged condition with sequential impact testing identical to the
previous test.

Damage to the glass block was carried out using thermal
shock to encourage a uniform distribution of damage (Ten
Cate et al., 2016). The glass block was heated in an oven to
100°C for 24 h and then submerged in 23°C water for 30 min.
After submersion, the block was returned to the oven and
dried for 24 h. After drying, the block was placed in a
temperature and humidity-controlled environment at 32°C
and 10% relative humidity and allowed to equilibrate for 24 h.
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The damaged block and the sequential impact-testing device
are shown in Figure 4. The glass block was then tested using a
set of 100 sequential impacts every 2 h over a 24-h period. At
the completion of 24h of testing, the humidity in the
environment was raised to 80% and the system was
allowed to equilibrate for an additional 24 h. After the
equilibrium period, the glass block was tested using the
same sequential impact protocol.

In addition to the recording of transient slow dynamic
nonlinearity, another method of processing that can be
performed on the sequential impact dataset is the extraction
of any resonant frequency shifting during a single vibration
impact. The single vibration impact processing is called
NSIRAS and is reported to represent the opening and closing
of cracks due to the level of instantaneous strain during the
vibration (Van Den Abeele et al., 2000; Eiras et al., 2014). The
change in frequency during a single impact event was calculated
based upon the collected impact vibration data for the block in
each damage and moisture states.

Experimental results

The results for each experiment will be presented and the
significance of each result will be addressed in the following
discussion section.
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Sequential impact test results

The measured time signal from a transverse vibration
acceleration test excited by a single automated impact created by
the sequential impact-testing device on a cement paste prism is
shown in the top left inset of Figure 5. The vibration lasts for
approximately 20 milliseconds and displays a single principal
mode of vibration corresponding to the transverse configuration.
The frequency spectrum of the measured time signal is shown in the
top right inset. The peak fundamental transverse resonance
frequency is labeled with a red circle and occurs at approximately
3060 Hz.

All collective results of a sequential impact test on a neat cement
paste prism with 300 impacts are shown for linear, bottom left inset,
and log-linear, bottom right inset, scales in Figure 5. Each impact
event is characterized by the extracted peak fundamental frequency of
vibration. The initial impact of the sequential impact test displays the
highest fundamental resonance frequency. Subsequent impacts
display a reduction in resonance frequency that suggests a
progressive softening of the material’s mechanical behaviors. This
softening behavior indicates the effect of slow dynamic conditioning
on the material sample.

The results of multiple sequential impact tests are shown in
Figure 6. The horizontal axis shows time in hours, and the
vertical axis the extracted fundamental transverse resonance
frequency of each impact event. The results from individual

frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2022.949484

Bittner and Popovics

N 2890 — ,

N
(o]
(0]
o

2870 1

-

2860 | 1

2850 1 1

L L L L L

0 2 4 6 8 10
Time Elapsed (Hrs)

Fund. Trans. Frequency (H

N
o]
N
o

12

FIGURE 6

Multiple repeated sequential impact tests with intermittent

rest periods performed on a 2-h recovery cycle on cement paste in
an uncontrolled laboratory environment.

impacts within each sequential impact test set display a shape
similar to a reversed letter “J.” Between sequential impact test sets
the results display a recovery of resonance frequency (or stiffness)
during the rest periods where no impact events occur.

Uniform force validation results

The recorded vibration frequency of each impact is plotted,
illustrating the characteristic softening of the fundamental
transverse vibration frequency shown in Figure 7. The
secondary axis represents a measurement of relative impact
energy from the falling steel ball owing to the impact events.
The value of energy over time represents the repeatability of the
sequential impact device to impart a consistent excitation
impulse source to drive the vibration, thus arguing that the
observed softening in the data in Figure 6 is not caused by
changes in mechanical impact energy. Although the energy data
do show variability (32% Coefficient of Variation), the results are
effectively consistent and no consistent trend over time during
the impact set is observed. This relative energy value verifies that
our automated system does not display drift or systematic
changes throughout the impact event set.

Linear material vibration results

The results from two different sequential impact tests
performed at ambient laboratory conditions on a prism of
PMMA were collected. No consistent change in transverse
resonance frequency over the series of impacts was observed.
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Measurement reproducibility and
correlations results

A plot of the fundamental resonance frequency for multiple
sequential impact test sets on a neat cement paste prism over a
duration of 3 days is shown in Figure 8. Mass and geometry were
unchanged during the duration of this experiment. The initial
impact of each sequential impact set was observed to always be
the highest frequency of each test set. In the case of uncontrolled
ambient environment (Figure 8 left), the frequency varies from
test set to test set. The initial impact of each sequential impact test
represents the standard linear dynamic measurement captured
by one single uncontrolled impact.

The results of the 3-day sequential impact study shows that
varying ambient conditions disrupt measurement results obtained
from this vibration technique. The parameters that influence the
results should be identified, controlled, and understood before
sequential impact tests can be used for practical applications.

Three  selected
temperature, relative humidity, and barometric pressure, are

ambient environmental characteristics,
compared with resonance frequency results from impact set tests
in Figure 9. The resonance frequency, which is proportional to
Young’s modulus, does not exhibit obvious visual correlation with
the small change in ambient temperature. More obvious direct
correlation is observed between the resonance frequency and
relative humidity and inverse correlation observed between
resonance frequency and barometric pressure.

The shift in resonance frequency across a single sequential impact
test set displays characteristic transient slow dynamic nonlinearity. The
effects of ambient environmental parameters (temperature, humidity,
and pressure) on the intra-test transient resonance frequency shift are
explored in Figure 10. The measured transient resonant frequency shift
ranged from 6 to 26 Hz per impact set, with the strongest correlation
identified with the inverse of ambient relative humidity.

The results of an environmentally controlled, 32°C and
22% relative humidity, sequential impact test are shown in the
right inset of Figure 8. The variability between sequential
impact tests is significantly less than in the uncontrolled-
environment cases shown in the left inset of Figure 8.

In order to better control repeatability all of the following
reported experiments were performed with controlled
environmental humidity and temperature, although we were
not able to control barometric pressure of the environment
with our test set up. Unless otherwise stated, the temperature
was set and monitored at 32°C + 1°C and the relative humidity

was fixed at 50% * 5% while barometric pressure was ambient.

The significance of moisture and damage
experiment results

The significance of the moisture and damage experiment was
intended to identify the root cause behind the transient behaviors
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FIGURE 11

Linear transverse fundamental resonant vibration-based
estimate of elastic modulus in neat cement paste prisms in the
uniform saturated pristine condition, Case O (red bars), and the
representative labeled damaged test condition, Case 1 (blue
bars). The height of the bar represents the 50% confidence interval
for five separate bars of each group tested four times each bar.
Case 0 represents the saturated pristine material condition before
exposure to the subject environment.

in a series of samples with different conditions. The test protocol
was carried out as planned and the verified damage and moisture
conditions were monitored with temperature and mass
measurements. The results of the sequential impact testing
were processed to generate a dynamic linear modulus as
defined by ASTM C215 (ASTM C215, 2014) and a transient
slow dynamic frequency shift as defined in above.

The results of the standard dynamic linear modulus test from

the fundamental transverse resonance mode are shown in
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Figure 11. All samples were mature and started in the saturated
pristine case; this condition is identified as Case 0. Some samples
were then exposed to other ambient temperature and RH
conditions and those samples are identified as Case 1 for each
of the testing group conditions. In other words, Case 0 and Case
1 represent before and after controlled damage and environmental
exposure cases, respectively. Each testing group consists of five
samples tested four replicate times; that is, each bar in Figure 11
represents 20 sets of data. The control condition group, pristine
and maintained in a saturated environment, displays no obvious
change in dynamic linear modulus. The saturated damaged case
displays a slight median decrease in modulus after being subjected
to thermal shock damage but the difference in modulus does not
appear to be statistically different. The naturally dry pristine case
displays a notable and apparently statistically significant decrease
in linear dynamic modulus. The dry damaged case presents the
largest reduction in dynamic linear modulus and apparently
statistically significant reduction in modulus. The magnitude of
reduction in median linear dynamic modulus owing only to the
pristine slow evaporation of moisture, 1.42 GPa, was larger than
the magnitude of reduction measured for only thermal shocking
damage, 0.21 GPa.

Results from the sequential impact testing set for only a single
randomly selected prism from each condition group are shown in
Figure 12. In the plots, the relative frequency shift from the initial
point (vertical axis) is plotted against the number of impacts
within an impact test set (horizontal axis) in both the Case 0
(before exposure), and Case 1 (after exposure) conditions. In all
exposure conditions, Case 0, the saturated pristine condition
before exposure, displays relatively consistent frequency shift
value with impact number. This flat response indicates no
transient conditioning behavior associated with an ideal linear
elastic material behavior. For the “after exposure” case (Case 1)
for the saturated group, no distinct change from linear behavior
was observed, meaning that no slow dynamic conditioning
observed. The same can be said for the saturated damaged
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Sequential impact test results for four randomly selected neat cement paste samples in the saturated pristine condition before exposure, Case O
(red), and then the same sample after damage and/or environmental exposure, Case 1 (blue). The representative test conditions are saturated pristine
(top left), saturated damaged (top right), naturally dried (bottom left), and dried damaged (bottom right). Case O represents the saturated pristine

material condition before exposure to the subject environment.

and naturally dried cases. The only visually obvious change
occurred for the dried damaged condition group. The dried
damage group, however, displayed a reduction of 1.33 Hz in
resonant frequency during the application of 100 impact events
as compared with the pre-exposure results (case 0). Clear
indication of slow dynamic conditioning occurs in this case.
The aggregation of the sequential impact testing resonant
frequency shifts for the five replicates in each condition group is
shown as a box plot in Figure 13. The results confirm the individual
prism results presented in Figure 12. Only one conditioning group,
dried damaged, shows clear and statistically significant change in
slow dynamic resonance frequency shift beyond the 95% confidence
intervals of the measurement. In this experiment, the repeatability of
the measurement, as indicated by the relative size of the 95%
was observed to be constant for all

confidence intervals,

conditioning groups except in the highest level of the damaged case.

Additional comparisons of the damaged
state

High resolution photographic images were collected from the
surface of a representative test sample for each dry condition to
verify the created damaged state. The collected images for dry
damaged and naturally dry are shown in Figure 14. The dry
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damaged condition displays one large visible crack on the
surface, while the naturally dried condition does not display
any visible cracking. Owing to the high water-cement ratio, some
scaling was observed on the surface of both samples.

This measurement adds an additional verification that the
damage conditioning protocols generated clear and visible
cracking damage. Further verification of the condition of each
group was measured through an ultrasonic velocity measurement.
The velocity measurement was carried out after all conditioning and
impact tests were completed. The results of the ultrasonic velocity
measurements are summarized in Figure 14. The wet pristine
condition was found to have the largest median velocity, followed
in order by the wet damaged, naturally dry and dry damaged
condition groups. This order of material stiffness agrees with the
order recorded by the linear dynamic elastic modulus testing shown
in Figure 11. The indicated sample confidence intervals demonstrate
that only the dry damaged condition group exhibits a statistically
significant difference in velocity value.

Solid and cracked glass block results
The transient slow dynamic conditioning results of a sequential

impact test on a glass block in two different damaged conditions are
shown in Figure 15. The pristine case displays linear behavior with no
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Sequential impact test results of the fundamental transverse
resonant frequency shift during one series of impacts in neat
cement paste samples for the uniform saturated pristine condition,
Case 0 (red), and then the same sample after damage and/or
environmental exposure, Case 1 (blue), for four different test
conditions. The height of the solid bar represents the 50%
percentile confidence interval for five separate prisms of each
group tested four times each case. Case O represents the saturated
pristine material condition before exposure to the subject
environment.

visible slow dynamic conditioning trends seen within the series of
100 impact events. The two damaged cases do display slow dynamic
conditioning occurring within the 100 impacts. The damaged case at
higher humidity (80%) displays the largest conditioning behavior,
reducing a total of 60 Hz over a series of 100 impacts. At the same
damage state but a lower humidity (10%), a smaller resonance
frequency shift of only 13 Hz is observed, which represents a 78%
difference in transient nonlinear slow dynamic behavior casued only
by ambient RH values.

The results of NSIRAS processing on the first and last signal
of the 100 impacts sequential impact set are shown in Figure 15.
The vertical axis of the plot is the maximum recorded
acceleration in the windowed signal subsection, which can be
considered proportional to strain (Shokouhi et al., 2017; Carrion
et al., 2018). The horizontal axis of the plot is the difference in
frequency between the windowed signal subsection and the last
windowed signal subsection in a single impact signal. The
processed data series are presented for the first (1) and the
last (*100) impact in the sequential set. The pristine case displays
no significant shift in frequency during the damped vibration
event, so the NSIRAS results overlie each other in the plot. The
damaged low humidity case displays an observable shift with
frequency during a single impact event. The first (#1) and last
(#100) damaged low humidity impacts in the 100-impact series
display similar results, often overlapping. The damaged high
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humidity case has the largest observable shift with frequency
during a single impact event. The first and last high humidity
impacts of the 100-impact series display different shifting
behaviors over a single impact and do not overlap.

Discussion
Sequential impact test

Each sequential impact test on ambient dried neat cement
paste displays a pattern of continuously decreasing resonance
frequency. The decreasing frequency represents the softening of
the modulus over time during impact excitation, which is
attributed to the conditioning phase of slow dynamics. The
reduction in frequency when exposed to an excitation event
mirrors the results reported with other testing techniques such as
the Larson effect and DAET (Ten Cate et al., 2004; Lobkis and
Weaver, 2009; Riviére et al., 2013).

From the calculated impact energy data in Figure 7, no clear
trend over time exists in the energy of the impact. The repeated
excitation results in a decrease of dynamic stiffness as measured
through vibrational transverse fundamental resonance frequency.
The measured impact energy and transient nonlinear behaviors
observed through sequential impact testing provides confidence
that the recorded nonlinear behaviors were a feature of the
material and not a feature of the testing system.

Linear material vibration

The frequency of the fundamental transverse resonance
mode remained constant for a PMMA prism, a known linear
material at low-frequency inspection at room temperature,
during repeated application of impact events. The two
repeated tests demonstrated no transient nonlinear trend of
vibration behaviors throughout the sequential impacts. The
lack of transient trend affirms the expected linear behaviors of
the material measured with the new sequential impact device.

The combination of consistent impact energy with the
measurement of linear behaviors provides confidence that the
testing device was extracting behaviors that were representative
of the material rather than the testing approach. These two
validation studies confirm that the automated sequential
impact device provided a valid platform for monitoring
material-level nonlinear vibration behaviors.

Measurement reproducibility and
correlations

The multiday measurement of sequential impact testing
provided a baseline understanding of the variability of
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resonance frequency measurements from one test situation to
another. The first impact is interpreted to be the undisturbed
linear dynamic vibration behavior. In this multiday
measurement, the linear dynamic vibration behavior changed
significantly compared to the extent of the transient nonlinear
features. This observation suggests the need to understand
influencing factors on this test technique.

By comparing the changing linear dynamic vibration
behavior with measured environmental parameters, strong
correlations were observed. These correlations help identify
what series of controls are required in order to properly
characterize the repeatability of impact vibration testing.
Specifically, ambient moisture and temperature must be
controlled to reduce variability. Additionally, barometric
pressure contributes toward the measurement variability, but
we were not able to control barometric pressure in our
experiments. In future studies we will attempt additional
measurements where barometric pressure is controlled in an
effort to better understand those effects.
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Wet Pristine Wet Damage Naturally Dry Dry Damage

Surface photos, with enhanced contrast, to facilitate crack identification, of cement paste (w/c = 0.8) prisms with two thermal-cycle induced
damage (top left) and undamaged naturally dried (top right) conditions. Vertical size of images is 2.5 cm. Ultrasonic pulse velocity measurement
repeated three times for five replicates of each sample condition group (Bottom). Black bars represent the 95% confidence intervals within each
sample, the blue box represents the 50% confidence intervals, and the red line represents the median of the condition group.

An identical procedure of environmental correlation was
carried out with the transient nonlinear resonant frequency
shift. The strongest correlation existed with the measured
relative humidity. The earlier research proposed that the
softening behavior was believed to be entirely a factor of the
solid components of the cementitious matrix where the humidity
change would trigger the solid behavior to occur (Ten Cate et al.,
2002). Our new observations suggest that the softening behavior
should be described by a combined contact-moisture
relationship. The correlation of the transient nonlinear
magnitude with the ambient moisture vapor concentration
provides a unique insight into the understanding of the slow
dynamic conditioning behavior.

The sequential impact tests performed under controlled
temperature and humidity environments exhibit a significant
reduction in variability of the frequency of the transverse resonance
mode. The reduction in variability enables both the linear frequency
and the nonlinear shift in frequency with a sequential impact set to be
visualized on the same vertical scale of frequency.
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Sequential impact fundamental transverse resonant frequency shift in glass block sample for two damage states and two moisture states (left)
and single-impact windowed frequency shift, NSIRAS, for the glass block sample calculated on the first (001) and last (100) signal from sequential

impact test set for different damage and moisture conditions (right).

Significance of the moisture and damage
experiment

The experimental exploration of environment control and
damage exposure enabled a statistical approach to documenting
the transient nonlinear slow dynamic behaviors observed in
sequential impact testing.

The saturated pristine condition group displayed no
statistically significant change in dynamic modulus during
sequential impact testing. Because these samples were kept in
an identical moisture and damage state for both tests, this group
acts as a control and validates that there is no bias in the tests
performed at different times (the initial before condition or
3 months later in the after condition). For the wet damaged
condition group, a small uniform decrease in the median
dynamic modulus was observed. This suggests that the
thermal shocking did cause disruption (cracking) to the
microstructure of the cement paste prism samples. For the
naturally dry group, a large reduction in dynamic linear
modulus was observed during sequential impact testing. The
naturally dry group highlights the significance moisture plays in
the role of the dynamic mechanical properties of porous solids.
The loss of moisture in the naturally dry group had a relatively
larger influence on the dynamic modulus than a significant
thermal shocking event had in the wet damaged group. The
final group tested was the dry damaged group, which showed the
largest difference in median dynamic modulus of all groups
between the before, Case 0, and the after, Case 1, treatment
situations. The results from the dry damaged group confirmed
that the addition of the damage and the loss of moisture both
added unique components that led to a measured reduction in
dynamic modulus.

The dynamic linear modulus measurements demonstrate the
variability of testing a brittle porous material. The calculated
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modulus on identical prisms resulted in a 95% confidence
interval of approximately 1.5 GPa, which for an undamaged
prism represents approximately 18% of the total dynamic
of this
identification of one saturated damaged block from one

modulus.  Because relatively large variance,
saturated pristine block, a change of approximately 2.6%, is
not statistically valid using the dynamic linear modulus.
Additionally, the influence of moisture loss on the absolute
than the of

microstructural damage. For example, a thermally damaged

dynamic modulus is larger influence
sample sprayed with water may have a higher linear dynamic
modulus than a less thermally damaged sample that has not been
exposed to water. The effect of pore moisture poses significant
challenges for applying linear modulus based vibrational
techniques to inspecting in situ (uncontrolled environment)
structures for damage.

The sequential impact testing measurements of transient
nonlinear slow dynamic behaviors were summarized by the
conditioning shift in resonance frequency over an impact
series. In all condition groups, except dry damaged, no
significant change in the shift in resonance frequency over
100 impacts was observed. This result initially appears to be
in contradiction to literature published on pristine sandstones
and pristine concrete where transient nonlinear dynamic
behaviors were observed (Ten Cate et al., 2000a). However,
the materials from the literature in their “pristine” condition
contained components that have both structural discontinuities
(drying damage) and ambient environmental moisture levels.
Additionally, due to the nature of geomaterials, such as stone and
the highly
disordered. This disordered microstructure can permanently

cementitious composites, microstructure is
trap moisture in inclusions and generates tortious pore
(Aligizaki, 2006), which makes

comparison of environmental sensitivity difficult. The new

pathways an absolute
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observations in neat cement paste did not observe transient
nonlinear behaviors in the case of a microstructure that has
always existed in a saturated state regardless of damage
condition. Additionally, once the identical samples were
damaged and dried in an ambient environment, partially
saturated, the transient nonlinear slow dynamic behaviors
matched the previous literature’s findings on geomaterials.

In contrast to the linear dynamic modulus test, the sequential
impact test was able to distinguish a dry damaged condition with
95% confidence against any of the other condition groups
studied. If a test is designed so that the moisture state of the
test specimens is controlled, the sequential impact testing
measurement of the transient nonlinear slow dynamic
behavior can provide improved damage classification over
linear testing methods. The improved damage classifications
can occur because the confidence intervals for each dried
condition group of the transient frequency shift are distinct,
whereas the confidence intervals of the linear dynamic modulus
overlap between dried damaged and naturally dried condition
groups.

Solid and cracked glass block experiments

The previous results section concluded that thermal shock
damage/cracks and moisture appeared as the driving forces
behind the manifestation of transient nonlinear slow dynamic
behaviors. To confirm these observations, we chose to investigate
a linear homogeneous non-porous material, soda-lime glass, that
contains different levels of damage, cracking, exposed to different
ambient humidity levels. Transient slow dynamic or memory
behaviors were observed in the cracked non-porous media and
were highly dependent upon both ambient moistures.

The additional NSIRAS processed data suggest that the
instantaneous strain-dependent components of nonlinear fast
dynamic material responses were also moisture dependent. These
observations have been partially confirmed in recent studies (Van
Den Abeele et al., 2002; Shokouhi et al., 2017). These moisture
dependent observations highlight the critical need to understand
the fundamental physical mechanism behind the transient slow
dynamic material behaviors. Once a physical mechanism is
defined, a testing protocol for safe, reliable damage estimation
can be explored.

In contrast to natural or cementitious materials, the solid
glass block has a domain of simplified chemistry and elasticity.
The observation of slow dynamic behaviors in the simplified glass
material proposes that the transient nonlinearity is due to an
interface interaction between the solid matrix and an ambient
moisture vapor state in the cracks. This simplification inspired
the creation of a new slow dynamics model (Bittner and
Popovics, 2021) focused on granular contract without the
need for direct characterization of the complex pore structures
present within geomaterials such as sandstone.
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Conclusion

Transient nonlinear slow dynamic material behavior is
observed by sequential mechanical events that set up material
conditioning. To reduce the variability in the measured
behavior, the sequence, timing and energy of the impact
events must be strictly controlled. In particular, impact
energy is a critical factor to consider when designing an
experimental procedure for extracting repeatable transient
slow dynamic behaviors. In the global experiments reported
here, impact energy was suitably controlled through a fast-
acting computer-controlled mechanical armature called the
sequential impact test device. The ambient environment
temperature and moisture condition of the test sample also
affect the results. Use of this impact device within a controlled
environment chamber enabled the identification of critical
laboratory parameters and reliable measurement of transient
dynamic material behaviors. Based on these observations, we
deduce that nonlinear testing must consider mechanical
event energy and the environmental moisture state if
repeatable tests and reliable damage detection are desired.

Paste samples from saturated pristine, saturated
damaged, and naturally dried condition groups displayed
no significant transient slow dynamic behaviors. On the
other hand, paste samples from the dried damaged
condition group displayed significant transient slow
dynamic behaviors. The results suggest that both cracking
discontinuities and a partially saturated void (crack) space
are needed to set up observable transient slow dynamic
behaviors in porous solids such as cement paste. The
results from the glass block sample demonstrate that the
combination of crack discontinuities and partially
saturated void (crack) space are needed for significant
transient and instantaneous nonlinear dynamic behaviors
in non-porous solids such as glass. This crack volume and
internal moisture condition, but not necessarily the base
makeup and microstructure of a material, should be
considered in the formulation of a physically based slow
dynamics model. The results furthermore demonstrate the
universality of nonlinear dynamics as long as the required

crack and internal moisture conditions are met.
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