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CHAPTER [-INTRODUCTION

I.I-The purpose of this report isto present procedures
that can be used to evaluate the quality and properties of
in-place shotcrete.

1.2-Considerable literature is available on testing fresh
concrete, concrete specimens, and in-place concrete. Pro-
cedures for the production and testing of concrete are
covered by ACI and ASTM Standards. The devel opment
of in-place (nondestructive) test procedures for eval-
uating concrete structures has progressed to the point
where the use of such procedures has become common.

1.3-Procedures for in-place evaluation of shotcrete have
not been well developed or widely used This may be due
to the lack of understanding of the difference between
shotcrete and concrete. The most important factor in
producing quality shotcrete construction is the skill of the
nozzleman. While ACI 506.2 requires preconstruction
testing to verify a nozzleman's ability, such testing is not
aways done. Additionally, inspectors who are knowledge-
able in shotcreting are not ordinarily available to monitor
shotcrete quality. Thus, if properly skilled nozzlemenare
not used, defects such as improper encasement of rein-
forcing steel, voids behind steel, excessive cracking
caused by shrinkage, sand pockets, and defects caused by
inclusions of overspray and rebound can occur.

CHAPTER 2-STRENGTH

2.1-General

Strength iswidely used to evaluate shotcrete quality.
Although both compressive and flexura strength can be
obtained, the compressive strength is most commonly
used. Many of the sampling and testing methods for shot-
crete are similar to those used for concrete and can be
broadly categorized as destructive and nondestructive
determinations. Because it is generally not possible to
mold standard test specimens for shotcrete, the sampling
and testing of shotcrete are usually performed on in-
place hardened material or on test panels as described in
ACI 506.2 and ASTM C 1140, which cover preparing and
testing specimens from shotcrete test panels.

2.2-Dedtructivetesting

Under this category, samples obtained from hardened
shotcrete by drilling cores, sawing cubes, or prisms are
tested to failure. Core samples are most frequently used.
In addition to providing specimens for strength tests,
drilled cores offer an excellent opportunity to visually
examine the shotcrete, at depth, for consolidation, em-
bedment of reinforcement, contact with substrate, sand
stresks, and other faults, as discussed below.

2.1.1 Obtaining core samples-Obtaining core samples
from the actual structure is not aways possible and in
situations where core samples can be obtained, the integ-
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rity of the structure may be damaged to varying degrees
depending on the size, number, and location of the core
samples. ASTM C 42 describes the testing procedure and
explains how the results should be corrected for height-
to-diameter ratio. The nominal core diameter should not
belessthan 2 in. (50 mm) with 3 in. (75 mm) being the
preferred diameter for shotcrete. ASTM C 823 states
when and how cores should be taken, and the required
moisture condition of the cores at the time of test. It is
recommended that interpretation of results be made by
an engineer experienced in shotcrete technology. The
following factors should be considered:

2.2.1.1 Damageto samples-Minor chipping of the
perimeter of core ends during drilling is not significant.
Cracks may invalidate the test result. Sharp diamond drill
bits on watercooled drills rigidly fixed to the structure
normally produce suitable samples.

2.2.1.2 Density-Each 1 percent of void volume in
shotcrete will reduce the strength approximately 5 per-
cent (Neville 1986). If undercompaction is significant,
considerable voids will be present and the extent to
which it is typica of the shotcrete in the structure in
guestion should be determined

2.2.1.3 Presence of reinforcing bars-1t is highly
desirable that cores do not contain reinforcing bars.
However, there is no established standard to account for
the effect of reinforcement on the strength of the speci-
men. Examination of the core failure pattern will help
determine if the bar has significantly affected strength.
Embedded reinforcement can be located using a mag-
netic detector.
2.2.1.4 Evidence of alkali-aggregate reaction, freeze-

thaw damage, sulphate or other chemical attack-1f there
is doubt as to what factors have caused apparent damage,
the advice of a petrographer should be sought.

2.2.2 Tedting drilled cores-Normally, cores are drilled
from the structure after the shotcrete has hardened and
are tested in order to evaluate the qudity of in-place
shotcrete, particularly in terms of uniaxial compressive
strength. Although the strength test itself is fairly simple,
the details of the procedure should be carefully estab-
lished and followed. Numerous factors can affect the
strength which, in turn, can influence judgment of the
overall quality of shotcrete. Some of the factors are the
diameter of the core, its height-to-diameter ratio, direc-
tion of coring in relation to the placing of shotcrete and
the location in the structure, curing and moisture condi-
tions of cores prior to testing, and maximum size aggre-
gate and presence of reinforcing steel in the core.

2.2.3 Cubesand prisms-Such specimens may be sawed
from test panels but they are difficult to obtain from
shotcrete that is bonded to the substrate. It has been
reported that the variation between tests on sawed cubes
is less than that for drilled cores from the same shotcrete
(Rutenbeck, 1976).

2.3-Nondestructive testing
2.3.1 Rebound and indentation tests



EVALUATION OF SHOTCRETE

2.3.1.1 The rebound method and the indentation
method both measure relative hardness of surface layers,
which is generally related to strength. Both methods are
well known and are used. However, the methods are em-
pirical in nature and severa precautions must be taken
to obtain significant results. The methods give only an
estimate of the strength of shotcrete, and then only the
shotcrete near the surface.

2.3.1.2 Hardness methods in combination with other
nondestructive methods have been used to make strength
predictions. It is desirable to take advantage of the
potential offered by the hardness methods because of the
relatively low cost of these methods.

2.3.1.3 The Schmidt Rebound Hammer is the most
commonly used apparatus for measuring the hardness of
concrete by the rebound principle (Malhotra, 1976).
ASTM C 805 desribesthe test procedure. Although this
rebound hammer provides a quick, inexpensive means of
checking uniformity, it has many limitations which must
be recognized. The results of the rebound hammer are
affected by the texture, degree of carbonation, and
moisture condition of the shotcrete surface, thickness and
age of the shotcrete structure, and type of coarse aggre-
gate. Estimation of strength of shotcrete within an
accuracy of 15 to £20 percent may be possible (ACI
228.1R). Each hammer is furnished with a calibration
chart supplied by the manufacturer. However, each
hammer varies in performance and needs cdibration for
use on shotcrete of a specific type and composition. This
test cannot be regarded as a substitute for compressive
strength testing of cores; however, it may be used to
locate nonuniform areas within a shotcrete structure or
to compare the relative strength of one shotcrete with
another. It is suggested that Schmidt Rebound Hammers
for use on shotcrete be calibrated against shotcretes from
the same materials but with arange of strengths.

2.3.2 Penetration test-This method is described in
ASTM C 803. A driver, usually powder-activated, delivers
a known amount of energy to a steel pin. The penetra-
tion resistance of the concrete is determined in place by
measuring the exposed length of the probes, which have
been driven into the concrete. This method measures the
surface hardness of concrete and relates to the strength
property at a depth greater than indicated by the re-
bound hammer method

2.3.3 Pull-out test-In the pull-out test, ASTM C 900,
adynamometer is used to measure the force required to
pull out a specially shaped steel insert with an enlarged
end which has been cast into the shotcrete. A cone of
shotcrete is pulled out with the insert, and the shotcrete
is simultaneously in tension and in shear. The pull-out
force can be correlated with shotcrete compressive
strength. The cost is relatively low and the testing can be
quickly donein the field There may be some damage to
the shotcrete surface which will require patching. How-
ever, the test need not be done to failure of shotcrete; if
a pull-out force of a given minimum value is applied and
the shotcrete has not failed, then the shotcrete can be
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assumed to have attained the compressive strength speci-
fied. The equipment is simple to operate and the tests
are reproducible. It should berecognized that pull-out
tests do not measure strength in the interior of shotcrete.

They have been used effectively for monitoring strength
development at early ages. This method presents some
difficulties when used with shotcrete, since the techniques
used by the nozzleman to embed the insert will, of
necessity, be different than those employed in applying
the shotcrete to the surrounding areas. Therefore, the
test results may not be representative of the bulk of the
shotcrete.

2.3.4 Other tests-Some relatively new in-place pull-out
tests have been developed for testing the in-place
strength of concrete or shotcrete. In one test method, a
suitably shaped hole is drilled into concrete using an
underreaming tool, and an expandable insert is installed
in the hole. The insert is then pulled out in the same
manner asin the pull-out test and the data are analyzed
similarly. This method has the advantage over pull-out
test C 900 in that sampling can be random and not
dependent on the nozzleman’s skill in shooting around an
insert.

CHAPTER 3-VOIDS AND BOND

3.1-General

This section discusses the techniques, tools, and tests
currently available to detect lack of bond to underlying
surfaces and voids in shotcrete.

3.2-Sounding

The most frequently used technique for locating sub-
surface voids is sounding. Sounding can be accomplished
by using a hammer or a “chain drag” method may be
used for horizontal surfaces.

3.2.1 Hammer- Sounding surveys may be conducted
by sriking the finished surface with a hammer. The
operator listens to the ring or sound that the shotcrete
imparts. A sharp ringing sound is indicative of sound
shotcrete. A “drummy” or hollow sound is indicative of
lack of bond between layers of shotcrete or between the
shotcrete and the substrate. Large voids can aso be
detected with a hammer. The “drummy” sounding areas
are marked and data transferred to field records. Before
using this method, several hammer weights should be
tried to determine the best one for the wall thickness and
the materials to revead the “drummy” sounds. Often 1- to
51b (0.5 to 2.3 kg) hammers are used; heavier hammers
being used for thicker shotcrete.

3.2.2 Chaindrag -Horizontal areas can be sounded by
dragging a metal chain across the shotcrete. Voids and
delaminations will be indicated by a change in the sound
emanating from the shotcrete. This method is described
in ASTM D 4580; areas indicating voids and delamina-
tions can be recorded as described in 3.11.
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TENSILE BOND STRENGTH TEST
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Fig. 3.2-Direct tension (tensile bond) - test set-up

3.3-Direct tension (tensile bond)

To perform tensile bond tests, a core drill, usually 2
in. (50 mm) in diameter, is used to drill through the shot-
crete layer into the substrate or underlying layer. A steel
disk is attached to the top of the core with an epoxy
resin. The test setup is shown in Fig. 3.2. During testing,
atensle load is applied to the plate through a loading
rod and hydraulic ram. Measured failure loads divided by
core area are reported as bond strength. This method
gives numerical tensile bond strengths between shotcrete
layers or between shotcrete and the substrate when fail-
ure occurs at the bond line. If failure occursin the shot-
crete or the substrate, the bond strength is known to
exceed the cohesive strength of the system. The data
should be examined by the engineer to determine accept-
ability. Extreme care in drilling must be exercised to
obtain representative results. Any eccentricity in the core
barrel or wavy or stepped core surfaces can cause tensile
loads which are not paralldl to the axis of the core and
result in lower indicated strengths.

3.4-Sonic and radar methods

Techniques that have been developed for testing con-
crete can also be used to provide information on the
integrity of shotcrete. These nondestructive methods are
based on the effects of internal defects, such as
delaminations and voids, on wave propagation through
the test object.

In general, these methods involve the introduction of
an energy pulse into the test object at an exposed sur-
face. If the pulse is mechanical, such as by impact, the
methods are referred to as sonic methods. If the pulseis
electromagnetic, the method is known as radar. In either
case, the pulse propagates through the object and inter-
acts with interfaces between dissimilar materials, such as
those between shotcrete and air or shotcrete and steel.
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By monitoring the signal produced by the reflected por-
tion of the pulse or the portion that passes through the
object, a trained operator can interpret the received
signa and decide whether the test object is solid or
contains internal defects. Because these are indirect
methods, survey results should be verified at selected
locations by means of cores.

3.4.1 Sonic methods-Methods based on the propaga
tion of sound waves, or mechanical stress waves, through
amaterial are sensitive to changes in density and elastic
stiffness (Sansalone and Carino, 1991). Therefore, sonic
methods have proven useful for inspection of concrete
structures. Depending on the technique that is used,
sonic methods can be used to provide information on the
uniformity of the concrete (or shotcrete) in the structure
or to locate hidden defects. The sonic techniques can be
divided into transmission and echo methods.

3.4.1.1 Transmisson method-In the transmission

method, a transmitting transducer is used to introduce a
pulse of vibrational energy into a member. The pulse
propagates through the member and is received by
another transducer located directly opposite the trans-
mitter. The test instrument includes a timing circuit to
measure the time it takes for the pulse to travel from the
transmitter to the receiver. The measured distance be-
tween the transducers is divided by the travel time to
obtain the pulse velocity through the member (Naik and
Malhotra, 1991). Since the transducers emit a pulse with
characteristic frequencies greater than 20 kHz, the tech-
nique is commonly called the ultrasonic pulse velocity
(UPV) method. The travel time is dependent on the elas-
tic properties and density of the materia aong the travel
path. The presence of defective material, such as due to
inadequate consolidation, voids, or microcracking, in-
creases the travel time and results in a lower apparent
pulse velocity (see Fig. 3.4.1.1). If there is alarge void or
delamination and the transducers are far from the edge
of the void, the pulse does not arrive at the receiver, and
travel time cannot be measured.

Procedures for performing UPV tests are given in
ASTM C 597, and information on using the method to
estimate in-place strength is provided in ACI 228.1R. For
the latter application, the user must be aware of the
interfering factors affecting the UPV that may result in
wrong strength estimates. In performing UPV tests, a gel
or grease is used to ensure effective coupling of the
transducers to the surfaces of the member. Ineffective
coupling results in an increase in the apparent travel
time.

The preferred testing configuration is to have the
transducers located directly opposite each other as shown
in Fig. 3.4.1.1. This direct orientation ensures the highest
signa amplitude and the most reliable travel time mea-
surement. However, it is possible to place the transducers
on two perpendicular surfaces, and make measurements
by the semidirect method (see Fig. 3.4.1.1). In this case,
the signad amplitude will be affected by test geometry,
and the timing circuit may not measure the correct travel



EVALUATION OF SHOTCRETE 506.4R-5
Semidirect
method Transmitter
A = shortest travei time Receiver

B = longer travel time Cc
C = infinite travel time

Fig. 3.4.1.1-Ultrasonicpulse velocity method showing different situations

Pulse-echo Pitch-Catch Impact-echo
Transmitter/ i ; .
Receiver Transmitter Receiver Receiver

impact

Fig. 3.4.1.2-Echo methods

time. Hence, this method should only be used by exper-
ienced operators, and it may be advantageousto use an
oscilloscope to monitor the received signal to confirm the
travel time indicated by the instrument. The use of the
surface method, in which the transducers are located on
the same surface, is not recommended for routine testing
because there is uncertainty about what is actualy
measured.

The UPV method is a relaively smple and rapid test
method that can establish the uniformity of the shotcrete
in a member. Its major disadvantages are the need for
access to two sides of the member and lack of informa-
tion of the location of an apparent anomaly with respect
to the depth of the member. These deficiencies can be
overcome by using the sonic echo methods.

3.4.1.2 Echo methods-The sonic echo methods are,
in principle, similar to the sonar technique for measuring
the distance to an underwater target. A stress pulse is
applied to a free surface of the test object, and the pulse
propagates into the object as different type of stress
waves (Sansalone and Carino, 1991). When the waves are
incident on an interface between dissimilar materials,
portions of the waves are reflected back to the test

surface. The arrival of the reflected waves causes surface
motion which is measured by an appropriate transducer.
If the wave speed through the material is known and the
round-trip travel time is measured, the distance from the
surface to the reflecting interface can be determined.
Depending on how the stress pulse is generated and how
the reflected waves are monitored, different names are
used for these echo methods (see Fig. 3.4.1.2).

The amplitude of the reflection at an interface is
governed by the difference in the acoustic impedances of
the materials. The acoustic impedance is the product of
the wave speed and density. At a concrete-air interface,
thereis nearly complete reflection of the incident stress
wave and this accounts for the success of the echo meth-
ods in detecting the presence of voids and cracks. Even
if thevoid is filled with water, there is still a sufficient
difference in acoustic impedance to cause strong reflec-
tions.

In the testing of metals, a single transducer is used to
emit the stress pulse and to measure the surface motion
caused by the arrival of the reflected wave. In this case,
the technique is known as pulse-echo, and it requires a
pulse with a duration that is a small fraction of the
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round-trip travel time. Thisis necessary to ensure that
the transducer stops vibrating as a transmitter in time to
act as areceiver. As aresult, a pulse-echo transducer has
to emit a short pulse of high frequency waves (generally
greater than 500 kHz). Such high-frequency waves would
be quickly attenuated in concrete, due to reflection and
scattering by the air voids and paste aggregate interfaces.
Therefore a high frequency, pulse-echo system is not
available for testing concrete or shotcrete structures.

Some success has been achieved by using two trans-
ducers on the test surface in the pitch-catch configuration
asshownin Fig. 3.4.1.2. The damped, transmitting trans-
ducer sends out a pulse of stress waves with frequencies
in the range of 100 to 200 kHz and a receiving trans-
ducer monitors the arrival of the reflected waves An
oscilloscope is used to measure the round-trip travel
time. As summarized by Sansalone and Carino (1991)
various researchers have developed pitch-catch devices
for laboratory and field use. However, for one reason or
another, they have not been developed into commercial
test systems. One of the mgjor limitations of prototype
pitch-catch systems has been their limited penetration,
which is on the order of 10 to 12 in. (250 to 300 mm).

Some of the limitations of the pitch-catch method
have been overcome by the impact-echo method. A short
duration stress pulse is generated by mechanical impact
on an exposed surface, and the resulting surface motion
is measured by a sensitive, high fiddity displacement
transducer. The distance between the impact point and
receiver should be between 0.2 to 0.5 of the depth of the
reflecting interface. Contrary to the other echo methods,
signal analysis does not involve measurement of the
round-trip travel time. Instead, the impact-echo method
relies on the principle that the stress wave produced by
the impact undergoes multiple reflections between the
internal reflector (or the opposite side of the test object)
and the test surface. Thus, the stress pulse arrives at the
top surface at a frequency that is dependent on the wave
speed and depth to the reflector. The signa analysis
technique determines the wave arrival frequency. This is
accomplished by transforming the digitally recorded,
time-domain waveform from the receiver into the fre-
guency domain using atechnique called the fast Fourier
transform. The result of the transformation is an ampli-
tude spectrum which gives the amplitudes of the principal
frequency components in the waveform. For dab-like
structures, such as walls and dabs-on-grade, the ampli-
tude spectrum is dominated by a single peak at a fre-
guency corresponding to the inverse of the round-trip
travel time. Frequency anaysis simplifies the interpreta-
tion of impact-echo signals.

For a successful impact-echo testing, it is necessary to
match the duration of the impact with the depth of the
defect that is to be measured. The underlying principles
have been explained elsawhere (Carino, Sansalone, and
Hsu, 1986, Sansalone, Lin, Pratt, and Cheng, 1991). As
aguide, the duration of the impact should be less than
the round-trip travel time of the stress wave. For
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example, if it isto be determined whether a delamination
exists at the interface of @ 0.10 m thick layer of shotcrete,
and if the wave speed is 4000 m/s, the duration of the
impact should be less than (2 x 0.10 m)/(4000 m/s) =
0.00005 s, or 50 microseconds. Based on the theory of
elastic impact, it can be shown that an impact of this
duration can be achieved by using a 10 mm sphere as the
impact source. Thus impact-echo testing of relatively thin
shotcrete layers requires using small impactors.

The basis of the impact-echo method has been docu-
mented in a series of analytical and experimental studies,
which were initiated at the National Institute of Stan-
dards and Technology (formerly the National Bureau of
Standards) and have continued at Cornell University. It
has been shown that, in addition to measuring member
thickness, the technique can locate delaminations, voids,
and honeycombing in plain and reinforced concrete (San-
salone and Carino, 1988a, 1988h). These defects are
fairly easy to locate within slab-like members. It has aso
been shown that in order to be able to detect reflections
from an interface, the ratio of the acoustic impedances of
the materials has to be less than about 0.6 or more than
about 1.7.* Subsequent work at Cornell University lead
to the development of a prototype test system (Pratt and
Sansalone, 1992) that has been commercialized, and ex-
tended the application of the method to prismatic mem-
bers. The interpretation of tests of prismatic members is
inherently more complex due to the modes of vibration
that originate from reflections by the sides of the
members. Nevertheless, with proper training, a user can
locate defects within beams and columns.

Another variation of the echo methods is to monitor
the time history of the impact by means of an instru-
mented hammer. The output of the receiver and load cell
are converted to the frequency domain and a characteris-
tic transfer function for the structure is determined. The
transfer function contains information about the integrity
of the structure. This approach, known as the impulse-re-
sponse method, has been used for detecting voids beneath
pavements and integrity testing of deep foundations.

3.4.2 Ground penetrating radar-Radar is the electro-
magnetic equivaent of the pulse-echo method A trans-
mitter sends out a pulse of electromagnetic radiation and
a receiver senses the arrival of the reflected portion of
the pulse. Measurement of the round-trip travel time and
knowledge of the propagation speed allows determination
of the distance to the reflector. Originally developed for
military purposes, its early civilian uses were for geologic
investigations and for locating buried objects in sails. In
the 1970s, radar was used for detecting voids beneath
concrete pavements; and, in the 1980s, attention focused
on using it to locate delaminationsin bridge decks. The
technique is known by various names such as short-puke
radar, impulse radar, and ground penetrating radar.

* Lin, JM, and Sansalone, M., "Impact-Echo Response of Hollow Cylindrical
Concrete Structures Surrounded by Soil or Rock: Numerical Studies,” mantscript
submitted to ASTM G, hnical Testing J
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From an electromagnetic viewpoint, materials can be
classified as conductors, such as metals, and insulators or
dielectrics. Electromagnetic wavesin the short radio and
microwave range (on the order of 1 GHz) of the eectro-
magnetic spectrum will propagate through dielectric
materials and will be reflected by embedded conductors.
The electromagnetic properties of insulators are char-
acterized by their dielectric constants. The dielectric
constant of air is, by definition, equal to 1 and for water
it is 80. Concrete may have a dielectric constant between
6 and 11, depending primarily on moisture content, a
gravel subbase may have a value between 5 and 9, and
rock may have a value between 6 to 12 (ASTM D 4748).
The propagation speed of electromagnetic waves in air
equals the speed of light, or about 3 x 108m/s. The
propagation speed in a dielectric equals the speed in air
divided by the square root of the dielectric constant.

A pulse of electromagnetic waves will propagate
through a dielectric and a portion of the pulse is re-
flected if there is an interface between materials of
different dielectric constants. Whereas a stress wave is
totally reflected at a shotcrete-air interface, only a
fraction of the electromagnetic pulseis reflected. Thus,
signals due to the arrival of reflections from cracks and
voids have low amplitude. In asimulation study, Maser
and Roddis (1990) found that a 3 mm air gap in concrete
produced little noticeable effect in the received wave-
form. However, the addition of moisture to the simulated

crack resulted in stronger reflections which could be
noticed in the waveforms. The presence of reinforcing
bars, or other embedded metals, results in total reflection
of the incident portion of the pulse. The strong reflec-
tions from embedded metal objects may mask the weak
reflections from shotcrete-air interfaces that may be
present.

The duration of the electromagnetic pulse controls the
penetrating ability and resolution of theradar. A longer
duration pulse can penetrate further, but it has poorer
resolution (resolution refersto the ability to distinguish
between small or closdly spaced reflectors). The high
resolution antenna commonly used for ingpection of con-
crete pavements and bridge decks has a pulse length of
about 1 nanosecond (ns), which corresponds to a propa
gation distance of about 120 mm in shotcrete with adi-
electric constant of 6. To be able to measure depths
accurately, the pulse length must be less than the round
trip distance. Therefore, the minimum depth that could
be measured accurately by a 1-ns pulse is 60 mm.

Various techniques have been used to assist in inter-
preting the large amount of data recorded during a radar
scan. A common method of presenting the results of a
radar scan is using a graphic recorder. Such a device
operates on the principle of threshold plotting as il-
lustrated in Fig. 3.4.2. When the signal amplitude exceeds
a user-defined threshold value, the stylus of the graphic
recorder draws a line on the paper. The length of the
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line corresponds to the time interval during which the
threshold value is exceeded. Thus, the time-domain wave-
formistransformed into a series of dashes as shownin
Fig. 3.4.2(b). As the paper feeds through the recorder
and the antenna is scanned across the surface, the dashes
result in a series of horizontal bands on the paper, and
the position of the bands is related to the depth of the
reflector. If the antenna is scanned across a slab con-
taining a void, the output of the graphic recorder will be
similar to that shown in Fig. 3.4.2(c). In effect, the output
represents a cross-sectional view of the structure.

3.5-Infrared thermography

The technique known as infrared thermography is based
on the following principle. If there is heat flow into or
out of an object, the presence of a defect with a different
thermal conductivity than the surrounding material af-
fects the heat flow. As aresult, the surface temperature
will not be uniform. By measuring the surface tempera
ture, the presence of the defect can be inferred The
variation in surface temperature is measured by the use
of another physical principle, namely, a surface emits
radiation at a rate that depends on its temperature.
Within the vicinity of room temperature, the radiation is
in the infrared range of the electromagnetic spectrum.
Therefore, a calibrated infrared scanner, which is similar
to avideo camera, can be used to obtain a* picture” of
the variation in surface temperature. Infrared scanners
are capable of detecting temperature differences aslow
as 0.1 deg C, but the detectors have to be cooled by
liquid nitrogen to attain such sensitivity.

Infrared thermography has been used successfully to
locate delaminations in concrete bridge decks and it can
be used for shotcrete as well. To apply this technique,
there needs to be heat flow into or out of the test object.
This can be achieved by artificial heating or by using the
natural effects of solar heating and night-time cooling
(ASTM D 4788). For example, during solar hesting, the
presence of a delamination would block the flow of heat
into the structure, and the area above the delamination
would become warmer. Thus, portions of the structure
identified as hot spots by the infrared scanner would be
potential locations of subsurface anomalies.

Even with proper heat flow conditions, not all delam-
inations are detectable by infrared thermography. Analy-
tical studies by Maser and Roddis (1990) examined the
factors affecting the differences in the surface temper-
ature of a solid concrete slab, and a slab with a delamin-
ation. It was found that the maximum differentia surface
temperature decreased as the depth of the delamination
increased, and as the width decreased. Also, a water-
filled delamination resulted in nearly identical surface
temperatures as in a solid dab.

3.6-Radiography

Radiography uses high-energy forms of el ectromag-
netic radiation (X-rays and gamma rays) to determine
the internal condition of a portion of a structural mem-
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ber, or locate embedded reinforcement. Radioactive iso-
topes, such as cobat-60, cesium-137 and iridium-192, can
be used to provide gamma rays, and portable devices
have been developed to generate X-rays. The radiation
sourceis placed on one side of the test object, and spe-
cial photographic film is placed on the opposite side. As
the penetrating radiation passes through the material, a
portion is absorbed or scattered. The amount of absorp-
tion and scattering increases as the density of the
materia increases, and hence, the intensity of the radi-
ation that strikes the film decreases with increasing
density of the material between the source and the film.
Thus, reinforcing bars show up as light areas on the ex-
posed film, while cracks and voids show up as dark areas.
However, narrow cracks for which the crack planeis per-
pendicular to the direction of the radiation, such as
delaminations, are difficult to detect.

Radiographic equipment is bulky because of the
shielding required for safety reasons. Long exposure
times are required for thick members, and the test site
has to be evacuated except for the licensed testing
personnel. For these reasons, radiography is not used
routinely unless it is the only method that will be able to
provide the needed information.

CHAPTER 4-DENSITY

4.1-General

4.1.1 The nature of shotcrete application may result in
variations in homogeneity of the structure, which do not
commonly occur in conventiona concrete. Such varia-
tionsinclude: sand lenses or streaks, porous zones, and
segregation of stonein the case of coarse aggregate dry
process shotcrete. Further information on the nature of
shotcrete is available in ACI 506R.

4.1.2 One type of variation in the composition of shot-
crete isnormal and desirable. As shotcreteis first applied
to a surface, there is no layer of mortar in which the
coarser particles can embed, they, therefore, rebound.
This process leaves a cement-rich bonding layer at the in-
ter face of the substrate and the shotcrete. As shooting
continues, a layer of mortar will be built up thick enough
to retain the coarser particles.

4.1.3 Typical shotcrete structures, including those
judged to be substandard, are illustrated in ACI 506R,
Guide to Shotcrete, and in Figs. 4.1, 4.2, and 4.3.

4.2-Density

4.2.1 Other factors being equal, the in-place density of
shotcrete is a mgjor factor in determining its quality and
durability. Strength and service life will be decreased as
a function of void content or porosity. The in-place den-
sity can be easily determined by the procedures of ASTM
C 642¢ using cored samples. The test results are sensitive

* The absorption of the aggregates themselves will affect test results. Limits
quoted are for relatively low absorption aggregates, generally less than 2 percent.
Higher limits will be required for more absorptive aggregates.
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Fig. 4.1-Serious sandpocket developd because of care-

lessness of nozzemen. Use of the No. 6 bar made proper
encasement more difficult butwith careful and skilled
nozzling, the work could have been properly accomplished

Note the fine crack above the bar and also mending down
from the bottom of the sandpocket. When cracking develops
above the line of a bar, a continuous sandpocket may be
suspected behind the bar. The sandpocket reduces the
section area, encouraging cracking

to size of sample, so it is suggested that comparative or
specification compliance tests be conducted on samples
of similar size. Cubes of 3 in. (75 mm) dimension or
cores of 4 in. (100 mm) diameter have been found to be
satisfactory for density measurements.

4.2.2 For specification purposes, water absorption
vaues, particularly the boiled absorption determined by
ASTM C 642, have been found useful. A typical boiled
absorption value of good quality shotcrete would be less
than 8 percent.*

4.2.3 The quality of in-place shotcrete from the same
mixture can be compared by density determinations.

4.2.4 Because of variations, it is recommended that
density tests be determined by averaging a minimum of
three individua tests, each on a different sample.

CHAPTER 5-PERMEABILITY

5.1-General
Permeability of shotcrete is recognized as a critica
component of durability and protection of reinforcing

*The absorption of the aggregates themselves will affect test results. Limits
quoted are for relatively low absorption aggregates, generally less than 2 percent,
Higher limits will be required for more absorptive aggregates.
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Fig. 4.2-Overspray on vertical reinforcing bars. Note the
hardened overspray chipped off the bar at the lower left of
the picture. Glossy texture of shotcrete surface indicates
correct water content. For adequate bond of any additional
shotcrete, the glazed surface must be removed by brooming
or screeding at or before initial set

stedl. Reported results are difficult to compare because
there is no standard test procedure for permeability.

5.2-Permeability tests
5.2.1 Laboratory permeability under hydrostatic pressure

5.2.1.1 In these tests, a core or cylindrical sample of
concrete is sealed into a chamber and hydrostatic pres-
sure is applied to the top surface. Measurements are
made of the time for a specific volume of water to pass
through the sample as uniaxial flow. Calculations of per-
meability are made from Darcy’s Equation.

5.2.1.2 The U.S. Corps of Engineers, Canada Cen-
ter for Mineral and Energy Technology, and the Interna-
tional Standards Organization have each developed a test



Fig. 4.3 void behind bar caused by failure to remove
overspray

procedure. Present experience suggests that they are dif-
ficult to perform on high quality (low permeability) con-
crete or shotcrete because they need high pressures
and/or long test times.

5.2.2 Chloridepermeability-Thereis a special rapid
chloride permesbhility test, ASTM C 1202, that measures
the rate of chloride ion flow through cores with the
driving force of avoltage differential. Values for shot-
crete need to be correlated with degrees of permeability.

5.2.3 In situ permeability

5.2.3.1 There are devices which drive gas or water
into a hole drilled in shotcrete and measure the volume
of materia injected over time. Proprietary devices have
been developed in Denmark, England (for example, the
FIGG Test), and Japan.

5.2.3.2 There is little experience or published work
on the permeability testing of shotcrete. Specifications for
concrete permesbility levels are not extensively used.

5.2.3.3 At this time, it is not appropriate to recom-
mend permeability limits for shotcrete.

CHAPTER 6-EVAULATION OF FRESHLY
MIXED SHOTCRETE

6.1-General
As with conventional concrete, tests performed on the
freshly mixed materia can be used to control quality.
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6.2-Tests applicable for wet process shotcrete

The following test procedures can be employed to
determine the properties of wet process shotcrete.

6.2.1 Time of setting

ASTM C 1117 — Tie of Setting of Shotcrete Mix-
tures by Penetration Resistance

ASTM C 403 — Time of Setting of Concrete Mixtures
by Penetration Resistance

6.2.2 Workability

ASTM C143— Slump of Hydraulic Cement Concrete

ASTM C360— Ball Penetration in Fresh Portland
Cement Concrete

6.2.3 Air content-Since wet process shotcrete is
pumped, injected with air, and impinged on a surface, air
content should be determined after shooting.

ASTM C 138 — Air Content (Gravimetric) Unit
Weight and Yield of Concrete

ASTM C 231- Air Content of Freshly Mixed Con-
crete by the Pressure Method

ASTM C 173— Air Content of Freshly Mixed Con-
crete by the Volumetric Method

6.2.4 Sampling

ASTM C 172 — Sampling Freshly Mixed Concrete

6.2.5 Test specimen fabrication

ASTM C 1140 — Preparing and Testing Specimens
from Shotcrete Test Panels

ASTM C 192 — Makingand Curing Concrete Test
Specimens in the Laboratory

6.3-Teds applicable for dry mix process shotcrete

Since dry-mix process shotcrete is a nonplastic mix-
ture, standard test methods for freshly mixed concrete
cannot be used. The following test method has been used
by various researchers.

6.2.1 Tie of setting

ASTM C 1117 — Time of Setting of Shotcrete Mix-
tures by Penetration Resistance

6.2.2 Test specimen fabrication

ASTM C 1140— Preparing and Testing Specimens
from Shotcrete Test Panels

CHAPTER 7-DETERMINATION OF SHOTCRETE
MIXTURE PROPORTIONS

7.1-General

The procedure described in 7.3 may be used to deter-
mine the in-place proportions of cementing material and
oven dry aggregate for shotcrete. Because rebound is low
in the wet-mix shotcrete process, the in-place proportions
should not vary significantly from the as-batched mixture
proportions. In the dry-mix shotcrete process, however,
the rebound tends to contain a higher proportion of ag-
gregate compared with cementitious material. Therefore,
the in-place cementitious materials content will tend to
be higher than in the as-batched shotcrete.

7.2-Sampling
7.2.1 Normal setting shotcrete-Within 15 min of appli-
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cation of the shotcrete, remove three samples totaling at
least 2,000 g. The full depth of the shotcrete should be
obtained Place the samples in a nonabsorbent pan.
When it is necessary to carry the sample a distance to the
laboratory, it should be covered

7.2.2 Accelerated shotcrete-lmmediately after applica-
tion of the shotcrete, and before initial set, remove three
samples totaling at least 2,000 g. The full depth of the
shotcrete should be obtained. Immediately mix each sam-
ple with acetone of known mass; 1,000 g would be suffi-
cient. Cover samplesto prevent evaporation of the ace-
tone. The test procedure in 7.3 should then be continued,
compensating for the weight of acetone in each weighing
and calculation.

7.3-Test procedure

The following steps, except for the oven drying, should
be completed within 30 min after the sample has been
obtained.

7.3.1 Mix the sample thoroughly, breaking up al large
pieces.

7.32Weigh approximately 1,000 g of sample. Place
the test sample in a container and add sufficient water to
cover it. Agitate the contents of the container vigorously
and immediately pour the wash water over a nest of two
sieves arranged with aNo. 16 (1.25 mm) sieve on top and
aNo. 200 (80 pm) Sieve on the bottom. Agitate with suf-
ficient vigor to effect the complete separation from the
coarse particles of all particles finer than the No. 200 (80
pm) sieve and bring the fine material into suspension in
order that it will be removed by decantation of the wash
water. Avoid the decantation of the coarse particles of
the sample. Repeat the operation until the wash water is
clear. Return all material retained on the nested sieves
to the washed sample. Dry the washed aggregate to con-
stant weight at a temperature of 110 25 deg C, and
weigh the massto the nearest 0.1 percent.

7.3.3 Determine the total moisture content of at least

a (separate) 500 g sample by ASTM C 566 using a hot
plate and anhydrous denatured a cohol to accelerate the

dryi ng. _

7.3.4 Calculations

A = Initial weight of shotcrete sample in grams
(sample weight = approximately 1,000 g)

€ = Lossinweight on washing and drying Sample
A in grams

B = initial weight of shotcrete sample for moisture
content determination in grams (sample
weight = approximately 500 g)

C = Ovendry weight of shotcrete sample for mois-
ture content determination

p =  Tota moisture content in Sample B, percent

m =  Lossin weight on drying Sample B in grams

a = Average weighted aggregate absorption, per-

cent, of combined aggregates (determined

separately by ASTM C 127 and ASTM C 128)

Cementitious content; Oven-dry aggregate, ratio by
weight =
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1. (100 +@)A-0
__“4p)
w (¢ 522
where
_ m x 100
P= T
7.3.5 Examples
® Weight of 1,000.0 g fresh shotcrete
Sample A plus No. 200 mesh (80 um) seve =1,350 g
o Weight of sample plus No. 200 mesh
(80 urn) sieve after washing and drying =10504¢
£ = difference 300¢g
" Weight of fresh concrete Sample B
plus pan =1000g¢g
" Weight of oven dried Sample C
plus pan = 9679
n m = difference =33¢g
» Weight of pan =400 g
1 Percent average weighted absorp-
tion, a = 1.0 percent
Percent total moisture in shotcrete Sample B
— - mx 100
C
=33 x 100 _
967200 5.8 percent

Cementitious Content: Oven Dry Aggregate Ratio in
Sample A

1. 00 0 @A -0

|oo(e- (“p) )
100 + p

_ 1..(100 + 1.0) (1,000 - 300.0)

(1,000 x 5.38)
100 (300 (100 + 5.8) )

= 1: 2.88 by weight
Note: This is the approximate ratio of cementitious

material to aggregate since the aggregate may have con-
tained material passing No. 200 sieve.

CHAPTER 8-REFERENCES

8.1-Specified references

The documents of the various standards-producing or-
ganizations referred to in this document are listed with
their serial designation.

American Concrete Inditute
228.1R In-Place Methods for Determination of Strength
of Concrete
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506R
506.2

Guide to Shotcrete
Specification for Materials, Proportioning, and
Application of Shotcrete

ASIM
C42 Standard Test Method for Obtaining and Testing
Drilled Cores and Sawed Beams of Concrete
Standard Test Method for Specific Gravity and
Absorption of Coarse Aggregate
Standard Test Method for Specific Gravity and
Absorption of Fine Aggregate
Standard Test Method for Unit Weight, Yield,
and Air Content (Gravimetric) of Concrete
Standard Test Method for Slump of Hydraulic
Cement Concrete
Standard Practice for Sampling Freshly Mixed
Concrete
Standard Test Method for Air Content of Fresh-
ly Mixed Concrete by the Volumetric Method
Standard Practice for Making and Curing Con-
crete Test Specimens in the Laboratory
Standard Test Method for Air Content of Fresh-
ly Mixed Concrete by the Pressure Method
Standard Test Method for Time of Setting of
Concrete Mixtures by Penetration Resistance
Standard Test Method for Time of Setting of
Concrete Mixtures by Penetration Resistance
Standard Test Method for Total Moisture Con-
tent of Aggregate by Drying
Standard Test Method for Pulse Velocity
Through Concrete
Standard Test Method for Specific Gravity,
Absorption and Voids in Hardened Concrete
Standard Test Method for Penetration Resis-
tance of Hardened Concrete
Standard Test Method for Rebound Number of
Hardened Concrete
Standard Practice for Examination and Sampling
of Hardened Concrete in Constructions
Standard Test Method for Pullout Strength of
Hardened Concrete
Standard Test Method for Tiie of Setting of
Shotcrete Mixtures by Penetration Resistance
Standard Practice for Preparing and Testing
Specimens from Shotcrete Test Panels
Standard Test Method for Electrical Indication
of Concrete’'s Ability to Resist chloride Ion
Penetration
D 4580 Standard Practice for Measuring Delaminations
in Concrete Bridge by Sounding
D 4748 Standard Test Method for Determining the
Thickness of Bound Pavement Layers Using
Short-Pulse Radar
D 4788 Test Method for Detecting Delaminations in
Bridge Decks Using Infrared Thermography
The previously listed publications may be obtained
from the following organizations:
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Cl28
C 138
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C172
C173
Cl92
C231
C3a0
C 403
C566
C597
C642
02 0¢]
C805
C823
C900
C1117
C1140

C1202
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American Concrete Institute
P.O. Box 19150
Detroit, M| 48219

ASTM
1916 Race Street
Philadelphia, PA 19103
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