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Abstract

This research investigates the use of ultrasonic waves to evaluate the stress and damage in concrete.
Tests were conducted on 6 in. x 6 in. x 12 in. plain concrete specimens (f ’c = 6,000psi) at different
loading stages that include 20, 40, 60, and 80% of the concrete compressive strength. Unloading
at each stage was also recorded to evaluate the damage in the concrete structure. Use of higher
amplitude waves were used to trigger nonlinear ultrasonic behavior. Various voltage amplitudes
were used in this research at various loading stages, which included 200, 400, and 900V. The data
showed a difference in wave velocity (time of flight), amplitudes, and frequency components. The
time of flight (TOF) increased in a linear fashion with increased damage (previous load level).
However, load on the specimen (at low level of load) decreased the time of flight readings. The
amplitudes of higher frequency harmonics of waveforms decreased with damage and load level.
However, both the slope of the TOFs and harmonic amplitudes with load level were not the same

for the specimens tested making determination of a constant to evaluate stress in concrete difficult.

xi



Chapter 1 Introduction

This chapter will help to describe the objectives of this research project and possible

applications.

1.1 Objectives

The goal of this research is to further understand the behavior of ultrasonic waves
traveling through for non-reinforced concrete elements. The objective of the research is to
determine which wave characteristics can be related to the load level (stress) or damage
(caused by micro-cracking due to previous loading) in the concrete such that evaluation of

stress and damage can be conducted in the field. The wave characteristics analyzed include:

» Changes in TOF readings with load level (stress) in the concrete member

» Changes in TOF readings with damage in the concrete member

» Changes in amplitudes of higher harmonics in frequency spectra of the
waveform with load level (stress) in the concrete member

» Changes in amplitudes of higher harmonics in frequency spectra with damage

in the concrete member

1.2 Scope of work

The scope of the topic is to understand the behavior of ultrasonic waves in the
concrete at different loading and un-loading levels. The loading levels consist of zero,
twenty, forty, sixty, and eighty percent of the compressive strength. The unloading levels

consist of a return to zero load after a previous load level. This will allow investigation



into the changes in wave characteristics caused by damage due to micro-cracking from the
previous load level. Ultrasonic evaluation of the concrete is accomplished by using an
ultrasonic transducer and receiver connected an oscilloscope to record wave amplitude
versus time data. The data is analyzed to determine changes in the TOF and frequency

spectra amplitudes with loading level and damage in the concrete.

1.2.1 Application

Analysis of ultrasonic wave’s characteristics in concrete can be used for inspection
of buildings, parking structures, and bridges. If a technique could be developed that could
relate the wave characteristics to the actual state of stress that the element was under or the
damage level in the concrete (previous level of stress), then information from structural
evaluations could provide definitive data on the condition of the structure. These data could

be used to support decision making regarding retrofit and repair of damaged structures.

1.3 Motivational Example

A possible example of where ultrasonic stress data could be valuable is the collapse
of the Florida International University walkway. On March 15", 2018 at 1:30 PM the
pedestrian bridge over the US 41 (Tamiami Trail/8th Street) at the Florida International
University collapsed resulting in six fatalities merely five days after placement on March
10" by the Munilla Construction Management company [1]. The proposed design and

aftermath of the collapse are pictured in Figure 1-1and Figure 1-2.

The purpose of this pedestrian bridge was to connect the university campus to the
neighboring city of Sweetwater, where many students and faculty members had residency.

The two-span post tensioned cable pedestrian bridge, with a main span of 174 feet, began



construction in late 2017 for the design traffic of 5,000 ~ 6,000 pedestrians to safely cross

over the 7-lane highway [1].

Preliminary inspection after on-site fabrication revealed a macro crack along with
other micro cracks in a critical truss member connecting into the deck. After the collapse
of the bridge, three independent engineers examined the photos, records, and design
drawings where the cracking occurred, and they all agreed that the crack was a big concern
for the structure. Refer to Error! Reference source not found.Error! Reference source not

found. for the direction and sizing of the crack.

Speculations arose for plausible causes of the cracking, which included
overstressing wire strands, improper material construction, inadequate loading from the
gantry cranes while moving the bridge into place. Continuing structural investigation is
being conducted by FDOT, State Transportation officials, and other private investigators
to determine the cause/s for the catastrophic failure. Current explanation for the cause of
the collapse is based on the design truss member No. 11, which was found to be under-
designed and not strong enough to withstand loading from the dead weight of the bridge

itself [1].
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Figure 1-1 Proposed pedestrian bridge design [1]

Figure 1-2 Full collapse of the main bridge segment [1]

Use of ultrasonic testing that could evaluate the stress level or damage in the
concrete could have identified the over load in the truss member, possible defects, or
damage in the concrete. With this knowledge, the post-tensioning operation could have

been halted and the bridge repaired prior to the collapse.



Figure 1-3 Cracking of truss member 11 after bridge placement [1]

Figure 1-4 Cracking two before bridge collapse [2]



Chapter 2 Background

Physical inspection of concrete on the surface doesn’t guarantee the internal
condition will also match. As a result, NDT has become more important for inspections of
concrete materials. Over the years many different methods have been developed and are
used to evaluate the concrete condition. This chapter will help to define the different types

of NDT that have been used for crack detection or strength evaluation of concrete.

2.1 Existing Nondestructive Testing methods

Current methods for NDT in concrete include some invasive measurements, while
other tests only negligibly disturb the surface of the concrete. These methods include:
Penetration resistance method, Schmidt rebound hammer method, Pull out test method,
Radiographic method, Impact echo, and Ultrasonic pulse velocity. All of these methods are

currently used for research and current practice uses.

2.1.1 Penetration method

Penetration testing, also known as probe testing, is a gun that requires a small
powder cartridge (32 caliber) to shoot a steel rod into the concrete [2]. Data measurement
from the test are based on the remaining length of steel rod that is protruding out of the
concrete surface, which is measured electronically. The use of this method is to measure
the compressive strength of concrete in the localized area of interest. In some

circumstances the penetration method is used on a damaged or spalling area for evaluation,



or the testing can be completed on a normal area routinely for inspection purposes. The

testing equipment for the penetration method is list in Figure 2-1.

Figure 2-1 Windsor probe equipment [3]

For accurate measurements and proper procedures, the penetrating method uses the
American Society for Testing and Materials (ASTM) C803 or C803M standard [3]. The
required equipment for following ASTM standards is properly labeled in Figure 2-1 are as
follows. The probes, labelled as C, are the specific hardened alloy steel rods that are shot
into the concrete surface. When the power driver or gun is used, labelled A, to fire the rods
into the surface. Once the rod has penetrated the surface the template is removed, and a
gauge plate is threaded onto the rod for a level depth measurement, labelled D. The
electronic measuring device, labelled as B, measures precise depth and reports the value

which is then correlated with Windsor Probe strength figures or tables [4].
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Figure 2-3 Steel rod probe profile in concrete [3]

Based on the testing, there are some advantages and limitations for using this NDT

method. The advantages of this method include:



e Simple setup, cost effective, requires little maintenance, durable equipment and

requires little training or experience to use [2].

The disadvantages of the penetration method include:

e Explosion hazard if proper charge isn’t used, measures compressive strength near the
surface, requires frequent calibration, leaves remaining void in concrete and may result

in additional cracking/spalling in the area [2].

2.1.2 Schmidt Rebound Hammer Method

The Schmidt Rebound Hammer, also known as Swiss Rebound Hammer, consists
of a steel rod attached to a spring which is all housed inside a tube frame. Data collected
by a technician is achieved by pressing the front plunger against a smooth surface, then the
steel weight will compress the spring to a certain length. When the spring reaches the max
limit, it will let the weight inside slide to rebound on the surface. After all the previous
steps have occurred the value, from 0 to 100, on the rebound chart is recorded. The number
recorded from the chart is then correlated to a line graph to estimate the compressive
strength of concrete [2]. This testing is also assessing the compressive strength in a
localized area of interest, whether the area is damaged or not. A detailed diagram depicting
the rebound hammer, pictured in Figure 2-4, shows each internal component that will

record the rebound number.
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Figure 2-4 Internal operation of Schmidt Rebound Hammer [5]

To comply with standard procedures and record adequate measurements, the
Schmidt Rebound Hammer method uses the ASTM C805 or C805M standard for proper
testing [5]. ASTM has many requirements when testing on surface conditions for rebound
numbers. When testing an individual should avoid damaged areas, such as scaling or
honeycombs, and test on a smooth finished area that hasn’t been broom finished. If such
arcas can’t be used, then the surface must be sanded until smooth and flat. At each location,
a desired 10 readings should be taken if readings are off by six units, then discard that
specific reading. Lastly, concrete should not be tested if surface temperature is less than or

equal to 32 degree Fahrenheit because rebound values will be much larger.
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Figure 2-5 ASTM representation of released hammer to measure rebound value

[3]

The Schmidt Rebound Hammer also has its advantages and disadvantages for

testing. The disadvantages of this method include:

e Smooth surface condition, inaccurate for thin concrete elements, high concrete
moisture content leads to inaccurate data, equipment can cost $1,000 or more,
aggregate types may skew rebound values, and measures compressive strength on the

surface [2].
The advantages of this testing include:

e Simple to use, fast data collection, and little training needed to operate the device [2].
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2.1.3 Pull-Out-Test method

The Pull-Out-Test, also referred to as cast-in-place pull out, is a simple testing
procedure that involves pulling a steel rod out of the concrete to estimate the compressive
strength of the concrete. The steel rod, with an enlarged bottom plate, is placed while the
concrete is still workable and allowed to bond together. The tool used to pull the rod is
usually a hollowed ram that is hand operated. The tension data collected from the test is
divided by the conical area of the pull out region and is compared to the design compressive
strength. The two values are divided to create a ratio roughly from 0.1 to 0.3 [2]. Once the
ratio is concluded, a comparison is used from graphs or tables to determine a current

compressive value of the concrete.

To comply with standard procedures and record adequate measurements, the Pull-
Out-Test method uses the ASTM C900 or C900M standard for proper testing [6]. Pull-Out-
Test may also be completed after the concrete has set and hardened by drilling and creating

a grooved section, stages of the test can be seen in Figure 2-6.
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Figure 2-6 Drilled pull out test method [6]

The surface conditions for this test must also be smooth and not on a broom finish,
if no smooth surface can be located, then sanding or grinding of the area is acceptable.
When all procedures are completed, and the test has resulted in a max load value on the
pressure gauge the stress in the concrete is found by using an empirical equation within the
ASTM standard. The equation relates the load over the conical area of the pulled out

section, which is then multiplied with the angle produced by the conical shape.
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The disadvantages of this method include:

e Destructive test compared to the other nondestructive methods, varying expense cost
for tests $1,000 to $6,000, spalling or removal of conical area in concrete, scheduling

where to place the rods while concrete is being poured [2].
The advantages of this testing include:

e Testing internal or surface strength, measures strength by comparison of shear and
tensile forces, and the coefficient of variation correlated to compressive strengths are

0.97 to 0.99 [2].

2.1.4 Radiographic method

Radiography, typically, incorporates the use of gamma ray or x-rays. This method
utilizes radiation that passes through the member. The intensity is reduced according to
the thickness, density and absorption characteristics of the materials within the member.
The quantity of radiation passing through the member is recorded on X-ray film. [7].
Sources to create the gamma radiation vary but common elements are Iridium 192, Cesium
137, and Cobalt 60. Determination of voids, cracks, or other anomalies are achieved by
placing a photographic detector film beneath or opposite side of the gamma ray source.
Any imperfection in the concrete is printed out on the film, for example a crack somewhere
in the concrete will show up as a black or light outline on the film. Whereas, if the gamma
ray crossed a piece of rebar the film would display a lighter blackened outline because the
rays attenuate more through steel than voids. A simple diagram depicting the gamma rays

passing through a voided area within the concrete can be seen in Figure 2-7.
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Figure 2-7 Gamma ray passing through voided regions [8]

To comply with standard procedures and record adequate measurements, the
radiographic method uses the ASTM E94 or E94M standard for proper testing [8]. This
type of testing requires that both sides of the concrete be accessed, so typically only walls
or slabs are inspected with this method. Surface conditions are not a big concern for this
radiography testing. The imaging camera, or the point where gamma rays are expelled, is
above the concrete surface area known as the focus to object distance. On the other side of
the concrete is where the radiographic film is placed along with a metallic or aluminum
foil to catch/ limit the back scatter of the radiation. ASTM requires that a metallic plate,
usually lead is, placed over top of the area of interest with an ID number or location number
[8]. After some time, the image is printed on the film of any possible defects and will be

further investigated.
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The advantages of this method include:

e Locating delamination’s in the concrete as well as rebar layout, portable setup, and

good accuracy [7].
The disadvantages of this method include:

e Hazardous exposure to the possible radiation, well-trained and highly qualified
technician, varying cost with the different use of isotope Cobalt 60, Iridium 192, and

Cesium 137 [7].

2.1.5 Impact echo

This method is analyzed by producing a stress induced wave into the concrete. To
accomplish this testing a transducer or mechanical impact device creates the stress wave.
As the wave travels through concrete it can be reflected by any cracks, voids,
honeycombing, or reinforcement. There are two possible setups to use for this type of
inspection work. The first setup uses a transducer and mechanical hammer device to
determine these delaminations. This option may be used with a computer or other
acquisition device to record and save testing data. The second additional option uses an
impact scanning device that rolls along the concrete surface to inspect more area in less

time [9].

To comply with standard procedures and record adequate measurements, the
Acoustic impact method uses the ASTM C1383 or C1383M for proper testing [10]. The
standard has two distinct methods for measuring P-wave velocity in concrete specimens.

The first method, entails measuring the time it takes for the P-wave generated to travel

16



between two transducers that are positioned at a known distance apart along the surface of
the concrete. The second method requires measurement of the frequency which the P-wave
impact is reflected between the parallel surfaces of a concrete. Surface preparation is
required for this testing because sound waves can’t travel effectively through if the
transducer doesn’t have full contact with the surface. Spacing of transducers and the

distance where the impact is introduced is detailed in Figure 2-8.

=300 mm*
150410 mm
v SR Ry Spacer device
Impact - Transducer 1 - Transducer2 i

Figure 2-8 Two methods that comply with ASTM (A) measures time required for P-wave
to travel between transducers and (B) measures frequency which the P-wave is reflected

between the parallel (opposite) surfaces [10]

The advantages of this method include:

e Easily transported to any site for investigation, accuracy is good, and if scanner is used

this saves time on inspections [9].
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The disadvantages of this method include:

e Requires a skilled technician or experience, cost for equipment, not accurate for small

concrete elements [9].

2.1.6 Ultrasonic Pulse Velocity

This method has been the most universally accepted testing procedure in both the field, as
well as in research development for over 40 years. This method works by creating an
ultrasonic sound wave in the concrete material and measuring how long the time that the
wave took to travel from one transducer to another. Depending on the density and the
elastic properties of the concrete, velocity waves can vary. While using this testing method,
geometry properties of the concrete are considered negligible, so whether testing a
specimen in the short or long direction assuming the concrete is isotropic in all directions
the sound wave should travel the same speed [2]. When this ultrasonic wave comes across
any discontinuity, the wave will take more time to travel around the impurity, which tell
the technician the condition of the concrete is not as good. If this discontinuity is large
enough, such as a crack, the wave will not pass through the concrete material at all. This
method has also been used to estimate the compressive strength of the concrete by using
the penetrating velocity, but after attempts it’s not as reliable as using the velocity rating

to determine the condition of the concrete. Different transducer orientations can be seen in

Figure 2-9.
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direct semi-direct indirect (surface)

Figure 2-9 Transmitter and receiver sensor alignment paths [11]

Ultrasonic Pulse Velocity is conducted using two transducers, typically piezoelectric
transducers, which are in direct contact. This type of contact means both transducers are
on opposite sides of the piece of structural concrete. Some cases require other transducer
orientations because all faces of the concrete are not available. An indirect orientation
would mean only one face is available to perform testing on, such as a bridge deck. A semi-
direct orientation has more than one face exposed to place the transducers on, an example
of this would be used on an abutment. Both types of testing may produce inaccuracies, so

if possible, use the direct orientation for best results, and refer to

Figure 2-9 for transducer orientation. The transducers produce the ultrasonic waves
by exciting the crystals within them with an electric voltage from a trigger unit. From this
action the transducer will cause a vibration that will travel into the material at the rated
amplitude. When travelling through concrete the wave will encounter different types of
material that may slow the velocity or not allow the wave to travel through the concrete.
Cracks, aggregate, or air voids can be the causes that can disrupt the wave. Steel is
considered homogenous when compared to concrete, so the wave will travel through faster,
when testing a reinforced specimen consideration should be taken to orient the transducers

away from the area with rebar.
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To comply with standard procedures and record adequate measurements, the
Acoustic impact method uses the American Society for Testing and Materials (ASTM)
C597 or C597M standard for proper testing [11]. This standard requires that when
conducting test on a concrete specimen that the smallest dimension should be greater than

the wavelength. For example, if a transmitting frequency is at 100 kHz with a calculated
wave velocity of 10,000 ? then the minimum thickness of the specimen should be 0.1 m

to collect the refracted compression wave. ASTM notes that accurate data has been
collected from minimum size of 2 in (50 mm) to maximum size of 50 in (15 m). Present in
the apparatus a transmitting transducer shall have a resonant frequency in the range from

20 from 100 kHz.
The advantages of this method include:

e Reliable testing data determine the smallest impurities or defects in concrete,
equipment can be easily portable, and wave penetration through deep sections of

concrete [2].
The disadvantages of this method include:

e Surface conditions must be smooth, surface temperature below freezing, concrete
moisture content can vary data, and reinforcement can cause an increase in wave
velocity [2].

2.1.6.1 Concrete condition

With the determination of the ultrasonic pulse velocity, an individual can assess the

overall quality of concrete in an area of interest. This inspection method usually will inspect
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damaged, or deteriorating, areas because inspecting the non-damaged areas would not be
cost effective. The direct orientation of transducers will yield a more accurate
representation of the quality, but the Construction Diagnostic Centre (CDC) Company have
developed tables depicting any configuration of transducer along with different grades of
concrete. See Table 2-1 and Table 2-2 for reference [12]. There are many influences that
may vary the accuracy of the ultrasonic pulse velocity. The impact of moisture content,
aggregate type, water-to-cement ratio, reinforcement, and path length all have a direct
effect on the ultrasonic waves in concrete. The CDC reports that early aged concrete can
increase the pulse velocity by 2 ~ 10%. The influence of water-to-cement ratio can fluctuate
the pulse velocity by the percentage change in the concrete strength. The CDC reports that
steel has a pulse velocity around 19,300 ft/s (5.9 km/s) so depending on the orientation of
the rebar it may have an impact. Concrete with rebar oriented parallel to the transducer face
will vary the pulse velocity by 5 ~ 20%. The rebar with a perpendicular alignment can vary
the pulse velocity by 1 ~ 5% [12]. If possible, it would be ideal to test concrete in a less
reinforced area to collect accurate sets of data and to determine velocity of the wave the

calculation follows:

e+l

Equation 2-1

Where,
. ft Kk
V = velocity gt or Tm

L = distance between the transducers
t = time when the ultrasonic wave is read by the receiving transducer
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2.1.6.1.1 Concrete quality

CDC is a consulting and construction material testing facility that specializes in
non-destructive testing. Based on different types concrete design strengths, the company
has been able to identify the quality of the concrete based on pulse velocities. Direct and
semi-direct transducer orientation values are located in Table 2-1 and indirect orientation

values are located in Table 2-2 [13].

Table 2-1 Direct and semi-direct velocity rating comparison to concrete quality

Gradation of Quality of concrete (as per CDC) - Direct & Semi Direct velocity, km/s
Quality of concrete Grade of concrete (MPa)
20to 25 30to 35 > 40
Excellent More than 4.400 More than 4.600 More than 4.900
Good 3.750 to 4.400 3.900 to 4.600 4.150 to 4.900
Medium 3.400 to 3.750 3.600 to 3.900 3.800 to 4.150
Poor Less than 3.400 Less than 3.600 Less than 3.800

Table 2-2 Indirect velocity rating comparison to concrete quality

Gradation of Quality of concrete (as per CDC) - Direct & Semi Direct velocity km/s
Quality of concrete Grade of concrete (MPa)
20 to 25 30to 35 > 40
Excellent More than 3.900 More than 4.100 More than 4.400
Good 3.250 to 3.900 3.400 to 4.100 3.650 to 4.400
Medium 2.900 to 3.250 3.100 to 3.400 3.300 to 3.650
Poor Less than 2.900 Less than 3.100 Less than 3.300

Researchers have also reported temperature effects and varied ultrasonic pulse
velocities. A Material Engineer, Kaushal Kishore, reports a temperature variation in both

air dry and saturated concrete is evident. Table 2-3 indicates both Fahrenheit and Celsius
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degree changes [14]. Malhotra reported to the ACI Monograph, his research velocities that
correlated to the quality assessment of concrete in Table 2-4 [15]. Leslie and Chessman
conclude pulse velocity values with the limit on excellent and very poor conditions, also

labelled in Table 2-4 [16].

Table 2-3 Temperature effect on ultrasonic pulse velocity

Correlation to the measured pulse velocity
Temperature Air dried concrete Water saturated concrete
°F °C % %
140 60 5 4
104 40 2 1.7
68 20 0
32 0 -0.5 -1
24.8 -4 -1.5 -7.5

Table 2-4 Reported research pulse velocity limits

Pulse Velocity
Quality Leslie and Chessman, ft/s
Malhotra, ft/s (km/s) (km/s)
Excellent > 15092 (4.6) -
Good 12139 to 15092 (3.7 to 4.6) > 16404 (5.0)

Fair/Medium | 9843 to 12139 (3.0t0 3.7) | 13123 to 16404 (4.0 to 5.0)

Poor 6890 to 9843 (2.1 to 3.0) 9843 to 13123 (3.0 to 4.0)
Very poor <6890 (2.1) —
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2.1.6.2.1 Concrete Strength

The strength determination is similar to the conditional assessment of concrete
quality that uses the pulse velocity to correlate a quality rating. With the use of Jones
Equation 2-2 through Equation 2-4 [17]. By the use of the equation, it is possible to solve
in reverse to find the modulus, then by using the proper modulus equations from ACI 318

the strength in concrete can be concluded.

_ [Eaw .
Vp = p(1+v)(1-2v) Equation 2-2

E(1-v) ]

Vs 2p(14v) Equation 2-3
0.87+1.12v |[E 1 .

Vr = 14v o * 2(1+v) Equation 2-4

Where,

E = Modulus of elasticity, psi (MPa)
v = poisons ratio for concrete 0.1 ~ 0.2

_ . b ke
p = density of concrete o (m3)

Based on a study conducted by Lee and Oh [18] to test reinforced concrete slabs,
as well as prestressed slabs. Three slabs were tested with one being reinforced and the other
prestressed, all having different spacing. Their reinforcement are as follows, transverse and
longitudinal 13 mm diameter reinforcements with 560 mm spacing at 20 and 230 mm
depths, respectively. Prestressed slab 2 and slab 3 in the x and y ways, respectively. Five
12.7 mm diameter strands with 350 mm spacing were applied in each direction [18]. In

their research no transducer was applied parallel to the rebar because, like in Section
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2.1.6.1.1 , this increases the pulse velocity which can over-estimate the present stress level.

In their conclusion, measuring all three P, S, and R-waves the error estimates with the three

slabs remained less than 13% [18]. Tabulated values can be seen in Table 2-5.

Table 2-5 Comparison of ultrasonic versus dynamic modulus [18]

Ultrasonic test

Static test

Measurement Slab Avg . . ) ) Error
"y Edu” (GPa) ¥ fick™® (Mpa) E, (GPa) B, (GPa)
sl 3285 22.80 016 14.84 17,68 2130 701%
P-wave 52 1367 1396 016 14.84 17.68 2130 12.46%
53 3362 23.88 016 1484 17,68 2130 12.00%
sl 1910 22.67 016 1484 1768 2130 6.43%
S-wave 52 1960 2347 016 1484 17.68 2130 12.07%
53 1950 2363 016 14.84 17,68 2130 10.93%
sl 1880 2255 016 1484 1768 2130 5.86%
R-wave 52 1934 2347 016 14.84 17,68 21,30 12.06%
53 1918 23.46 016 14.84 1768 2130 10.15%

Edi*: dynamic modulus by ullrasonic test, fck®*: 28-day compressive sirengih,

2.1.6.3 Crack depth/size

For some inspections, the goal is to determine if any internal defects or possibly

determine how serve a crack might be within the concrete. To do so, a technician would

setup the transducers in an indirect formation to observe any vertical and horizontal

cracking. Based on concrete beam experiments conducted by Kumar and Santhanam, they

were able to use equations to estimate the depth of a vertical and horizontal crack. For the

determination of a vertical crack depth both transducers must be equally spaced from the

crack, recommended “x” spacing should be 6 ~ 8 in. (150 ~ 200 mm) to satisfy Equation

2-5. The same spacing of “x” applies for the horizontal crack determination depth in

Equation 2-6. Malhorta is credited for developing both equation for crack depth and size

[15]. Both equations can be seen below.
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h = TL (TZ — T%)? Equation 2-5
2

y = 0.5,/V?(T? — x?) Equation 2-6

The vertical equation uses two different times within the equation where T; is
characterized as the transmit time that it takes to get around the crack when using S-wave
analysis, whereas T, is described as the transmit time along the surface of the concrete
without any defects. To denote that the path length must be equal between T; and where
T,. To ensure that the crack is vertical from the surface a technician should have both
traducers placed equally apart and begin to spread each transducer one at a time. If the TOF
decreases, then it is evident that the crack angles in the direction of the transducer that was

recently moved.
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(B)

Figure 2-10 Cross section of (A) vertical crack depth approximation and cross section of

(B) horizontal crack depth approximation [15]

Based on Kumar and Santhanam’s study, they prefabricated the beams to have a
horizontal void, to imitate a crack, at various depths in the four beams tested. Depths of
each beam can be found in the paper. Some conclusions drawn from the testing showed
that if the transducers are placed 4 ~ 8 in (100 ~ 200 mm) apart that this yields that best
accuracy for the determination of crack depths. For example, beam 4 had a void placed at
75 cm from the surface and between the 100, 150, and 200 mm spacing, the estimated depth
was 61.78, 80.08, and 85.58 cm. The error estimation at those transducer spacing’s are as
follows, 17.6, 6.8, and 14.1% [19]. These numbers can be wide-ranging depending on the

elastic properties and density of the concrete.
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2.2 Ultrasonic background

Ultrasonic waves travel at a frequency higher than that of human hearing (typically
above 20 kHz). There are three main types of waves: P or compression waves, S or shear
waves, and R or surface waves. Each wave type is described in Table 2-6. The travel of the
waves through a homogenous medium is shown in Figure 2-12. However, concrete is not
homogenous. The aggregate particles and micro-cracking in the concrete can create
discontinuities that will disrupt the wave path and velocity. This research is attempting to
determine which wave characteristics (after it has travelled through the concrete) can be

used to evaluate the stress level or damage in the concrete.

Table 2-6 Ultrasonic wave types [20]

Dilatational Waves Distortional Waves Rayleigh Waves
Compression Waves Shear Waves Surface Waves
P - Waves S - Waves R- Waves

Parallel to particle motion
Associated with normal stresses

Can propagates in all type of media
11500 to 14800 ft/s (3.5 to 4.5 knv/s)

Perpendicular to particle motion

Associated with shearing stresses

Can propagates only in media with
shear stiffness, that is solid

6900 to 8900 ft/s (2.1 to 2.7 knv/s)

Propagates along surface of solid

Particle motion is retrograde
elliptical

5900 to 8200 fts (1.8 to 2.5 kns)

Lee and Oh [18] discuss how the waves propagate through an elastic stress-free
solid material, which is pictured in Figure 2-11. With concrete being non-homogenous,
waves will behave very different due to varying aggregate size, air voids, and other possible

defects.
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Figure 2-11 P, S, and R-wave behavior in homogenous material [18]

Lee and Oh report the velocity of P-waves can range between 11500 to 14800 % (3.5t04.5

kTm) for good quality concrete. A study conducted by Graff (1975) proved that the velocity
of the S-wave is 60% of the P-wave velocity. While the P and S-wave have a limited

velocity range, the R-wave velocity can range from 5900 to 8200 % (1.8t0 2.5 kTm).

29



Figure 2-12 Ultrasonic Waves in a homogenous medium [21]

2.2.1 Acoustoelastic Effect

The idea of acoustoelasticity originated in 1953 by the authors of Hughes and Kelly,
which branched from Murnaghan’s rules of nonlinear elasticity. The summary of this effect
states that changes in the elastic wave velocities due to the state of stress in a material
exhibiting a nonlinear elastic behavior [22]. To understand how Hughes and Kelly arrived
at this theory suggests going back to when Murnaghan presented the third order elastic
constants (£, m, and n) in 1951 [23]. In which, he added to Lamé’s second order coefficients
known as (A and p). After coalescing all those, Hughes and Kelly created empirical
equations to compare stress in a homogenous isotropic material and ultrasonic wave pulse
velocity. The result of Hughes and Kelly work can be seen in Equation 2-7 through

Equation 2-12.

30



Lillamand, Chaix, Ploix, and Garnier [24] conducted an experiment on concrete in
uni-axial compression to see the possible effect of studying acoustoelasticity in multiple
axes (x, y, and z). Figure 2-13 depicts the layout of their 500 kHz transducers for the
research. In this experiment they tested concrete cylinders, with a strength of 6500 ~ 7000
psi (45 ~ 50 MPa), using both longitudinal and shear waves to analyze the behavior.
Although their equations, Hughes & Kelly [25], differ by use of variable subscripts, they
remain the same overall. Based on the research, Lillamand [24] found that the concrete 1)
displays a sensitive acoustoelastic behavior 2) ultrasonic global wave velocity increase
proportionally to the absolute value of mean stress 3) longitudinal waves on axis one are
five times as sensitive as longitudinal waves in both axis one & two, and transverse waves
are three times as sensitive as transverse waves on axis one, or transverse waves in both 2

& 3 axes [24].
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Figure 2-13 Lillamand, Chaix, Ploix, and Garnier transducer layout and axis of study [24]

V=V, *x(1+K=+o0) Equation 2-7

}\+u

PoVi, = A+ 2u— [2€ +A+—(4m+ 4\ + 10u)] Equation 2-8

A .
ponz = poV123 =u- % [m + 4—: + 41+ 4u] Equation 2-9
povis = A+ 20— Z2[26 -2 (m + A+ 20)] Equation 2-10
A .
PoV31 = M—%[m+ﬁ+7\+ ZM] Equation 2-11
A+ :
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2.3 Previous research in ultrasonic stress determination in

concrete

Past efforts have been made to study the effects of ultrasonic testing in concrete to
determine TOF changes, correlation of wave velocity to stress, how micro/macro cracking
can affect the harmonics, and many other aspects. While concrete is not homogenous,
research has sought to quantify a reliable and replicating method that inspectors can use

for field inspections of damaged or routine analysis of concrete structures.

The concept of a method to measure stress in concrete is based on the idea that
materials exhibit physical changes under stress. As explained in the previous section,
acoustic waves propagate at a certain velocity depending on the elastic properties of a
material (i.e., density, modulus of elasticity, Poisson’s ratio, and other elastic constants).

However, when a material is strained (or stressed), the velocity of an acoustic wave is
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altered because the atoms are displaced from the equilibrium position, increasing atomic
energy and causing interatomic forces to develop. The acoustoelastic effect expresses
variations in the elastic properties of the material resulting from applied strains through the
effect on the velocity of an acoustic waves (Lozev et al. 1996). The relationship between
stress and velocity is most readily observed when stresses are applied to a material in which
the change in applied stress from an initial stress state can be measured (Santos and Bray
2002). However, concrete is a heterogeneous, anisotropic material that exhibits nonlinear
stress-strain behavior. The acoustic waves can be scattered and reflected by the aggregate
particles in the concrete. Furthermore, as stress levels increase, irreversible micro cracking
occurs in the concrete which can further disrupt the acoustic signal. These properties make
the application of simple acoustoelastic theories much more difficult. The nonlinearity can
be quantified by realizing that micro cracking that occurs at higher stress levels results in
anisotropy of the wave velocities and depending on the wave length will result in a
reduction of the wave velocity. However, the stress history of the concrete can be difficult
to quantify. If the material has been stressed above its elastic limit (only 30% to 45% of
the peak strength) then there will be irreversible micro cracking in the hardened cement
paste. Even if the stress is removed the presence of the micro-cracks can still alter the wave
velocity. There has been some limited previous research that investigates possible
acoustical methods to directly determine the level of stress in concrete. Chaix et al. (2008)
found that the pressure wave in the loading direction and the shear wave polarized in the
loading direction were the most sensitive to the applied load. However, it was only shown
for elastic stresses and the variation was weak and would be difficult to measure in situ.

Zhang et al. (2012), Larose and Hall (2009) evaluated the use of coda (end of temporal
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signal) analysis which has been used successfully in geophysics. Larose and Hall (2009)
found that this method can accurately predict concrete compressive stress to an accuracy
of 100kPa, however only within the elastic stress range (stress less than 20% peak
compressive stress). Zhang et al. (2012) used the method to accurately predict the tensile
stress in concrete. Schumacher et al. (2013) found a correlation between time of flight
measurements of the shear waves polarized parallel and perpendicular to the uniaxial stress
the stress in the concrete, but the method did not work well in previously loaded specimens.
Shokouhi et al. (2010) studied the variation of sonic surface wave velocities and found that

the sonic wave velocities are stress dependent.

Other researchers recommended to use the nonlinear ultrasonic approach to get
more accurate results through using multiple pulse and harmonic waves. The use of two
pulse sources at different frequencies enables the wave interactions to be analyzed to
determine nonlinear components that vary proportionally with applied stress and material
nonlinearity. This type of noncollinear wave-mixing to analyze nonlinear characteristics of
materials has been successfully applied to asphalt concrete (McGovern et al. 2015).
Another possible technique uses a harmonic input signal to evaluate the resonant frequency
of the concrete sample. This technique has been applied to measure the change in elastic
modulus due to concrete deterioration but has not been applied to stress measurement. For
example, nonlinear ultrasonic parameters have been applied to investigate the level of
damage in concrete (Shah and Ribakov 2009, Shah et al. 2013). In this approach, harmonic
generation in the material is studied by inducing a large amplitude ultrasonic wave of
amplitude A and frequency ®; on one side of the specimen. If the amplitude of this wave

is sufficiently large, the received waveform on the other side of the specimen will contain
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harmonics of the induced wave with amplitudes A and frequency 2w1, A3 and frequency
3w1, and so on. The harmonics are generated from nonlinear interactions with the material
that increase as damage increases. Recently, Ongpeng et al. (2016, 2017) studied the effect
of the loading pattern on the generation of higher harmonics on concrete specimens with
two W/C ratios. They found that the third harmonic amplitude more sensitive to single
loading pattern than the second harmonic amplitude for both w/c ratios, while the inverse
happened under multiple loading/unloading pattern. In their second study, they
demonstrated a comparison study between mortar and normal concrete with different sizes
of aggregate under two levels of damages (total and incremental) by using the nonlinear

ultrasonic technique.

Some of the previous studies focused on only acoustoelastic effects and others have
been applied to investigate the level of damage in concrete under the change in elastic
modulus due to concrete deterioration. Thus, to overcome the limitations found in previous
studies, the synergy of these different approaches will be studied to develop a new approach

for stress measurement in concrete in this research.

Clearly, while the theory is simple — there is some physical manifestation of stress
in concrete - the application - how to actually measure and quantify that manifestation — is
extremely difficult. The methods presented in the previous research show promise but are
far from being implementable and are not applicable for all ranges of stress. The purpose
of this research is to evaluate, improve, and determine new methods that will lead to
accurate direct stress measurement in concrete and a fundamental transformation in the
field of structural evaluation. Detailed review of some specific key research is described

next.
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2.3.1 Schumacher, Chen, Ozturk, and Attoh-OKkine (2013)

The first paper to look at was produced from the University of Delaware University
Transportation Center. Their study was to better understand how non-homogenous
materials affects a stress wave, and also to develop rapid assessment tools for structural
elements and extreme events. To accomplish testing 6 in. x 12 in. cylinders, 6 in. X 6 in. X
12 in. block, and 6 in. x 6 in. x 21 in. block were used in this paper. The cylinders and
blocks consisted of have a compressive strength of 3,000 psi. The type of transducers used
in this experiment consisted of polarized shear waves that propagated parallel to the applied
stress and perpendicular directions. Once data was collected, they compared the differences

between the behaviors.

The conclusion of this research found that the shear waves behaved very different
in two opposite directions, which can be seen in Figure 2-14. When taking a closer look at
the waveform the TOF is slightly increased in the perpendicular direction (21) compared
to the parallel direction. After their MATLAB program measured from the initiated signal
to the positive peak of the received signal, they calculated a TOF for each loading level,
normalized TOF ratio, and applied stress ratio between the different loadings. In the
comparison they found before 40% of the applied stress ratio the TOF had a slight decrease,
but after 40% the trend increase exponentially [21]. Another comparison of normalized
TOF ratio and applied stress showed a linear trend up to about 90% of the compressive
strength, here the concrete was considered failed and caused this drastic increase in the
data. They also concluded that acoustoelasticity primarily governs the behavior during
lower stress, within the elastic region approximately below 30 ~ 40% of ultimate strength.

Concurrently, prior research suggests that preexisting micro-cracks may be closing during
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the early portion of the curve until the stress creates more micro-cracks that grow larger

until they develop into macro-cracks [21].
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Figure 2-14 Wave transform with shear transducers both in the parallel (23) and

perpendicular (21) direction to applied stress [21]

2.3.2 Shokouhi, Zoéga, and Wiggenhauser (2010)

“Nondestructive Investigation of Stress-Induced Damage in Concrete” also
investigates stress wave velocity from using the acoustic/impact emission method. They
found that the linear behavior of the concrete was predominately controlled by the
acoustoelastic theory, which allowed them to use surface wave velocity equations. Details
of the prisms used are dimensions of 0.2 m x 0.2 m x 0.6 m with a w/c ratio of 0.55, which
resulted in a strength of 4,000 psi. The course of this study used loading increments of 50

kN and unloading stages of 100 kN to see the damaging effects based on wave velocities.
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During those loadings stages a minimum of 36 measurements were recorded to ensure

reliability and repeatability.

After the data was established the researchers found a linear increase in relative
velocity change from fully unloaded until after a stress level of 10 MPa. Once after 10 MPa
a slight change in slope is seen due to the presence of micro or possible macro cracking in
the structure. Once after 20 MPa the velocity is evidently decreasing from developing
macro cracking [22]. The result of the testing is presented in Figure 2-15, which should the
behavior of 9 loading cycles. The surface wave velocity measurements of both loading and
unloading phases are shown from cycle 2 to 9. The red arrows indicate the average velocity
change at the stress-free state before and after the addition of load in each of the cycles.
The second y-axis indicates the level of loading as a percentage of the final load at failure.
Loading stage 6 has shown a large difference between the loaded and unload wave
velocities which is conclusion with the amount of damage present. Loading stage 8 has the
most significant change in wave velocity as most of the concrete has experienced macro
cracking in the structure. The team concluded that the surface wave velocities measured
parallel to the loading on one side of a prismatic specimen undergoing uniaxial
compression are highly stress dependent and the velocity stress relationship follows a
general multiphase trend. Moreover, the velocity-stress relationship preserves the signature
of the loading history of the specimen. By measuring the velocities during unloading
phases of load cycles, when no additional damage occurs (according to Kaiser Effect), one

can separate the effect of stress and damage on the measured velocities [22].
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Figure 2-15 Surface velocities for loading and unloading [22]

2.3.3 Shah, Ribakov, and Zhang (2013)

This research effort was to understand the efficiency and sensitivity of linear and
non-linear ultrasonics to identify micro and macro defects in concrete. The concrete tested
had various w/c ratios at 0.4, 0.5, and 0.6 to see possible defects in ultrasonic behavior
during loading and unloading stages. The compressive strengths were determined by 100
mm X 200 mm cylinders in the same order of w/c ratios that follow 56, 45, and 38 MPa.
The sizes of the cubes used in the research measured 150 mm each side. To see vertical
micro or macro cracking while recording ultrasonic data, the team orientated the pulse
waves to be perpendicular to the applied stress. This decision was made because
transducers that emit parallel waves would possibly miss detecting any cracking, which

was important for the non-linear analysis in this research.
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Varying voltage levels were used to see how the specimens behaved under axial
compression and to show the change in amplitudes with the increasing frequency
harmonics. Shah, Ribakov, and Zhang found that the single attenuation increases with
respect to the increased level of damage in concrete. Also, they reported a damage level of
80% of the approximate changes in the pulse attenuation at fundamental, second, and third
harmonic frequencies compared to the baseline values were estimated as 37%, 50%, and
59% for w/c equals 0.50 and 52%, 67%, and 78% for w/c equals 0.60 [26]. In their final
conclusion the relationship of the change in amplitude versus ratio of loading and ultimate
strength showed a clear linear decrease due to the increasing damage present in the
concrete. To see the concluded effect of increased loading and damage on the concrete

cubes, review Figure 2-16 for the change in amplitude heights at the various harmonics.
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Figure 2-16 FFT analysis with w/c of 0.4 at (a) 0% damage and (e) 80% damage [26]
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2.3.4 Hazif and Schumacher (2018)

The final paper discusses Monitoring of Stresses in concrete using the Ultrasonic
Coda Wave Comparison Technique (CWC). This explains with the use of the highly
sensitive diffuse portion of the recorded ultrasonic waveform (coda wave portion) it is able
to detect any change in velocity. Additionally, changes in the applied stress were used to
correlate any changes observed in the ultrasonic waveform which were assessed using the
magnitude-squared coherence (MSC) method. The project took place first in the laboratory
on 6 in. X 12 in. cylinders using a single transducer for a pitching and catching method of

data recording. Further testing was completed using 6 in. X 6 in. x 21 in. prisms with a
. . Ib .
direct transducer setup and constant loading rate of 35 < After collecting laboratory data,

Hazif and Schumacher transitioned the testing to the -84 bridge near Echo, Oregon to test

on the slab, columns, and prestressed concrete girders.

Based on the loading and unloading of the concrete prisms Hazif and Schumacher
found that using their CWC technique it is possible to detect the changes in the internal
stress of the concrete. The results of the first prism (P1) show that the sensitivity of the
MSC (A) values were influenced by the wavelength, which is a function of pulse frequency
assuming a p-wave velocity of 3,600 m/s (141,000 in/s). The pulse with the smaller
wavelength was more sensitive to changes in interior stress than the larger wavelength, as
shown in Figure 2-17. When the applied load increased from 10 to 40% of the ultimate
stress, the MSC () decreased from 0.88 to 0.6 for A =36 mm (1.41 in), where the decrease
for A = 66 mm (2.62 in) was from 0.88 to 0.85. Moreover, the R? of the linear fit for the

results of the MSC (A) for the shorter wavelength was higher [27]. What the researchers
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found when testing on the girders of the bridge was the MSC values dropped due to the

vibrations when the service loading truck stopped. The MSC values show a linear

relationship with the applied stress, up to a specific limit which depends on several

variables but can be assumed to be at least 50% of ultimate stress [27]. Furthermore, their

CWC method was able to correlate the internal stresses extremely well when compared to

their computer generated structural analysis.
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Figure 2-17 Waveform plot (a) with zoomed windows for TOF (b) and coda wave (c)
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Chapter 3 Procedure

The procedure and experimental setup is described in this chapter. Much of this
research was conducted in a laboratory to replicate consistent data. During this study
assessment of the TOF and higher harmonic amplitudes was used to see any small changes
within the structure of the concrete. This also helped to identify the stress applied to the
concrete or the previous damage from a prior load. By seeing these defects in the TOFs
and higher harmonic amplitudes, a more precise evaluation can be used to determine the

state of the concrete.

3.1 Ultrasonic equipment

The overall setup of this NDE testing can be seen in Figure 3-1. With this setup the
waveform data was transferred from the oscilloscope to a desktop computer for quick
analysis of both TOF and FFT analysis. A smaller aspect of the setup required the use of a
three quarter inch steel plate to allow full transfer of load from the Forney axial machine
onto the concrete prism surface. Also, to note in the setup is a commercially available
oscilloscope that was able to produce accurate measurements throughout this study. The
use of the ultrasonic equipment will be discussed more in detail in subsequent sections. For
this reason, specific settings, adjustments, and other important factors will be addressed in

point.
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Figure 3-1 Overall setup of ultrasonic testing equipment

3.1.1 Oscilloscope

The oscilloscope was a Hewlett Packard Infinium 54815A model displayed in
Figure 3-2. This oscilloscope has 4 channel connections to allow multiple receivers or
transmitting transducers. Has a maximum bandwidth of up to 500 MHz and allows a
sampling rate of up to a 1 GSa/s sampling rate, and superior probing bandwidths of up to
4 GHz. There are multiple trigger settings that include glitch, pattern, state, and delay by
time/events, setup/hold time, transition and video. It also has built in programs to calculate
fast Fourier transforms (FFT) and has the ability to produce measurement statistics [28].

Pictured below, in Figure 3-2, is the oscilloscope used in throughout the ultrasonic testing.
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Figure 3-2 Hewlett Packard oscilloscope

The weight of this machine is roughly 20 ~ 30 Ibs. with dimensions of 1.5 ft. x 2 ft.
Depending on the sampling rate or specified number of data points to collect, the collection
of data can require a lot of time. With the limited amount of hard drive space, ~5 MB, on
the oscilloscope it would make in field inspections very lengthy between transferring data
from the floppy disk to a laptop. Possible future modification would be needed to make

this a portable system or to purchase a smaller oscilloscope would be ideal.

3.1.2 Transducers

The various compression wave transducers were used in this research to see how
the effects of TOF, amplitude, frequency, and amount of damage. These transducers
operate by the piezoelectric crystals inside that change shape and size when a voltage is
applied by a triggering system. The AC trigger voltage makes the crystals oscillate at a
specific frequency and help to produce an ultrasonic sound. As a result, the piezoelectric

materials can generate a wave when a voltage is applied to the transducer. While some
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testing systems use separate transmitter and receivers, or other systems use a combination
of both functions in a single piezoelectric transceiver. Each of the transducers are Olympus
manufactured. The 1.5-inch diameter main transmitter is a 100 kHz right angle transducer
that are capable of withstanding a 900V amplitude for this type of testing. The secondary
receiving transducers are the straight 250 kHz and right-angle microdot 500 kHz models.
The 250 kHz model was used in the beginning of the research to better understand the
behavior of the waveform, as well as FFT frequency plotting. The additional 500 kHz
transducer was incorporated to see a finite change in the waveform and FFT analyses at

higher frequencies. Figure 3-3 shows all three transducers used for this study.

250 KHz Olympus
Transducer (V150)

500 kHz X
Olympus 100 KHz Olympus
Transducer Transducer (X1020)
e e

Figure 3-3 Pressure wave transducers used for testing [20]

Coupling of the transducers was not required for this study but consideration was
taken to use coupling to ensure high quality data was captured. Previous testing was not
conclusive when using the “pitch and catch” method where only one transducer is used on

the concrete specimen. Contact of the transducers influences the ultrasonic data greatly. If
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the contact is not level, surface is rough, or if the application of petroleum jelly is limited

then amplitude, frequency, and TOF data will be inaccurate.

3.1.3 Pulser-receiver

For the ultrasonic wave to be transmitted, a pulser device is required to have in the
testing setup so that a waveform can be generated. The Panametrics High Voltage Pulser-
Receiver model 5058PR has various settings that allow a technician to have a tailored
interface. The system has adjustable pulse heights at 100V, 200V, 400V, 900V, or various
custom voltages. Some features of this pulser-receiver include high gain & low noise
broadband (10 MHz) receiver, pulse-echo and thru-transmission modes, high isolation (80
dB) in thru-transmission mode, 60 dB RF gain, additional 30 dB gain available from
internal auxiliary preamplifier, receiver attenuation range of 0 dB to 80 dB in 1 dB steps,
1 dB vernier for fine adjustment, switch option for high pass and low pass filters, PRF rate
switch selectable from 20 Hz to 2 kHz. Controls permit either discrete, calibrated settings,

or continuous adjustment [29].

48



Figure 3-4 Panametrics pulser-receiver

An important feature of this pulser-receiver is the ability to use pulse-echo and thru-
transmission modes. For example, the pulse-echo mode allows the single use of a
transducer to act as the transmitting and receiving device. Throughout the testing on the
reference specimens and the concrete prisms the pulse-echo mode was deemed to have
sporadic data. As a result, this form of testing was not used as extensively, but was used

more for the selection of ultrasonic test settings.

3.1.4 Specimen frame

Initial ultrasonic testing did not include this polymer frame setup to hold the
transducers in place. Instead, plastic ties were wrapped around the concrete prisms to
secure them to the surface. As a result, this led to varying waveform and FFT data which
was not conclusive to correlate the stress in the concrete. The two main functions of the
new testing frame were to secure the transducers to the surface of the concrete prisms and
to keep the transducers in the middle region of the prism. This frame can ensure the
transducers had full contact to the surface with small springs pressing them against the

sides. The springs on each side of the frame can be seen in Figure 3-5. While some
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specimens had possible internal defects or a large aggregate near the surface this required
moving the frame and transducers around until the oscilloscope displayed an acceptable
amplitude. After the area with the greatest amplitude was found the two large plates were

tightened to each surface and the transducers were applied.

Figure 3-5 PVC polymer material to hold transducers on concrete surface

3.1.5 Specimens

A standard concrete mixture (max aggregate size 3/4 in. w/c ~ 0.4, ¢ ~ 6,000 psi),
was chosen for this study. To test the strength and ductility of the concrete, three cylinders
were cast from each of three concrete batches were tested. Figure 3-6, Figure 3-7, and
Figure 3-8 shows the behavior of each batch and confirm that the strength of the concrete

was on average 6,000 psi.
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Figure 3-6 Stress and strain of Batch 1
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Figure 3-7 Stress and strain of Batch 2
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Figure 3-8 Stress and strain of Batch 3

As mentioned earlier there were two different concrete conditions tested to see the
possible effects from the ultrasonic testing. After the first test series had been completed
on the smaller dry specimen and the data was analyzed, the decision to resize and saturate
the prisms were tasked for the next phase. The secondary concrete prisms had been fully
cured since May of 2017. Before testing began the caps of the prisms needed to be fully
level to ensure no eccentric loading would occur and cause the concrete to fail prematurely.
Once this task had been completed a sulfur cap was added to eliminate any other possible
flaws with trimming the ends. The prism sides were also ground to be smooth to allow full
contact of the transducers. To ensure the concrete would fully be saturated the specimens
were submerged for over three weeks as pictured in Figure 3-10 Wet specimen being
soaked for 3 weeks. During the day of testing the specimens were removed from the water

and the sides were patted dry so there would be no water damage to the transducers.
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Figure 3-10 Wet specimen being soaked for 3 weeks

3.1.6 Loading levels

The initial loading levels for the first test series included nine different stages.

These stages ranged from fully unloaded to approximately 50% of the compressive
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strength, with loading increments of 6,000 Ibs. at each stage [20]. These testing levels did
not allow the research to see more of the non-linear behavior in the concrete as the loading
stages had stopped during the early parts of it. Also associated with the loading stages, this

did not include unloading stages to record data to review damaging effects in the concrete.

When the first sequence testing was completed, the second series was conducted
with increased loading stages to see this non-linear effect in the. The new loading stages
also had 9 different cases to record at. These ranged from fully unloaded to 80% of the
compressive strength unloaded. Illustrated below is a physical representation of the new

loading stages for the second testing series. The arrows show the sequence of the loading

stages.

Percent stress level
L
J

A
AN

unload load wunload load unload load unload load unload
Figure 3-11 Loading and unloading stages

3.2 Laboratory testing

Since no setup or device configuration allowed for in-field testing, all previous and
current ultrasonic testing was conducted within a temperature controlled laboratory. A

simple diagram of the current testing setup is display in Figure 3-12.
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Figure 3-12 Data acquisition for lab testing [21]

3.2.1 Reference specimens

To ensure the ultrasonic wave equipment was working or calibrated properly two
reference specimens were chosen to test on before testing on the concrete specimens. These
chosen specimens were both a four in block of polypropylene plastic and a mild steel. By
the standards of ASTM both specimens are thick enough to collect the refracted

compression wave. The known velocities of each specimen were found from the Olympus

material sound velocities section. The polypropylene should have a velocity near 96,850 ?

(2,460 ?) and the mild steel was rated to have a velocity of 230,315 = (5,850 ?) [30].

The specimens are pictured in both Figure 3-13 and Figure 3-14.
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Figure 3-13 Polypropylene plastic specimen for wave velocity reference (D=2.5, H=4)

Figure 3-14 Steel cylinder specimen for wave velocity reference (D=6, H=4)

When testing on both specimens the calculated wave velocity in the polypropylene
was concluded to be 145,985 ? and the steel had a velocity of 228,571 ? The possible

reason for the difference in wave velocity for the polymer specimen could be a result of

56



the higher density. Olympus reports other materials that have high densities result in faster
wave velocities. Figure 3-15 shows the FFT of the signal through the steel sample with a

100 kHz transducer and 250 kHz receiver.
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Figure 3-15 FFT of waveform through steel sample (100 kHz transducer, 250 kHz

receiver)

3.2.2 Pulser-receiver settings

The repetition rate on the device determines the number of pulses that is transmitted
by the device. When the testing of the dry specimens were conducted this setting was
adjusted at 200 Hz, where the max setting is 2,000 Hz. After multiple tests the resulting

repetition rate that showed consistent results was set at 20 Hz.

The dampening resistance settings also needed adjustment throughout the entire

testing series. This setting entails controlling a resistor that modifies the shape of the
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outgoing waveform to the oscilloscope. If the damping was set to a lower value this resulted
in increases pulse damping and improves near surface resolution. And if damping was
increased, then reduces pulse damping and improves penetration in the material [31].
Having the highest setting at 500 Q allowed penetration through the dense concrete

element.

Some testing setups use a single transducer that acts as the transmitting and
receiving unit. Primarily the testing used in this research was with two transducers, the
testing mode did not need to be changed unless a single transducer was used to compare
waveform data with the dual system. This setting is depicted in Figure 3-4 as the red switch

under the pulse height.

The gain settings on the trigger device allowed an increase in amplitude in the
concrete. This setting was used at 40 dB in the testing since a good smooth surface area

was always used, so the need for increased amplitude was not required.

Attenuation on the trigger device is used to cause the ultrasonic wave to decay as it
propagates through the concrete [31]. In the early stages of testing series two there was not
a lot of signal passing through the concrete, so this adjustment was set to completely zero

to fully allow the wave to travel through the prism.

The smaller setting, Vernier allowed the control of the width of the waves to be
recorded in the waveform. The pulse widths in the waveforms were easy to distinguish so

this setting was left on zero to not increase or decrease the widths of the waves.

Low pass (LP) filter is categorized as being able to clean the noise up in the

ultrasonic wave. If lower frequencies are being used, then it’s possible to increase this

58



setting to improve the signal to noise ratio of the waves by filtering out the higher
frequencies [31]. Since the transducers were producing adequate frequencies the setting

was adjusted to off.

High pass (HP) filter is the opposite of the LP filter setting. If high frequencies are
used in the testing, it’s possible to filter out the lower frequency that can be scattering the
ultrasonic waves in the concrete. Again, the transducers operated effortlessly with the

setting switched to off.

3.2.3 Oscilloscope settings

During early assessment of the data collected from the oscilloscope there were
issues of the data being clipped or shortened. Within the acquisition setup menu there were
options to increase the amount of data points to include in the waveform, or by using the
automatic setting which would adjust depending on the amount of sampling rate and volts
per division. The numerical number for volts per division, which can be seen in Figure
3-16, was kept constant through the wet specimens testing. Another issue with early testing
on the prisms was the data was being smoothed too much and was hard to see fine
differences between TOF and changes in harmonics. Initially the averaging setting was
kept at 16 samples and when changed to 8 there was a clearer difference in the data. After
reducing this to the current setting of 4 the data produces much clear points where the TOF

can be seen and where points have a defined peak in the FFT analysis.
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Figure 3-16 Data acquisition setup

3.2.4 Transducer setup

As mentioned in previous sections this study predominantly used the direct
transducer configuration due to the accurate data produced, whereas the single transducer

resulted in slightly skewed data. Each description of single and dual transducer use will be

further explained in the following sub sections.

3.2.4.1 Single

Often this single transducer is referred to as the pitching and catching method. This
means that the transducer can emit an ultrasonic wave and also at the same time receive
that wave when it refracts back. A depiction of this action can be seen in Figure 3-17. There

hasn’t been considerable research completed with just using one transducer to relate
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velocities, TOF, or frequency harmonics to in-situ stress or quality determination of
concrete. This use of a single transducer may be used to identify if there is a defect below
the surface but not quantify the size or possibly how deep it may be. Another possible use
is to determine the thickness of a concrete member. A big motive for using this setup is if

only one side of the concrete is exposed during an inspection.

ACOUSTIC

TRANSMITIING BARRIER Leervine
CRYSTAL

Figure 3-17 Depiction of single transducer use [13]

3.2.4.2 Dual

A depiction of the few orientations that are possible to use with dual transducers
can be found in Figure 2-9. Depending on the type of testing that is being conducted, each
orientation of the transducers has its own benefits. If concrete is heavily reinforced, then
the semi direct layout could be a good option to determine the wave velocity or in-situ
stress. For example, on a square column that has a at least two surfaces exposed by 90
degrees. The indirect configuration isn’t used as often but can be used in the assessment of

crack depths that were discussed in Section 2.1.6.3 Crack depth/size. Most of this research
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used the dual mode with the 100 kHz transducer sending the ultrasonic waves and either

the 250 kHz or 500 kHz receiving the waves.
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Chapter 4 Results

The results found from this testing will evaluate wave characteristics at different
levels of load and damage (previous load level). The data will be analyzed to determine
the changes in TOF and changes in amplitude of higher harmonics in the frequency spectra.
Furthermore, from the calculated velocity a determination of the quality rating of concrete

as well as current strength in the concrete is concluded.

4.1 Laboratory testing

The testing in this research was able to determine the velocity of the ultrasonic wave
by measuring the distance required for the wave to travel and analyzing when the first
signal is read by the receiving transducer. A MATLAB program was used to numerically
determine multiple TOF for each of the loading stages. This was accomplished by
measuring the distance from the zero time to the time at which the amplitude is greater than
or equal to 0.8V. Lastly, the FFT analysis was also used in the same MATLAB program to
generate the plots as well as looking closer into the data to see the changes of loading on
the concrete at each of the different harmonic levels. Detailed discussion is given on each

Specimen 8 and 9 wet tested specimens as these specimens yielded the best results.
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Table 4-1 Prism reference name

Name Mix # | Condition
Specimen 1 1 Dry
Specimen 2 2 Dry
Specimen 3 3 Dry
Specimen 4 1 Dry
Specimen 5 2 Dry
Specimen 6 3 Dry
Specimen 7 1 Wet
Specimen 8 2 Wet
Specimen 9 3 Wet

(a) (b) (c) )

Figure 4-1 Ultrasonic wave depicting P and S-wave initiation (a), compression wave
traveling faster than shear, (¢) compression wave beginning refraction, and compression

fully refracted back to source (d) [21]

The waveforms for specimen 8 and 9 tests are given Appendix A. Within Appendix
A: Wave form data, the changes in amplitude versus time can also be seen between the dry

and wet specimens.
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4.1.1 Wave velocity

The known dimension between the transducers was the same as the measured

geometry dimension, which was 6 inches. When all the waveforms from specimens 7

through 9 were input into the MATLAB program the resulting TOF were calculated and

then averaged for each different pulse height. Presented in Table 4-2 and Table 4-3 are the

time at which the signal is received at 0.8V.

Table 4-2 Wave velocity from unloaded wet specimens

400 V 900 V

Slgve:ls t(s) | v(@ns) | v(s) | vkms) | t(s) | v(inss) | v (fts) (knvl )
0% | >4 173,060 | 14430 | 4308 | P702F 176887 | 14741 | 4493
20% | >4 17166 | 14347 | 4373 | PO 175.953 | 14663 | 4.469
a0% | >R 171674 | 14306 | 4361 | P00 175430 | 14,620 | 4456
60% | > 2% 1170697 | 14225 | 4336 | P51 173,963 | 14497 | 4419
80% | > | 169,300 | 14,008 | 4300 | PVEE 172,513 | 14376 | 4382
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Table 4-3 Wave velocity from loaded wet specimens

400 V 900 V

Slgve:ls t(s) | v(nss) | v(fts) | v(km/s) | t(s) | v(in/s) | v (ft/s) (kn\rll )
0% | 2005 117360 | 14430 | 4308 | P4F 1175605 | 14641 | 4463
20% | 41173010 | 14434 | 4400 | P2 175695 | 14,641 | 4463
a0% | 4173010 | 14434 | 4400 | PO 175644 ] 14,637 | 4461
60% | 42 1172662 | 14388 | 4386 | P05 175,085 | 14,607 | 4452
80% | P2 1171674 | 14306 | 4361 | PHE 174165 | 14514 | 4.424

Due to missing some data points, particularly in specimen 8 at the 900V
measurement the averaged numbers were taken as the values determined in specimen 9 at
the 900V rating. Overall, the velocities changed very little even at the highest level of
stress. The greatest difference between the velocities is at the 60 and 80 percent in the
unloaded case, approximately 0.83% difference. After reviewing Table 4-2 and Table 4-3,

the loaded cases have a velocity higher than that of the unloaded cases. Excluding the zero

. . . f
stress level, the average difference between each loading case is close to 37 gt

4.1.2 Time of Flight

Previously stated in the last section a MATLAB program determined the time
required for the transmitting wave to be received by the opposite transducer. The voltage
the program recorded the TOF at was when the voltage was greater than or equal to 0.8V.
Clearly shown in Figure 4-2 and Figure 4-3 is the graphical representation that shows the

increase in TOF with load level and damage.
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The TOF readings for the unloaded specimens (load level is 0, however previous
load level applied causing possible damage in the concrete) is fairly linear. This indicates
that the TOF increases as the micro-cracking caused by the previous load slows down the
ultrasonic wave in the concrete as expected. It is surprising that there is a difference even
with a 20% f ’c previous load as this load level is generally considered to be well within
the elastic range of the concrete. These readings show that damage from previous loading
will affect the wave velocity and impact the stress measurement. Furthermore, the slope
of the unloaded TOF readings with previous load level is different between the two
specimens. The slope of specimen 8 is 40% less than that of specimen 9. This difference
in two specimens of the same concrete would make it difficult to use the TOF as a way to

determine the stress level or damage in the concrete.

The loaded TOF show a slight decrease in the TOF from 0 to the 40 percent stress
level, excluding specimen 9 at the 900V rating. It is expected that under load the TOF will
decrease as the particles are pushed closer together and the wave velocities increase. Ata
low level of load, the effect of the load (decreasing the TOF) is greater than the effect of
the damage due to micro-cracking in the concrete causing the decrease in TOF at low levels
of load. At higher levels of load the damage effect becomes greater and the overall TOF
increases. This result indicates that any ultrasonic method based on TOF will have to
account for the damage due to previous loading in the concrete because that effect can be

greater than the effect of the load itself.

67



3.60E-05

=4+ Loading (Test 400V (500KHz)) X
3.58E-05 X Unloading (Test 400V (500KHz))
. 3.56E-05 - X
)
]
w
~ 3.54E-05 4 X
=
E 3.52E-05 ) g
3.0 -Ud A X . rd
7’
3.50E-05 ¥~ . .—A
- - - ® - - . - * -
3.48E-05 T T T T
0 0.2 04 0.6 0.8 1
f'c (%)
(a)
3.50E-05
=4 Loading (Test 400V (500KHz)) x
3.49E-05 -
X Unloading (Test 400V (500KHz))
348E-05 A
S 347E-05 - X
@
[72]
= 346E-05 | A
= % X .
@) 3. 45E-05 - 7/
= 3.45E-05 ) .
344E-05 A - A
P
3.43]5-05%—-_,*,_.—"
3.42E-05 T \ T \
0 0.2 04 0.6 0.8 1
f'c (%)

(b)

Figure 4-2 Change in TOF on wet 8 specimen (a) and wet 9 specimen (b) at 400V
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Figure 4-3 Change in TOF on wet 8 specimen (a) and wet 9 specimen (b) at 900V

4.1.3 Frequency harmonics

The fast Fourier transform is a method that converts the time domain to a frequency.
The FFT analysis showed the largest peak at the transmitted frequency of 100 kHz. Higher
harmonics occurred at around 150 kHz and 250 kHz. Although these are not the exact

harmonic (one would expect the next harmonic to be at 200 kHz) the difference can be due

69



to the transducer is transmitting a pulse not a wave and the harmonic of the transmitted
wave is not precisely clean. Furthermore, the receiver is centered on a 500 kHz frequency
that can even further distort the wave. Figure 3-15 shows a wave transmitted through the

steel reference specimen that confirms this anomaly.

For each harmonic the amplitude is recorded in Table 4-4 to Table 4-6. The “A”
positions are correlated at the specific frequencies that are labelled in the tables. A plot of
the amplitude with load level is shown in Figure A-1 to Figure A-4. After analyzing the
data in the three specimens it is evident that the behavior between the amplitude heights

and stress level is nearly linearly decreasing.

Table 4-4 Specimen 8 400V amplitude difference

400V (500K Hz)

A2@ | A3@ A2@ | A3@

Loaded | 50111, | 250KkHz | UMoaded | 5o | 250KHz
0 0.0834 | 0.02389 0 0.0834 | 0.02389

20% 0.08385 | 0.02242 20% 0.08364 | 0.02297
40% 0.08112 | 0.02347 40% 0.0786 | 0.02143
60% 0.08092 | 0.02243 60% 0.07628 | 0.01917
80% 0.07788 | 0.01955 80% 0.07434 | 0.01656
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Table 4-5 Specimen 9 400V amplitude difference

400V (500KHz)
A@ | A3@ A@ | A3@
Loaded | 501, | 250k, | UM0aded | sophy, | 250KHz
0 0.0834 | 0.02389 0 0.0834 | 0.02389
20% | 0.08385 | 0.02242 | 20% | 0.08364 | 0.02297
40% | 0.08112 | 0.02347 | 40% 0.0786 | 0.02143
60% | 0.08092 | 0.02243 | 60% | 0.07628 | 0.01917
80% | 0.07788 | 0.01955 | 80% | 0.07434 | 0.01656
Table 4-6 Specimen 9 900V amplitude difference
900V (500KHz)
A@ | A3@ A@ | A3@
Loaded | )0tz | 250Kz | UM0aded | o00kty | 250KHz
0 0.07182 | 0.02141 0 0.07182 | 0.02141
20% | 0.05742 | 0.0248 20% | 0.06624 | 0.02003
40% | 0.0455 | 0.02218 | 40% | 0.05997 | 0.01775
60% | 0.03836 | 0.02214 | 60% | 0.04455 | 0.02147
80% | 0.03088 | 0.02241 | 80% | 0.03166 | 0.02349
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Figure 4-4 Specimen 8 amplitude change at different loading level 400V
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Figure 4-5 Specimen 9 amplitude change at different loading level 400V
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Figure 4-6 Specimen 9 amplitude change at different loading level 900V

When reviewing Specimen 9 at 400 and 900V rating, there is a clear behavior of
the linear decrease as seen in the second harmonic. While the third harmonic change is not
very different in any of the three cases due to the resulting macro cracking that has made
both the loading and unloading nearly equal. To quantify the changes between the
specimens the 900V rating amplitude in the 3™ harmonic did not decrease as much as the
400V rating. Also to note, the slope of specimen 9 400V at position A2 was 80% greater
than specimen 8 400V at position A2. From this data acquisition it is evident that it may

be difficult to determine the stress with greater difference between the amplitude readings.

4.2 Overall concrete condition

An overall assessment of the concrete can be made using results of previous

research and the wave velocities determined in this testing.
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4.2.1 Concrete quality

Based on the ultrasonic wave velocities presented in Sections 2.1.6.1.1 and 4.1.1
Wave velocity and data from Table 2-4. Wave velocity can be used estimate the overall
quality of the concrete. For the wave velocities in 4.1.1 the concrete quality is “Good”
with reference to Malhotra’s study and “Fair/ Medium” with Leslie and Chessman’s

research.

4.2.2 Strength determination

With the use of Equation 2-2 from Jones’s report on pressure wave velocity

determination, Section 2.1.6.2.1 , and the assumption of a Poisson’s ratio of 0.15 and
density of concrete to be 145 flt—bs (2300 %), there is a reasonable estimation of the strength

of concrete at each loading stage.

Table 4-7 highlights the summary of the compressive strength for specimen 9 at the
individual loading stage in the prism. The determined compressive strengths are close to
the measured compressive strength of 6,000 psi and after the increase in load there is an
evident decrease strength. Furthermore, the reduction in compressive strength

demonstrates the damage from the previous loading in the concrete.

Table 4-7 Strength calculation using Jones P-wave velocity equation

Loading | Vp (ft/s) | Vp (km/s) | E (MPa) | f'c (MPa) | f'c (psi)
0 14,741 4.493 43,973 42.98 6,233
20% 14,663 4.469 43,509 42.07 6,102
40% 14,620 4.456 43,254 41.58 6,031
60% 14,497 4.419 42,530 40.20 5,831
80% 14,376 4.382 41,823 38.88 5,638
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Chapter 5 Conclusions

The objective of this research was to determine which wave characteristics can be
related to the load level (stress) or damage (caused by micro-cracking due to previous
loading) in the concrete such that evaluation of stress and damage can be conducted in the
field. This chapter will give the conclusions from the series of experimental tests using
ultrasonic waves in concrete. Future work that can be performed to help continue this

research will also be discussed.

5.1 Time of Flight (TOF)

The increasing TOF readings for the damaged (unloaded) specimens indicates that
the TOF increases as the micro-cracking caused by the previous load slows down the
ultrasonic wave in the concrete, as expected. It is surprising that there is a difference in
TOF even with a 20 percent f ’¢ previous load as this load level is generally considered to
be well within the elastic range of the concrete. At a low level of load, the effect of the
load (decreasing the TOF) is greater than the effect of the damage due to micro-cracking
in the concrete causing the decrease in TOF at low levels of load. At higher levels of load
the damage effect becomes greater and the overall TOF increases. The change in TOF due
to previous damages is as great at the change in TOF due to the compressive load.
Therefore, damage from previous loading will affect the wave velocity and impact the
stress measurement. This result indicates that any ultrasonic method based on TOF will
have to account for the damage due to previous loading in the concrete because that effect

can be greater than the effect of the load itself.
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Furthermore, the slope of the unloaded TOF readings with previous load level is
different between the specimens. This difference in the specimens of the same concrete
would make it difficult to use the TOF as a way to determine the stress level or damage in

the concrete.

5.2 Frequency harmonics

The amplitude of higher harmonics in the frequency spectra of the waveform is
generally decreasing with increasing stress level and damage. There is a strong linear
decrease as seen in the second harmonic. However, the third harmonic change is not as
clearly distinguishable. Furthermore, the slope of specimen 9 was 80% greater than
specimen 8. Because of the significantly different trend in two specimens of the same
concrete, it may be difficult to determine the stress or damage level with only the amplitude

readings.

5.3 Concrete quality

Based on the ultrasonic wave velocities that are presented in Table 4-2 and Table
4-3 past research was used to assess the quality of the concrete. The faster the pulse velocity
is, the higher the density of the concrete. As a result of having a high density in concrete
this correlates to a better and strong concrete. To demonstrate the quality of the concrete,
the calculated velocities in Section 4.1.1 Wave velocity proved that the quality was “Good”
with reference to Malhotra’s study. And resulted in the “Fair/ Medium” condition as the

assumption with Leslie and Chessman’s research.
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5.4 Concrete strength

Using the wave velocities, the strength of the concrete was estimated at each
loading stage [18]. The determined compressive strengths are close to the measured
compressive strength of 6,000 psi. As the load increases there is an apparent decrease in
strength. The reduction in compressive strength demonstrates the damage from the

previous loading in the concrete.

5.5 Future Research

To help ensure this type of testing can be repeatable and reliable there needs to be
further testing of plain concrete. Additional testing of specimens may yield information in
the variability of the data such that a repeatable link to the stress or damage can be
determined. Eventually testing of actual reinforced concrete members and field testing will
verify the suitability of the method. Only two methods were able to quantify the ultrasonic
testing results. Additional analysis techniques such as the waveform energy or coda wave
analysis may yield better results. Finally, analysis of ultrasonic waves in concrete could

be used in the investigation of fire damaged concrete.
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Appendix A: Wave form data
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Appendix B: Frequency plots
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