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ABSTRACT

~ Problems during concreting of large mass structures do occur, such as segregation, localized poor

concrete consolidation or cracking caused by plastic or thermal shrinkage. Because of the volume

% of concrete concerned, it is often very difficuit iv develop an evaluation program’that will fully

measure the extent of any such probiew. This paper describes case histaries where nondestructive

test metheds have been need to minimize the amou,nl@ of intrusive investigation needed to reach a
sound engineering conclusion. The different test methods used in these cases will be icvicwed.

INTRODUCTION

Hardened concrete properties of large mass concrete structures are difficult to evaluate
because of the problem of scale. Invasive testing such as coring is limited for practical and
economical reasons, and information obtained is restricted to a very small percentage of the total
concrete volume. Also, surface features and anomalies do not necessarily reflect the internal
concrete condition. These problems apply to the inspection of recently poured concrete structures
and to the evaluation of existing structures in service.

Nondestructive testing (NDT) can contribute to an understanding of structural and material
condition in large-volume structures. However, for the NDT program to be technically and cost
beneficial, it must reduce the time and effort (and hence cost) spent in coring and laboratory
testing, and at the same time present a technically accurate, broader view of the structure

condition. If these criteria cannot be met, then the Engineer will not benefit from and should not
rely on NDT.

NDT methods such as traditional ultrasonic pulse velocity (UPV), impact-echo, rebound
hammer, infrared thermography and other relatively superficial tests are often unsuccessful in
providing information about the concrete quality in the body of the structure, particularly when
surface breakdown is present such as freeze-thaw damage and alkali aggregate reaction. This
paper presents recent case histories where three NDT techniques were valuable in evaluating and
quantifying problems within large concrete volumes:

* Impulse Response (IR)
» Spectral Analysis of Surface Waves (SASW)
» Impulse Radar.
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velocity spectrum is divided by the force spectrum to obtain a transfer function, referred to as the
Mobtlity of the element under test. The test graph of Mobility plotted against frequency over the
O-1kHz range contains information on the condition and the integrity of the concrete in the tested
elements, obtained from the following measured parameters:

* Dynamic Stiffness: The slope of the portion of the Mobility plot below 0.1 kHz defines
the compliance or flexibility of the area around the test point for a normalized force
input. The inverse of the compliance is the dynamic stiffness of the structural element

— at the test point. This can be expressed as:

itfncss f[conerete quality, element thickness, element support condition]

* Mobility and Damping: "I'he tesi clemcnt’s regponse to the'-impact—generated elastic
wave will be dainpcd by the element’s intrinsic rigidity (body damping). The mean
mobility value over the 0.1-1 kHz range is directly related to the density and iiie
thickness of a plate element, for example. A reduction in plate thickness corresponds
to an increase in mean mobility. As an example, when total debonding of an upper
layer is present, the mean mobility reflects the thickness of the upper, debonded layer
(in other words, the slab becomes more mobile). Also, any cracking or honeycombing
in the concrete will reduce the damping and hence the stability of the mobility plots
over the tested frequency range.

* Peak/Mean Mobility Ratio: When debonding or delamination is present within a
structural element, or when there is loss of support beneath a concrete slab on grade,
the response behavior of the uppermost layer controls the IR result. In addition to the
increase in mean mobility between 0.1 and 1 kHz, the dynamic stiffness decreases
greatly. The peak mobility below 0.1 kHz becomes appreciably higher than the mean
mobility from 0.1-1 kHz. The ratio of this peak to mean mobility is an indicator of the
presence and degree of either debonding within the element or voiding/loss of support
beneath a slab on grade.

SPECTRAL ANALYSIS OF SURFACE WAVES (SASW)

This nondestructive, stress wave test was developed for concrete highway and airport
pavements, and uses surface waves to determine the thickness and elastic properties of different
slab layers. Nazarian et al ° adapted the technique to establish the relationship between
wavelength and velocity for these surface waves by digital signal processing, and the method has
been extended to assess concrete damage within slabs and beams '°.

The surface, or R-wave generated in this test contains a range of components of different
frequencies or wavelengths. (The product of frequency and wavelength equals wave speed). This
range depends on the contact time of the impact; a shorter contact time results in a broader range.
The longer wavelength (lower frequency) components penetrate more deeply, and this is the key
to using the R-wave to gain information about the properties of the deeper layers. In a layered
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system, such as a non-cracked layer above a cracked layer, the propagation speed of these
different components is affected by the wave speed in those layers through which the components
propagate. A layered system is a dispersive medium for R-waves, which means that the different

frequency components of the R-wave propagate with different speeds, which are called phase
velocities.

Phase velocities are calculated by determining the time it takes for each frequency (or
wavelength) component to travel between two receivers. These travel times are determined from

_he phase difference of the frequency components arriving at the receivers. The phase differences

are obtained by computing the cross-power spectrum of the signals recorded by the two receivers.
The phase portion of the cross-power spectrum gives phase differences (in degrees) as a function
of frequency. The phase velocities are deicimined as follows:
Cripy = X(360/® ). f

where Cgyy = surface wave speed of component with frequency f,

X = distance between receivers, ,

®; .= phase angle of component with frequency f.
The wavelength A, corresponding to a component frequency, f is calculated using the following

equation: A, =X(360/D )

By repeating the calculations in these two equations for each component frequency, a plot of
phase velocity versus wavelength is obtained. Such a plot is called a dispersion curve.

A process called inversion is then used to obtain the approximate stiffness profile at the
test site from the experimental dispersion curve. (As an example, a horizontal layer with a vertical
crack will appear much less stiff than a continuous layer). The test site is modeled as layers of
varying thickness. Each layer is assigned density and elastic constants. Using this information, the
solution for surface wave propagation in a layered system is obtained and a theoretical dispersion
curve is calculated for the assumed layered system. The theoretical curve is compared with the
experimental dispersion curve. If the curves match, the problem is solved and the assumed
stiffness profile is correct. If there are significant discrepancies, the assumed layer system is
changed, or refined and a new theoretical curve is calculated. This process is continued until there
is good agreement between the theoretical and experimental curves.

IMPULSE RADAR TEST METHOD

The impulse radar technique is based on principles of electromagnetic wave reflection.
The radar system radiates short time-duration electromagnetic pulses (0.5 to 1.5 nanoseconds)

into the material to be examined from a broadband antenna, which is electromagnetic ally coupled

to the material's surface ''. The antenna houses the transmitter as well as the receiver. For most
concrete testing applications, a contact transducer the size of a hand-held calculator is passed over
the surface to be tested, transmitting an electromagnetic wave into the structure. When the
electromagnetic wave travels through different media with different dielectric constants a portion
of the wave is reflected back to the antenna and the remainder of the wave is refracted into the
next medium. Reflected pulses are received by the transducer and electronically processed. New



technology has made coloring capability of the output possible in addition to numerous functions
such as filtering and arithmetic summation. The loss of strength-of the reflected waveform,
measured in volts, is used in data evaluation. When voids are met, these pulses are reflected by
the difference in the dielectric constants of the concrete and the air in the void.

Impulse radar has a wide range of applications in testing concrete, such as detection of
delaminations, voids and dowel bar alignment. The technique also shows potential for other
- ~plications such as monitoring cement hydration or strength development in concrete, studying
_.e effect of various admixtures on concrete curing, determination of water content in fresh
concrete, and measurement of concrete member thickness ‘2. The moisture present and the
. amouni and type of reinforcement influence the radar wave depth of penetration. Concrete as thin
' a5 30 to 60 mm can be examined with high resolution or short pulse width (<1 ns) radar antennas.
For dry and unreinforced concrete, radar an penetrate to depths of approximately 0.6 m {v detect
the location and depth of defects.

A e

CASE HISTORIES

Mine Shaft Plug

The mass concrete plug fills the original rock tunnel, and is approximately 2.7 m wide by
3.6 m high at the visible face, and approximately 4.5"m deep: The rock surrounding the plug
appears to be hard and compact at the plug face. Water seepage is visible at the top face, and it is
not clear whether this seepage is coming from the rock or from the concrete/rock interface, or
~ both. Figure | shows the downstream plug face. Two drain outlet valves are visible on the plug
face: at approximately 1 m from the left and right edges respectively and approximately Im from
the base of the plug. In addition, a sealed pipe is apparent in the top right corner, which is thought
to be the entry point of the original concrete tremie.: The sheen on the concrete face is from the
water seepage. Several 25 mm-diameter grout pipes are also notable at the top right corner of the
plug. ~

The plug was tested using the IR method, and two testing approaches were adopted:

» A matrix of test points at 600-mm vertical and horizontal spacing was established on
the plug face, and each test point was impacted with the geophone located at
approximately 150 mm from the point of impact. This test methodology gives
information on the concrete condition to a depth of approximately 900 mm into the
plug from its face, as described above. This was entitled IR — Concrete Quality.

« The geophone was positioned at the center of the plug face, and each test was
performed by striking the face at points around the periphery of the plug. A digital
gain of either 10 or 20 was applied to the velocity response from the geophone o
amplify the signal strength, in view of the damping effect of the seated plug. The test
data that can be interpreted using simulation methods originally developed for testing
the length and integrity of drilled shafts and caissons such as the Impedance Log. and



the test method is fully described in the Appendix to this paper. This was entitled IR —
Plug/Rock Interface.

IR — Concrete Quality: The 600-mm x 600-mm test grid laid out over the total plug face gave a
grid with 5 test points from left to right in the horizontal direction (Columns A to E) and 6 test
points from bottom to top (Rows 1 to 6). The measured values of dynamic stiffness and average
mobility are plotted in contour form in Figures 2 and 3 respectively, and show that the values of
stiffness and average mobility are relatively consistent over most of the plug face, apart from a
zone around column D, from test rows 3 to 6. It is expected that the average mobility will
" decrease from the center of the plug to the edge, and that the inverse will happen for the measured
stiffness. This is the case for three of the four plug face quadrants (SE, SW and NW), whereas the
fourth quadrant shows considerably higher values for average inobility and correspondingly much
lower values of stiffness.

It is of interest to note that these poorer results come from a zone immediately surrounding
and below the location of the original concrete tremie. The very high mobility values indicate that
poor concrete consolidation is present in a zone approximately 1.2 m high by 600 mm wide at the
locations shown in the northeast quadrant. : '

IR — Plug/Rock Interface: The Impulse Response results obtained in this mode were analyzed to
measure the distance from the face to the back of the plug and the equivalent dynamic shear
modulus at the concrete rock interface at different points around the plug.

Typical values for concrete stress wave velocities in integral foundation piers with good
concrete quality vary between 3,800 and 4,200 m/s, with average values around 4,000 m/s. The
depth of the plug measured with the mobility plots assuming a stress wave velocity in the concrete
of 4,000 m/s varied between 4.4 m and 4.7 m (See Figure 4). If the projected plug depth of 4.57 m
is substituted, then the concrete stress wave velocity:is between 3,870 and 4,130 m/s, indicating
that the concrete in the plug is of good quality.

It was also possible to match the real mobility responses for the plug with a simulated
response, as described in the Appendix. A simulated mobility plot is compared with an actual test
result in Figure 5. The matching value for the shear wave velocity, B at the concrete/rock interface
is then obtained from the parameters used in the simulation model 7. Values for the shear wave
velocity at the rock/concrete interface for different points around the plug perimeter are presented
in Table | below. | -

As a comparison, measured values for & for rock-socketed caissons are usually in the
range of 300 to 400 m/s for strong concrete/rock bond. The very high values measured here
indicate a very good bond between the concrete and the rock.

Lower values for B (between 450 and 500 ro/s) are concentrated around the bottom center
and the top of the plug, with high values along the sides of the plug over the lower two thirds.
This is to be expected, as a result of the concrete placement technique employed.



Table 1

Test Location (Column-Row) Shear Wave Velocity, B (m/s)
A-2 - 750
A-3 750
A-5 500
B-2 ' 750
C-1 450
C-6 450
D-2 500

e D-5 - 600
D-6 450
E-1 750
E-2 A 750
E-3 ' 750 .
E-5 450 .

Thick Foun‘dation Raft

This basement concrete raft has a norinal thickness of: 1.8 m with thickening at column
bases to approximately 2.5 m. Design drawings indicate that the slab is reinforced at the top and
the bottom, with extra reinforcing dowel bars at half slab thickness at construction joints. Typical
slab construction joints are located at halfway between column lines, and drawings show each
joint has a water stop above and below the central dowel bar. Generally, these joints are not
visible since the slab is covered by a surface coating approximately 25 mm thick. No cracks are
presently visible through the'coating layer, which was applied approximately 8 years ago.
Deflections in this slab have been monitored since the start of construction of a nearby tunnel.
Deflection changes at locations along three column lines could be interpreted as onset of cracking
in the basement slab. Vertical changes at displacement monitoring points (DMP) on the floor
suggest that cracking may have occurred at three locations. '

The overall contour plots established from DMP readings for differential slab vertical
displacements show depressions forming at two of these three locations, suggesting that any
cracking in the slab would be more apparent in the bottom third of the slab thickness. In order to
locate possible cracking at that depth in the slab, a combination of two stress wave methods was
proposed:

* The Impulse Response (IR) method '
» The Spectral Arialysis of Surface Waves (SASW).

In this investigation, the IR test was used to:

* Locate the presence of any near-vertical cracks in the slab, by observing changes in
stiffness and mobility either side of the crack,

Measure the approximate thickness of the floor slab at specific points.



IR test results close to discontinuities such as vertical joints or cracks always show an
increase in average mobility and a reduction in stiffness. If the slabs on either side of the joint or
crack are independent of one another, there is usuaily a noticeable difference in both parameters
measured on either side. If a good mechanical connection or stress transfer exists across the joint
or crack between the two slabs (such as dowel bars and other stress transfer mechanisms), the
stiffness on either side of the discontinuity are similar.

The SASW test was used in this investigation to locate any open vertical or near-vertical
cracks in the floor slab, and to measure their approximate depth. Five principal SASW test lines
were set up, with parallel test lines in some cases. Each test comprised placing the two
acceleromeicis at a fixed distance apart (in this case, either 0.9 m or 1.8 m was chosen as the
increment), and an impact generated in line with the accelerometers. The aggicgate time taken for
the surface wave to travel between the two acceieromeicrs was recorded for each fest. Knowing
the distance between iie acceleromcters, the apparent surface wave speed can be measured.
Normally, for good concrete the surface wave speed is between 1,980 m/s and 2,280 m/s.

Additionally, the reduction in signal strength from the accelerometer nearer the impact
source to that further away can be measured. This is referred to as the surface wave damping ratio.
For normal concrete over an accelerometer spacing of 1.8 m, this damping ratio is less than 10. If
a significant increase in damping ratio is recorded, together with a decrease in apparent surface
wave speed, a vertical barrier such as a crack or joint is located between the two accelerometers.
The degree of severity or “openness” of the crack is indicated by the amount of the reduction in
surface wave speed and the increase in the damping ratio.

When a potential vertical crack/joint is located in this manner, the surface wave speed and
the surface wavelength can be calculated as a function of the frequency spectrum, as in the
method description above. In continuous layered media, the values of surface wave speed increase
relatively linearly with increasing frequency. However, when discontinuities are present, the
surface wave speed reaches 2 maximum value at a relatively low frequency, and remains constant
or decreases above that frequency.

Profiles of the slab average mobility and stiffness gave relatively uniform mobility and
stiffness values. Average mobility is usually between 1.5 and 2.5, and stiffness generally is
greater than 1.5 MIN/mm. These are the values normally associated with slabs of this thickness.
Exceptions were noted, as shown in Figure 6, where a relatively high mobility and low stiffness at
test point #11 probably corresponded to a debonding of the coating immediately over a
construction joint. There are no signs of any slab distress at the surface. As a result of these test
results, SASW profiles were selected across potential vertical slab separations.

Figures 7 and 8 show results obtained for apparent surface wave speed and damping ratio
for two test locations along one profile. Figure 7 shows a normal damping ratio for continuous
concrete of 4.48, together with a speed of 2,090 m/s. However, the test point in Figure $ has a



kp=1.84 ¢ [ Ey/ (1-v%)] (2)

where: r is the shaft radius,
Ep and-vy, are the Young’s modulus and Poisson’s ratio for the soil at the base.

For each of the shaft segments from the top dbwnwards, the following parameters are
calculated cumulatively:

* Body and soil damping coefficient, ¢;
* Segment impedance, taking into account the geometric and damping properties;
* Variation of impedance with frequency (from coth(cl)/tanh(cl)). *¢7

5.0.7

4 At the bottom of each segment, the effect of its impedance is added to the impedance from

the previous calculations, in the form of « colipiex array representing the variation of impedance
with frequency. The inverse of the magnitade of thecomplex entry of this array when summed at
the end of the cumulative calculation is the simulated mobility for the pile as a function of
frequency. By remaining in the frequency mode, magnitudes of force and velocity do not have to
be known or assumed for simulation. In this way, changes in shaft and soil properties can be
assigned to successive shaft segments. The relatively large number of variables means that several
simulation solutions are available. In particular, the selection of the B value is important. This
value can range between 50 m/s (soft clays) to over 300 m/s (rock sockets). Figure 2 is an
example of an idealized simulation response. :

]
v
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Figures 2 & 3. Mine Plug Average Mobility and Stiffness Contours
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