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EXECUTIVE SUMMARY

Background

The Florida Department of Transportation (FDOT) uses AASHTO T 358 [1] “Standard Method
of Test for Surface Resistivity Indication of Concrete’s Ability to Resist Chloride Ion
Penetration” to qualify concrete mixtures containing highly reactive pozzolans. In this test, the
concrete pore network and solution dictate the conductivity and resistivity of electricity through
the specimen. The concrete pore network volume, size distribution, connectivity, and tortuosity
are the target properties of concern that influence the concrete’s ability to keep out undesirable
ions. Other factors such as pore solution conductivity, concrete degree of saturation, aggregate
conductivity, concrete temperature, or use of conductive fibers can also affect the electrical
resistivity measurements that are not related to concrete ionic transport properties. The electrical
connection between the concrete and the resistivity meter provided by moisture on the concrete
surface can also influence the results.

Differences in resistivity readings between laboratory-fabricated samples and field-fabricated
samples have been reported by several authors [1], [2], [3]. Before specifications can be
developed for use of electrical resistivity in quality control programs, potential differences
between field- and laboratory-made samples must be quantified.

The present research was conducted to provide a better understanding of the effect of each of the
factors studied in the variability observed between field-fabricated and laboratory-fabricated
samples, to establish expected variations and formulate recommendations to reduce these offsets
to expand resistivity testing to field-fabricated samples.

Research Objectives

The research objective of this project was to determine the factors that influence the
measurements in surface resistivity between specimens made in the field and in the laboratory
(per AASHTO T 358).

Main Findings
Project findings can be summarized as follows:

e The resistivity results showed that frequency used was significant for the least number of
mixtures and should have only a minor effect.

e Temperature control was found to be significant for only a few mixtures (7% to 20%) and
RCON™ (13% to 27%).

e Time of demolding was found to be significant for more mixtures with surface resistivity
than bulk resistivity.

e Limewater curing in a communal tank vs. in individual buckets was found significant in
40% of the mixtures in both surface and bulk resistivity at 28 days.
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e Moisture state during testing was found to be a significant variable.
e Significant differences in resistivity measurements were found between equipment used.

Recommendations

Based upon the findings from this study, the following recommendations are made:

e Moisture state is not difficult to control during testing. Strict compliance with the ASTM
standards should be followed to ensure reliable electrical resistivity measurements.

e Samples should be cured in buckets with new solution and should not be mixed with
samples from other mixtures. Solution should also not be reused.

e Samples should be rejected if not demolded and final curing is not started within 48 hours
after fabrication.

e Ifused as a quality control tool, concrete samples should be cured in temperature-
controlled curing boxes or insulated coolers that can maintain the temperature in the
range required by ASTM C31 for standard initial curing (ASTM C31 section 10.1.2.1).

Future work

The following topics should be considered for future research on concrete resistivity
measurements:

e How to use concrete resistivity measurements in service life analysis
e Concrete resistivity sensor uses in the field.
e How w/cm variability in the field affects concrete resistivity measurements.
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1. INTRODUCTION

1.1. Background

The Florida Department of Transportation (FDOT) uses AASHTO T 358 [1] “Standard Method
of Test for Surface Resistivity Indication of Concrete’s Ability to Resist Chloride Ion
Penetration” to qualify concrete mixtures containing highly reactive pozzolans. In this test, the
concrete pore network and solution dictate the conductivity and resistivity of electricity through
the specimen. The concrete pore network volume, size distribution, connectivity, and tortuosity
are the target properties of concern that influence the concrete’s ability to keep out undesirable
ions. Other factors can also affect the electrical resistivity measurements that are not related to
concrete ionic transport properties. Higher pore solution ionic concentrations conduct electricity
more easily. Pores that are dry and do not contain pore solution will not conduct electricity,
making the concrete degree of saturation a critical parameter that can influence the results.
Temperature affects the concrete in two ways. High concrete temperatures, especially at early
ages, accelerate the cement hydration reaction, but at the same time, result in a pore system that
has higher transport properties than concrete cured at lower temperatures. The concrete electrical
resistivity is a function of the temperature at the time of testing, with higher temperatures giving
lower resistivity values than lower temperatures [4], [5]. The electrical connection between the
concrete and the resistivity meter provided by moisture on the concrete surface can also
influence the results.

Differences in resistivity readings between laboratory-fabricated samples and field-fabricated
samples have been reported by several authors [1], [3]. Before specifications can be developed
for use of electrical resistivity in quality control programs, potential differences between field-
and laboratory-made samples must be quantified.

The present research was conducted to provide a better understanding of the effect of each of the
factors studied in the variability observed between field-fabricated and laboratory fabricated-
samples, to establish expected variations and formulate recommendations to reduce these offsets
to expand resistivity testing to field-fabricated samples.

1.2. Research Objectives

The research objective of this project was to determine the factors that influence the
measurements in surface resistivity between specimens made in the field and in the laboratory
(per AASHTO T 358).

1.3. Research Approach

To accomplish the project objective, a field- and laboratory-based experimental approach was
used. A literature review was first performed to identify variables that could affect the concrete
resistivity measurements of samples made in the laboratory and field. Six factors identified from



the literature review were used to build an experimental matrix and conduct a ruggedness study
following ASTM C1067 [6] and ASTM E1169 [7]. In the ruggedness study, surface and bulk
resistivity measurements were taken using equipment made by two different manufacturers.



2. LITERATURE REVIEW

2.1. Background

Concrete structures can be made to be very durable in marine and other extremely aggressive
environments. The two most important concrete durability concerns in Florida are corrosion of
the reinforcing steel and sulfate attack. Both of these deterioration mechanisms involve the
transport of water and aggressive chloride or sulfate ions into the concrete through one or more
of the following mechanisms: diffusion, absorption, permeation, electrical migration, or
hydrodynamic dispersion [8]. All of these mechanisms transport the water and ions through the
concrete pores that are filled or partially filled with pore solution. Once corrosion does begin, the
corrosion rate /cor 1s a function of the concrete resistivity as shown in Equation 1:

Leorr = % X Fep X Fgapp X FOZ Equation 1
Where ko is a regression parameter, p() is the electrical resistivity at time ¢, Fe1s a factor to
account for the influence of chloride content, Fean is the factor to account for the galvanic effect,
and Fo: is a factor to account for oxygen content [9], [10]. Because the electrical conductivity of
the pore solution is typically orders of magnitude higher than that of the other phases in concrete,
the pore network ionic transport properties and electrical properties are related. Archie’s law first
empirically determined that the transport properties of porous media are proportional to their
electrical resistivity [11]. A material property called the formation factor /' was made that relates
the concrete pore system volume ¢ and connectivity f to the concrete electrical resistivity p and
pore solution resistivity po or diffusion coefficient D and self-diffusion coefficient of chloride
ions in an infinite solution Dy in Equation 2:

Fe Dy, _p ~ 11 Equation 2
D p, OB

A low concrete diffusion coefficient can be achieved in the structure through water-cementitious
material ratio (w/cm) control, use of supplementary cementitious materials (SCMs), and good
construction practices including curing according to best practices. When combined with
sufficient concrete cover, these measures can result in a structure with a long service life.
Because of its relationship with the concrete pore structure and diffusion coefficient, the concrete
electrical resistivity is often used as a rapid measure of the concrete durability because of its
correlation to concrete absorption and non-steady state diffusion coefficient, as shown in Figure
1 and Figure 2 [12]. It has traditionally been used to qualify concrete mixtures for durability
using laboratory-made specimens. There is a desire to use electrical tests as a quality control tool
for field-produced concrete cured initially in the field before being transported to the laboratory
for curing and storage. A review of concrete electrical properties and the effects of concrete
materials, fabrication and curing procedures, measurement conditions and methods used, and
experiences using resistivity as a concrete acceptance test follows.
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2.2. Concrete Electrical Measurement Methods

With respect to its electrical properties, concrete acts as both a resistor and capacitor. Direct
current induces polarization within the sample at interfaces including contact points for
electrodes, contact the exterior of the sample, and internal interfaces between materials and
material phases within the composite material. This polarization can result in erroneous
measurements. The use of AC current reduces this effect, but the reactance to this capacitive
effect reduces the resistance measured. This is similar in concept to how water sloshing in a tank
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at the top of a building acts as a damper. As a result, the resistive and capacitive effects measured
using AC currents gives a measured “impedance.” The capacitive effects are not related to the
formation factor and need to be minimized to be able to use concrete electrical measurements for
durability assessment [13]. The methods used to minimize the concrete capacitive effects can
have a large effect on the measured results and implied concrete durability.

2.2.1. Measurement Frequency

AC measurements are used to minimize the effects of concrete capacitance on the resistivity
measured. Both sine and square AC waves have been used in the past to measure concrete
resistivity [14], [15], [16] and have used frequencies ranging from 0.1 Hz to 100 kHz [16]. The
Standard Test Method for Surface Resistivity Indication of Concrete’s Ability to Resist Chloride
Ion Penetration (AASHTO T 358) requires that a frequency between 10 and 1000 Hz be used to
measure surface resistivity of concrete specimens. The true concrete resistivity occurs when the
phase angle of the impedance is zero, or the reactance component of the measured impedance is
zero. As this is not practical to measure, the frequency used should be selected to reduce this
response. The reactance is more affected by the concrete microstructure at high frequencies, and
the electrode-concrete interface at low frequencies. Frequencies below 500 Hz generally affect
uniaxial (bulk) resistivity measurements more than surface resistivity measurements because the
instrument-concrete interface is more sensitive in the uniaxial (bulk) resistivity than surface
resistivity configuration [13], [17], [18]. Use of internal embedded electrodes reduces this effect
compared to external electrodes because of the better contact [17]. A comparison of the bulk
resistivity measured using three commercially available resistivity meters on concrete made with
OPC, 25% slag cement, and 50% slag cement at 3, 7, 14, 28, and 56 days showed a difference in
bulk resistivity measurements of 2.3% difference. The three meters used frequencies of 40 Hz,
350 Hz, and 1000 Hz. This variation is at least partially a result of the difference in frequency
used [19], however the results are within the expected within-laboratory coefficient of variation
[20]. A comparison of the CNS Farnell resistivity meter that uses a frequency of 13 Hz and the
Proceq Resipod that uses a frequency of 40 Hz at two laboratories showed that the results are
statistically equivalent [21].

2.2.2. Sample Geometry

Concrete electrical resistivity is a material property independent of concrete sample size, shape,
or other parameters. The geometry used to measure the concrete electrical resistivity can greatly
affect the impedance value measured. This geometry effect can be accounted for analytically for
some electrode arrangements and sample types to calculate the concrete resistivity. Concrete
resistivity is calculated using Equation 3:

p = Rk Equation 3

Where R is the concrete resistance, and & is the geometry correction factor. The geometry
correction factor is dependent on the sample and measurement geometry used.



The most popular concrete resistivity arrangement uses a four-point Wenner probe. Four-point
Wenner probes have been used to measure the concrete resistivity using contact points on the
same surface, hence the name surface resistivity. The current is applied using the outer two
points, while the voltage is measured using the two inner points [22], as shown in Figure 3. The
geometry correction factor for a four-point Wenner probe is shown in Equation 4 [4]:

2na Equation 4

109 0527 734

d d

i ()
Where d is the cylinder diameter. This equation assumes an infinite cylindrical sample. In order
to ensure that the sample geometry will meet this assumption, the cylinder diameter must be less

than 4 times the electrode spacing, and that the cylinder length is at least 5 times the electrode
spacing [4], [22].

k =

Applied Current

Figure 3. Four-Point Wenner Probe Measurement System, after [23]

Two-point resistivity tests, also known as uniaxial or bulk resistivity tests, use two electrodes
placed within the concrete or external to the concrete. The most common method used is to place
two typically metal conductive plates on the ends of a concrete cylinder. A conductive medium
like a wet sponge [13], conductive jelly [20], or other conductive material is placed between the
plates to ensure good conduction between the plates and sample and reduce contact interference.
An AC current is applied to the plates, with the drop in electrical potential measured between the



two plates [13]. The electrical resistance of the sponges is measured with the concrete and
subtracted from the measured resistance using Equation 5 [24]:

Rcylinder = Rmeasured - Rtop sponge ~ Rbottom sponge Equatlon 5
The geometry correction factor used for uniaxial resistance is shown in Equation 6 [13]:

A Equation 6
k = Z

Where 4 is the concrete cross-sectional area perpendicular to the direction of current flow, and L
is the concrete cylinder height or concrete length between the plates.

2.2.3. Concrete Pore Solution

For most concrete materials, the concrete pore solution is orders of magnitude more conductive
than the solid material such as aggregates, cement particles, or solid hydration product.
Consequently, the measurement obtained by concrete electrical resistivity is typically dominated
by the concrete pore structure and pore solution conductivity. The measured concrete resistivity
can be normalized by the pore solution resistivity to calculate the formation factor, as shown in
Equation 2. The concrete pore solution resistivity is predominantly a function of the pore
solution alkali content [25]. The pore solution alkali resistivity can be estimated using the
cementitious material composition, degree of hydration, and assumed value for alkali binding
[12], [25]. It can also be measured using sensors embedded in the concrete [26] or from pore
solution extracted from the concrete [12], [26]. Concrete constituent materials that affect the pore
solution composition and resistivity are discussed in section 2.3.

2.2.4. Electrical Property Test Methods

Standard test methods have existed for several decades to measure the concrete electrical
properties as indices for permeability and durability. While each test is based on the same
physical concept that the permeability and electrical properties are both a function of the pore
structure, they have different requirements that affect the measurements and interpretation of
results and are worth reviewing.

2.2.4.1.ASTM C1202

ASTM C1202 “Standard Test Method for Electrical Indication of Concrete’s Ability to Resist
Chloride Ion Penetration” [27] was developed to provide an index of the concrete chloride
permeability based on correlations found between charge measured passing through concrete
under standard conditions and chloride penetration measured in long-term chloride ponding tests
conducted according to AASHTO T 259 [28], [29]. It was recognized that changes in concrete
pore solution or other concrete constituent materials could affect this relationship. Consequently,
this test method is only applicable to concrete where the correlation between ASTM C1202 and
AASHTO T 259 has been developed. Samples used can be cured in a fog room or limewater tank
for 28 or 56 days. Alternatively, the samples can be cured using an accelerated method in which
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the sample is cured in a moist room or limewater tank meeting ASTM C511 after demolding
until an age of 7 days, followed by curing in limewater at 100.4°F = 3.6°F for 21 days. In this test
method, a 2-in.-thick, 4-in.-diameter concrete sample is first vacuum saturated. The sample is
vacuum saturated to achieve consistent saturation between samples, including cored samples,
because differences in concrete saturation will greatly affect the measured results. In this test, the
concrete sample is vacuum saturated by placing the sample in a vacuum desiccator at less than 2
in. (50 mm) mercury for 3 hrs, after which water is allowed to fill the desiccator while under
vacuum. The concrete remains under water in the vacuum for 1 hr. the vacuum is then released.
After soaking the sample in the water for 18 £ 2 hrs, the concrete sample is placed in a cell with
0.3 M sodium hydroxide on one side and 3 M sodium chloride on the other side, as shown in
Figure 4. 60.0 £ 0.1 V DC is applied to the sample for 6 hrs. The total charge passed through the
sample during the 6 hrs. is measured and recorded. The concrete permeability can be
qualitatively rated for chloride ion penetrability based on the charge passed[27] , as shown in
Table 1.

2" thick concrete disc

Figure 4. ASTM C1202 sample setup, after [27]

Table 1. Concrete chloride ion penetrability categories based on ASTM C1202 charge passed

[27]
Charge Passed (Coulombs) Chloride Ion Penetrability Category
<4,000 High
2,000 — 4,000 Moderate
1,000 — 2,000 Low
100 - 1,000 Very Low
<100 Negligible




ASTM C1202 has several drawbacks that have led to criticism and development of newer test
methods to measure concrete electrical properties:

e The test takes over 24 hours to perform and is labor intensive. The 6 hr electrical
potential application is unnecessary — a much shorter time period can be used to obtain
the concrete electrical properties [30].

e This test method is affected by concrete constituent materials that can alter the pore
solution composition but not the pore structure. Vacuum saturation fills the concrete
pores, including air voids. Water-filled air voids will conduct electricity, but are often not
filled in the field and do not contribute to chloride transport when empty [31].

e Differences in concrete pore solution from chemical admixtures or conductive fibers can
increase the charge passed, even though these materials may not affect the concrete pore
system [27]

e 60V can induce a high electrical current in the concrete, especially in moderate or high
permeability concrete. The charge passed is a function of the concrete temperature during
testing, with higher temperatures leading to higher charge passed [30].

e Concrete sample thickness variation within the tolerances of * %4 in. permitted by the
standard can result in a difference of measured charge passed of 12% [27], [30] [27]

The test has a high coefficient of variation of 12.3% for single operators, and a
multilaboratory difference of 18% [27].
2.2.4.2.ASTM C1760

ASTM C1760 Standard Test Method for Bulk Electrical Conductivity of Hardened Concrete [32]
provides a method to measure the concrete electrical properties in a two-point configuration.
This method was withdrawn in 2021 because of the introduction of ASTM C1876 Standard test
Method for Bulk Electrical Resistivity or Bulk Conductivity of Concrete [33]. ASTM C1760 is
similar to ASTM C1202, with a few modifications. A 4 x 8 in. concrete cylinder or other size
sample can be used without cutting. The length is measured and included in the calculations for
bulk electrical conductivity. Samples are cured and conditioned in the same manner prescribed in
ASTM C1202. After the sample is vacuum saturated, the same cells used in ASTM C1202 and
shown in Figure 4 are attached to the sample ends. A 60.0 £ 0.1 V DC potential is applied to the
concrete; however, the current is only measured at 60 £ 5 s after application. The delay in
measuring the sample is used to allow the sample current to stabilize because of capacitance
effects. The concrete bulk electrical conductivity o is then calculated using Equation 7:

o= 1_1 i Equation 7
V nD?

Where [ is the current measure at 1 minute, V' is the applied electrical potential, L is the sample
length, and D is the sample diameter. This test method has a few advantages over the ASTM
C1202 test. Because the electrical potential is only applied to the concrete for a minute, the
sample does not heat up to increase the charge passed. The allowance for a longer sample
eliminates the need to cut the sample, saving preparation time. There are still a few drawbacks to
this test method. The sample uses DC current instead of AC current, giving potential differences
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with other AC tests because of capacitance issues such as electrode polarization [34]. Differences
in results could be expected depending on the curing method chosen [19]. The vacuum saturation
used in this test should fill air voids with water, making them conductive when they would not be
expected to be filled with water in the field nor be involved in ion transport [31]. Curing the
samples in a moist room will cause alkalis to leach out of the concrete, artificially increasing the
concrete resistivity [12], [35]. This test method was withdrawn in 2021 because ASTM C1876
can also be used to measure the concrete electrical conductivity, is easier to run, and attempts to
solve some of the issues seen in this test method.

2.2.43.AASHTO TP 119

AASHTO TP 119 “the Standard Method of Test for Electrical Resistivity of a Concrete Cylinder
Tested in a Uniaxial Resistance Test” [24] uses a two-point method to measure the concrete
resistivity. In this method, a 4 % 8 in. or 6 % 12 in. concrete cylinder or core or cylinder is used to
measure the concrete resistivity. Samples are cured/ conditioned by immersing the specimen in a
simulated pore solution at 73 + 4 °F immediately after demolding for laboratory-made specimens
or for a minimum of 6 days for field-made cylinders or cores. The simulated pore solution is
intended to minimize alkali leaching out of the sample. The simulated pore solution used
contains 0.19 M NaOH, 0.19 M KOH, and is saturated with lime. A second allowable
conditioning method requires the use of 4 x 8 in. cylinders which are kept at 73 + 4 °F and sealed
during casting until the time of testing. After the specimen conditioning is complete and they
obtain the desired age, the uniaxial resistivity is measured by placing metal plates weighing of at
least 1.39 Ib (630 g) on each end of the specimen. A compressible medium, typically a sponge,
with a maximum thickness of 8 mm is placed between the specimen and each metal plate on the
end. Wires are used to connect the plates to the resistivity meter to apply the current and measure
the potential drop across the specimen [24], as shown in Figure 5. The specimen concrete
materials, curing method and history, diameter, length, and temperature at the time of testing are
reported along with the measured resistivity [24]. The reported single-operator coefficient of
variation for this test is 4.4%, while the multi-laboratory coefficient of variation is 13.2% [24].
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resipod
proceq A

Figure 5. Concrete sample uniaxial resistivity measured according to AASHTO TP 119, figure
by Raid Alrashidi used with permission

This method addressed some of the criticisms given for ASTM C1760. It uses AC instead of DC
to measure the concrete resistivity. This test method uses simpler equipment than ASTM C1760
and is easier and quicker to perform. It cures the samples in a simulated pore solution, reducing
leaching. This test method has potential concerns as well. The test method uses a single
simulated pore solution composition for all concrete mixtures tested regardless of the materials
used. Because the pore solution composition will be different for different concrete constituent
materials, a concentration gradient typically exists between the simulated pore solution and
concrete pore solution [12]. This can cause alkalis or other ions to leach out of the concrete if the
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concrete pore solution concentration is higher than that of the simulated pore solution and
increasing the measured concrete resistivity, albeit at a lower rate and extent than would likely
occur in a moist room or limewater. The reverse can happen if the simulated pore solution has a
higher concentration than the concrete pore solution, causing alkalis to diffuse into the concrete,
reducing the concrete electrical resistivity measured. There is some concern amongst agencies
that implementation of this may be difficult because of the cost of the solution and difficulty in
making the solution. The test method does not require the simulated pore solution to be made
new for each set of samples, nor does it require that the pore solution resistivity be measured
between samples. This could lead to differences in results if the solution is reused.

2.2.4.4.ASTM C1876

ASTM C1876 “Standard Test Method for Bulk Electrical Resistivity or Bulk Conductivity of
Concrete” [33] was developed to provide a simpler test method to measure concrete electrical
properties and fix some of the shortcomings identified with ASTM C1760. This uniaxial
resistivity test is similar to AASHTO TP 119. The test method specifies that a verification
cylinder be used to verify the resistivity meter calibration. The 4 x 8 in. hollow verification
cylinder must be non-conductive and contain five precision resistors with resistances distributed
between about 10 Q and 100 kQ and connected in parallel to the two stainless steel end plates.
The cylinder must have a switch to isolate one resistor at a time to measure the meter resistivity.
The specification requires that the metal end plates used to measure the concrete resistivity are
between 6- and 8-mm thick be used. Sponges soaked in an electrically conductive solution such
as saturated limewater are placed between the metal plates and concrete ends, like in AASHTO
TP 119, except that sponge thickness requirements are not given. ASTM C1876 requires that the
samples be soaked in a bucket containing a simulated pore solution with 0.19 M NaOH, 0.19 M
KOH, and saturated with lime at 73+4 °F for at least 6 days prior to measuring the concrete
resistivity. The resistivity must be measured after blotting off free water on the concrete cylinder
surface and within five minutes of removing the concrete from the simulated pore solution. The
concrete resistivity is measured using an AC current and frequency of 1-kHz by default. This test
has a reported single-operator coefficient of variation of 4.3% and multi-laboratory coefficient of
variation of 13.2% [33]. This test method is very similar to AASHTO TP 119 but does not
provide multiple conditioning alternatives. This can help remove some confusion and differences
in reported results that may arise when AASHTO TP 119 is used with different curing methods
but comes with the same advantages and disadvantages described in section 2.2.4.3. Use of a 1
kHz frequency to measure the concrete resistivity should slightly improve repeatability;
however, it disallows the use of several commercially available concrete resistivity meters [19].

2.2.45.AASHTO T 358

AASHTO T 358 “Standard Method of Test for Surface Resistivity Indication of Concrete’s
Ability to Resist Chloride Ion Penetration" [36] uses a four-point Wenner probe arrangement to
measure the surface resistivity of concrete. In this method, the surface resistivity of at least three
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concrete cylinders, 4 x 8 in., or 6 x 12 in. cast concrete specimens are measured. After initial
curing in the mold, the specimens are marked at 4 equidistant circumferential points on the top
that extend down the concrete sides to mark locations to measure the concrete resistivity at four
locations. After marking the specimen, they are cured in either limewater tanks, a moist-curing
room, or using the accelerated curing method described in ASTM C1202. After removing the
samples from curing, they are wiped with a wet towel or sponge to remove free surface water on
the specimens. Each sample is placed in a holder horizontally to keep it from rolling away during
measurement, as shown in Figure 6. The probe is placed on the sample surface along the first
line at 0 degrees to measure the concrete surface resistivity. After measurement, the sample is
rotated, after which the resistivity meter is placed on the concrete on the line 90 degrees to the
first line used to measure the concrete surface resistivity. The specimens are rotated and
measured until the specimen surface resistivity has been measured on each of the four lines
twice. The concrete temperature during measurements should be recorded [36]. This test method
was found to have a within-lab repeatability COV of 4.28% and between-lab reproducibility
COV of 8.52% for samples made from 12 different concrete mixtures tested at 14 laboratories
[21]. This test method has had many years of good use. There is a concern that curing solution
could remain on the surface and provide a short-circuit for the electricity during the test. The
opposite problem of surface drying could occur and result in artificially and erroneously inflated
resistivity results.

et o

Figure 6. Concrete sample surface resistivity measured according to AASHTO T 358, figure by
Raid Alrashidi used with permission
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2.3. Concrete Properties that Influence Transport Properties and Electrical Measurements

Concrete electrical measurements are used to inform about the concrete pore system and
transport properties. Some material properties will influence the concrete transport properties and
consequently the electrical measurements. Concrete materials, mixture proportions, and curing
methods used will affect the concrete transport properties and in turn the concrete electrical
properties measured, however they do not always affect each equally. Control of these variables
will help ensure that concrete quality can be measured reliably with high repeatability.

2.3.1. Materials and Mixture Proportions

2.3.1.1.W/CM

Concrete water-cementitious material ratio (w/cm) has been known for over 100 years to be the
primary factor in controlling the concrete strength and transport properties [37]. Concrete pores
are water or vapor filled space. The water-filled space during mixing can be replaced with solid
hydration products during hydration. The portland cement and water react together to form
hydration products such as calcium-silicate-hydrate (C-S-H) that have a lower density than that
of the portland cement. This enables the hydration products to take up more room as solid
material than the cement took up before hydration, filling in some of the space previously filled
in with water. The lower the concrete w/cm, the fewer hydration products required to fill in the
space initially occupied by mixing water to achieve a low porosity [38]. Concrete water control
and reduction can help reduce the concrete porosity, transport properties, and consequently
increase the concrete resistivity. A low w/cm will also increase the ionic concentration in the
pore solution, reducing the measured concrete resistivity while not necessarily affecting the pore
structure. Overall, the reduction in pore solution resistivity, and reduction in pore system volume
and connectivity from using a lower w/cm results in an overall increase in the concrete
resistivity. For example, in one recent FDOT-sponsored study a decrease in the w/cm from 0.44
to 0.35 for samples from an ordinary portland cement concrete mixture cured in the moist room
resulted in a decrease in the measured pore solution resistivity from 16.9 to 12.2 Q-cm and an
increase in the measured concrete bulk resistivity at 28 days from 4.3 to 8.5 kQ-cm [12]. Figure
7 shows a comparison of the pore solution resistivity measured for the same cementitious
material combinations at 0.35 and 0.44 w/cm [12].
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Figure 7. Pore solution resistivity for the same cementitious material combinations at 0.35 and
0.44 w/cm [12]

2.3.1.2.Cement

Portland cement composition can have a large impact on the measured resistivity value, mainly
by affecting the pore system and by supplying alkalis to the pore solution that substantially
determine the pore solution resistivity. Cement composition and fineness will affect the pore
system refinement and development by producing different hydration products. Cement fineness
will principally affect the rate of porosity refinement at early ages [39]. Limestone fines in the
cement will produce hemicarboaluminate and monocarboaluminate phases and stabilize
ettringite formation [40]. This will impart a slight increase in strength and reduction in porosity
when small amounts typically under 8% are used [41], and approximately equal strength to a
system without limestone fines when fifteen limestone percent fines are used [42], [43]. Alkalis
released into the pore solution from the cement are a function of the cement total alkali content,
cement degree of hydration, and alkali binding by the cement hydration products. The National
Institute of Standards and Technology (NIST) created an online calculator to estimate the
concrete pore solution alkali content and resistivity for a given ASTM C150 cement composition
based on an assumed cement degree of hydration and alkali binding factor [44]. The pore
solution conductivity can be calculated within 8% using their simple model that only includes the
OH-, Na+, and K+ concentrations. This shows that the other ions in solution are only minor
contributors to the pore solution conductivity, with sulfate ions typically contributing to less than
2% of the pore solution conductivity [25]. Additional empirical models have been created to
estimate the pore solution alkali composition [45].
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2.3.1.3.SCMs

SCMs affect the concrete resistivity by altering the pore system and altering the pore solution
composition and resistivity. SCMs promote pore system refinement by the filler effect and by
producing hydration products that reduce connectivity [46]. Improved particle packing from the
use of very fine SCMs such as silica fume or ultra-fine fly ash can fill in space, especially in the
interfacial transition zone (ITZ) between the aggregate and cement paste [38]. This has the effect
of reducing the concrete transport properties and increasing the concrete resistivity at the same
time.

SCMs can alter the concrete resistivity by binding alkalis that influence the pore solution
resistivity, or in other cases releasing alkalis from the SCM into the pore solution. The hydroxyl
concentration is closely tied to the pore solution resistivity and is primarily a function of the
sodium and potassium concentration [25]. The pore solution hydroxyl concentration was found
empirically to be a function of the constituent material alkali content, calcium content, and silica
content, as shown in Equation 8 [45]:

B Na,0, X CaO
OH™ = 6.03 G Equation 8

Where OH" is the hydroxyl concentration, Na2Oe is the sodium equivalent alkali concentration in
the composite cementitious system, CaO is the calcium oxide concentration in the composite
cementitious system, and Si0z is the silicon dioxide concentration in the composite cementitious
system. The relationship shown in Equation 8 was based on mixtures all at 0.5 w/cm and with
100% portland cement with alkali contents ranging from 0.36 to 1.09%, 25 to 70% fly ash binary
mixtures with CaO contents ranging from 1.1 to 30.0% and Na2Oe contents ranging from 1.4 to
9.7%, binary mixtures with 25 to 50% slag cement, binary mixtures with 5 to 10% silica fume,
binary mixtures with 10 to 20% metakaolin, and ternary mixtures with silica fume with either fly
ash or slag cement [45]. A recent study sponsored by FDOT made adjustments to the equation to
account for additional data at different w/cm in Equation 9 [12], and found empirically an
equation to calculate the pore solution resistivity in Equation 10 [12]:

__3.015 Na,0, X Ca0

w (5i0,)? Equation 9
cm

w P RY
. 1325 (2 (5i05)
(Na,0, x Ca0)

Equation 10

2.3.1.4.Aggregate

Aggregate content is a significant parameter in determining the concrete resistivity. Overall, the
relationship between concrete resistivity and paste resistivity for two cementitious systems was
found to follow a power-law relationship with the paste content as shown in Equation 11 [47].
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pe = pp(1 — V) 71300° Equation 11

Where p. is the concrete resistivity, pp is the paste resistivity, and Va is the aggregate volume.

Equation 11 assumes that the aggregate conductivity is negligible. Coarse aggregate content has
been found in one study to affect the concrete resistivity according to the simple rule of mixtures,
implying that the concrete resistivity is linearly related to the aggregate content [48]. Aggregate
size has been shown to have very little impact on the concrete resistivity [48]. This shows that
the changes to the ITZ by changes to aggregate size have only a minor effect at most on the pore
structure connectivity and that it is the paste volume that really controls the pore system and
resistivity [48]. While the aggregate size does not result in differences in concrete resistivity, it
was found that one will get higher variability in surface resistivity results with larger maximum
aggregate size, likely because larger aggregates can affect the electrical current locally [22]. This
effect may be less in uniaxial resistivity tests because the electrical current flows through the
entire cross-section.

The relationship found between concrete electrical properties and ionic transport properties relies
on the cementitious pore system contributions being dominant with the aggregate contributions
negligible. This works for most portland cement concrete because the electrical resistivity of
aggregates is typically orders of magnitude higher than that of the cement paste. For example,
granite has an electrical resistivity between 5 x 10% and 5000 x 10° kQ-cm. The electrical
resistivity of limestone is typically between 400 and 5000 kQ-cm [49]. Because of the high
resistivity of typical aggregates used, for a given paste system and volume, aggregates most
commonly used in transportation infrastructure do not affect the electrical resistivity unless the
paste system resistivity is high from use of a low w/cm or a particularly high porosity aggregate
[49]. Some less commonly used aggregates that are metallic, such as magnetite or hematite, that
can have electrical resistivity values closer to that of cement paste can reduce the concrete
resistivity [3]. Use of conductive aggregates makes use of electrical resistivity measurements
difficult for concrete quality control unless corrections for the aggregate properties are made.
Similar to other aggregates, the contribution of lightweight aggregates to concrete electrical
resistivity depends on the aggregate porosity. Concrete made with different lightweight
aggregates has been shown to give similar 28-day resistivity values as a control concrete that
increased at 56 days as the lightweight aggregate was able to add internal curing and provide
some pozzolanic reaction at the surface with the cement paste [50].

2.3.1.5.Chemical admixtures

Chemical admixtures can affect the concrete resistivity by altering cement hydration to change
the pore system and by altering the pore solution ionic composition and concentration. Some
admixtures like accelerators and retarders can affect the concrete hydration, especially at early
ages. This would have a corresponding effect on the concrete porosity and consequently concrete
resistivity. Corrosion-inhibiting admixtures that contain calcium nitrite can reduce the concrete
resistivity by as much as a third by increasing the pore solution ionic concentration [51]. Caution
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should be exercised when interpreting the resistivity results of concrete containing corrosion-
inhibitors or other admixtures with high ionic concentrations.

2.3.1.6. Air content

Entrained air affects the concrete resistivity much the same as any empty or partially saturated
pore would. Electricity only conducts through the solution and not through any vapor present in
the void. Entrained air void systems are designed to not be saturated under normal circumstances
so that when a freezing event occurs, they have plenty of space available for ice crystals to form
without causing pressures on the pore walls and microcracking. If the air void becomes saturated
because the concrete is submerged in water for a lengthy period of time or the concrete is
vacuum saturated or exposed to water under pressure, the effect is an increase in the degree of
concrete saturation and its subsequent reduction in resistivity [31]. The concrete formation factor
is independent of the air content for concrete at the transition between initial and secondary
water absorption, also known as the knick-point [31]. At this point, water has filled the capillary
and gel pores, but not the air voids [31], [52].

2.3.1.7.Fibers

Any solid conductive material in the concrete will conduct electricity and lower the measured
resistivity, even if it does not change the concrete transport properties. Embedded reinforcing
steel or conductive fibers such as steel or carbon fibers are conductive and will alter the concrete
resistivity. This is well known, and it is advised in ASTM C1202 to not use that particular test
with these materials [27]. Other conductive materials that have been used in concrete before are
graphene [53] and agricultural residue ash with high carbon content [54].

2.3.2. Sample Curing
2.3.2.1.Temperature

Curing portland cement concrete at high temperatures is known to affect the concrete
microstructural development. While high temperatures accelerate the cement chemical reactions,
they do so at the cost of forming hydration products that are denser and take up less space in the
microstructure, leaving more space as porosity [55]. Calcium-silicate-hydrate (C-S-H), the
cement hydration phase that imparts most of the strength to portland cement concrete,
incorporates less water in its structure and becomes denser [55]. High temperatures also cause
some hydration products to become unstable, leading to different hydration product formation.
For example, ettringite becomes unstable at temperatures above about 158°F, or in some cases
even lower temperatures [56]. Because strength is principally related to the capillary porosity
present in the concrete, an increase in the porosity results in reduced strength and resistivity. This
increase in early-age strength from the higher degree of hydration at high temperatures and
consequent reduced later-age strength compared to concrete cured at lower temperatures is
termed the cross-over effect. It is so named because the lower early-age strength of concrete
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cured at lower temperatures crosses over the strength curve of concrete cured at higher
temperatures to show higher strength [57], as shown schematically in Figure 8.

lustration showing the cross-over effect for concrete cured at different temperatures
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Figure 8. Illustration showing the cross-over effect for concrete cured at different temperatures

The cross-over effect does not necessarily impact all mixtures equally and does not result in the
strength cross over at the same point in time. A concrete mixture with 20% Class F fly ash was
seen to have a 28-day resistivity value 25% higher when cured in 76°F limewater compared to
70°F. The 28-day resistivity value of the mixture made without SCMs and cured at 76°F was
shown to be statistically the same as that cured at 70°F [2].

An example of the long-term strength reduction seen with elevated temperature curing was
recently described for concrete containing limestone fines and calcined clay. This blend of
portland cement, limestone, and calcined clay, called LC3, has excellent strength development at
room temperature because the carbon dioxide from the limestone and alumina from the calcined
clay allow for the formation of hemicarboaluminate and monocarboaluminate. This allows the
sulfate in the cement to be used to form more ettringite in lieu of calcium monosulfoaluminate.
This ettringite stabilization provides higher strength. At 122°F (50°C) compared to 80.6°F (27°C)
in these blends, more alumina is taken up into the calcium-alumino-silicate-hydrates (C-A-S-H).
This results in a significant decrease in the ettringite and carbo-aluminate phases. The higher
temperature in this system also reduces the cement degree of hydration at 28 days. The net result
is a significant increase in porosity and decrease of over 1/3 of the compressive strength at 28
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days for the samples cured at 122°F (50°C) compared to at 80.6°F (27°C) [58]. A strength
decrease and increase in porosity from elevated temperatures would translate to a significant
decrease in resistivity.

2.3.2.2.Relative Humidity

Concrete degree of saturation affects the concrete resistivity to a large part because pores can
only transmit electrical currents through pore solution [59]. Partially saturated pores can also
cause discontinuities in the pore network, increasing the electrical resistivity [60]. When the
concrete dries, the pore solution concentration will increase, decreasing the pore solution
resistivity [59]. The concrete degree of saturation is typically measured using the weight
difference between the sample under test conditions and oven dry conditions divided by the mass
loss between fully saturated and oven dry conditions [60].

The concrete resistivity can be described neglecting the change in pore solution concentration
with drying in Equation 12 and an approximation for the effect of saturation degree on pore
solution resistivity in Equation 13 [60], [61]:

1
pe = (pp)(F) (m) Equation 12

f@s)=sm Equation 13
Where S is the concrete degree of saturation ranging from 0 at dry conditions to 1 for fully
saturated, p’p is the paste resistivity at saturation, F is the concrete formation factor, f(S) is the
saturation factor, and m is a saturation coefficient typically between 3.0 and 5.0 for cementitious
materials [60], [61]. The first term in Equation 12 represents the pore solution resistivity, the
second term accounts for the total pore volume present in the system, while the third term
accounts for the degree of saturation on the pore connectivity [60]. The assumptions used in the
analysis in Equation 12 and Equation 13, as well as the variation in m has made it difficult in
practice to implement use of sealed concrete samples for concrete quality control testing.
Vacuum saturation has been used as a strategy to reduce the variability from concrete moisture
state on electrical test results. Vacuum saturation is specified for use in ASTM C1202 for this
reason. Vacuum saturation of sealed samples has been proposed as a method to prevent leaching
while eliminating uncertainty associated with concrete partial saturation. While vacuum
saturation has some appeal from a variability point of view, it will fill entrained air voids and
overestimate the concrete transport properties [31]. The concrete hydration can also stop in
sealed samples in concrete made with low w/cm, reducing the potential resistivity measured,
even if later vacuum saturated right before testing [60].

2.3.2.3.Leaching

Concrete cured under any condition except sealed curing will invariably involve moisture and
ion transport to and/or from the concrete. Concrete samples for resistivity testing have been
suggested to be cured using an ASTM C511 [62] compliant moist room, limewater tank, sealed
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curing, curing in a simulated pore solution, or limewater at room temperature for 7 days followed
by limewater at 100°F for 21 days to accelerate the resistivity gain [24], [36]. Curing in a
simulated pore solution is intended to reduce the alkali concentration gradient between the
concrete pore solution and the curing solution, reducing leaching out of the concrete. In order for
this to happen, the simulated pore solution alkali concentrations should match that of the
concrete pore solution. Any difference in pore solution concentration could result in alkali
leaching or migration into the sample, causing unexpected changes in the measured resistivity
and error in calculating the formation factor [12]. AASHTO TP 119 standardized the simulated
pore solution to reduce the complexity of predicting the pore solution composition and then
fabricating it [24]. This could result in variability in measured results.

Moist room curing can leach out significant amounts of alkalis from the concrete. A comparison
of resistivity measurements of specimens cured in a moist room or in simulated pore solution
shown in Figure 9 clearly shows the increase in resistivity from leaching [12]. In moist rooms,
water that has a low alkali concentration can drip onto the sample and leach out alkalis [35].
There is a concern that the amount to of alkalis leached could depend on the sample location in
the fog room, including whether it is on a shelf under other samples where the dripping water
may have a higher alkali concentration from contact with the samples above. Moist room cured
samples are assumed in AASHTO T 358 to give resistivity values 10% higher than limewater
cured samples [36]. How much different the limewater sample resistivity values are than moist
room cured samples will depend however on the alkali concentration of the limewater and when
the limewater was changed and refreshed. Caution should be exercised when using acceptance
thresholds that the curing method used matches that assumed for the acceptance threshold.
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Figure 9. Comparison of concrete bulk resistivity measurements for samples cured in moist room
or simulated pore solution [12]
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2.3.3. Measurement Conditions

2.3.3.1.Temperature During Measurement

The concrete temperature during resistivity measurement can greatly affect the measured value.
As the concrete temperature increases, the concrete resistivity measured typically decreases [4],
[30], [63], [64]. This is partly because as the temperature increases, ions are more mobile in
solution and can conduct electricity better [4]. Linear corrections have been used to normalize
for this effect in narrow temperature ranges [65] but do not adequately account for temperature
in unsaturated conditions or when low temperatures are used [66]. The Arrhenius approach has
been shown however to adequately describe the effect of concrete temperature during resistivity
measurement on the resistivity in saturated systems [64], as shown in Equation 14:

Prref _ . [h (l 1 )l Equation 14
R \T T

Where preris the concrete resistivity at the reference temperature 7y, p is the measured concrete
resistivity at temperature 7, Eq, is the activation energy for resistivity, and R is the universal gas
constant (8.314 J/mol/K). The activation energy for many different types of concrete has been
reported to vary from 9 to 39 kJ/mol [67]. Equation 17 has been simplified somewhat in another

study [64], as shown in Equation 15:

Eqp Equation 15
Prref = A" ;
R- (T + 273.15)
Where 4 is the resistivity when the temperature goes to infinity. This approach can be used to

normalize for the effects of concrete temperature if the activation energy is known and the
concrete temperature is measured. A study of the concrete activation energy for resistivity found
that the mixtures with higher resistivity were more affected by temperature during measurement.
Equation 16 was developed to predict the activation energy for resistivity for concrete with
>20% fly ash or >50% slag cement, while Equation 17 was developed for concrete without
SCMs, with <20% fly ash, or <50% slag cement [64]:

E,p, = 3.7738In(p,;) +9.7518 Equation 16
E,p, = 6.0157In(py,) + 4.3121 Equation 17

Where p2; is the concrete equivalent resistivity at 69.8°F (21°C). Equation 16 and Equation 17
were combined to normalize the concrete bulk resistivity results to that measured at 69.8°F
(21°C) in Equation 18 [64]:
In(22) -7+ 273.15In () ~ 3.98755 - T + 83.73g5| ~ Equation 1§
Pt Pt
0.54312-T — 305.556

p21 = 10-exp

Where pr is the resistivity at temperature 7.
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The concrete resistivity temperature dependence is partly a function of degree of saturation. As
the degree of saturation decreases, the temperature sensitivity has been shown to increase. This
means that the concrete temperature and saturation effects on resistivity, making corrections on
resistivity based on each parameter individually only approximate [63]. Concrete pore solution
has been shown to have an activation energy ranging from 7.7 kJ/mol to 13.9 kJ/mol [4], [26],
[67], [68], [69]. Saturated concrete activation energy values for resistivity approach the pore
solution activation energy for resistivity, whereas the activation energy for sealed concrete
samples are close to double that of the saturated samples [66]. It was found that the degree of
saturation may affect the concrete activation energy by reducing the degree of porosity
connectivity [67]. Equation 19 shows an empirical relationship that was found that relates the
concrete activation energy to the degree of saturation [67]:

Eqcona = Ea—sar + (Ea—O -(1- Sn)) Equation 19

Where Eu-cond 1s the activation energy of conduction, Eu-sa 1S the concrete activation energy at
100% degree of saturation, E4-ois the fit value of activation energy at 0% degree of saturation, S
is the degree of saturation, and # is a coefficient. E4-0 was found to be 6.96 and n to be 7.57 [67].

2.3.3.2.Sample Rinsing

Conductive solution on the surface of the concrete sample can conduct electricity and measure
values lower than expected, especially with surface resistivity measurements. AASHTO T 358
requires the concrete surface be wiped with a wet sponge or towel to get the sample to a
saturated surface dry state. This requires also the samples be tested within 5 minutes of removal
from their curing environment to prevent it the surface from drying and giving higher
measurements than they should be [36].

2.4. Resistivity as Acceptance Criterion
2.4.1. Electrical Resistivity Comparisons of Field and Laboratory-Produced Concrete

Few studies with a limited number of mixtures have been conducted to compare the electrical
resistivity of concrete made in the laboratory and field. This may be because to date electrical
resistivity tests have been used mostly as a qualification test instead of an acceptance test.

One study examined the electrical resistivity of concrete internally cured with presoaked
lightweight aggregate and compared results from trial batches and field concrete. The electrical
resistivities of sealed-cured samples were measured, after which the samples were vacuum
saturated with limewater. The single-truck average coefficient of variation was found to be 4.8%
at 28 days. The average sealed concrete resistivity from 6 cylinders made from each of 6 trucks
sampled on the project were about 20% lower than the trial batch surface resistivity at 90 days. It
was thought that this occurred because of a small increase in the w/cm. The trial batches were
made with a 0.38 w/cm, whereas the concrete sampled from the trucks during construction had a
w/cm of 0.394 [1], although this seems to be a large decrease in resistivity from a 0.014 increase
in the w/cm.
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Another study that was conducted at Utah State University compared the electrical resistivity of
one concrete mixture in the field and laboratory. The field-produced concrete showed lower
surface and bulk resistivity. The field surface resistivity was over 10 kQ-cm or more than 50%
lower at 56 days than that measured in the laboratory. The strength was also at least 2000 psi
lower [3], indicating that the issue is not with the manner in which resistivity is tested on field
samples, but with the concrete mixture delivered or in the sample transport and curing.

The third example found in the literature where the concrete resistivity from field samples was
compared against laboratory-produced samples was from Oklahoma State University. 54
samples were evaluated comparing field-produced concrete to similar mixtures made in the
laboratory. It was found that a majority of concrete mixtures produced in the field exhibited
resistivity values lower than expected based on the laboratory samples. For one concrete
producer for example, it was estimated that only 3 out of 22 samples were representative of the
laboratory concrete used as control. The study concluded that the differences between laboratory
and field samples were because the concrete field samples had too high of a w/cm and should be
rejected. Some of the producers that made field samples that were compared to laboratory
samples had high batch variability [2].

2.4.2. Known Impacts of Initial Curing on Strength

While few systematic studies of the effects of field curing on electrical resistivity properties have
been conducted, several have been conducted on compressive strength development. Curing and
handling variables known to affect the concrete strength include vibration or mishandling during
transport, moisture loss, and unregulated curing temperatures.

2.4.2.1.Sample Handling

Concrete samples can be damaged during handling and transport if proper procedures are not
followed. Concrete samples are to be placed in the location for initial curing with 15 minutes
after finishing. They are not to be moved until at least 8 hours after final set because vibrations
can cause microcracking. During transportation to the laboratory for final curing, the samples
need to be protected from jarring or impact to prevent damage and should not have a
transportation time greater than 4 hrs [70]. Damage to cylinders during transport would
artificially lower the concrete resistivity measured.

2.4.2.2.Sample Initial Curing Temperature and Relative Humidity

Concrete cured using non-standard temperature and humidity conditions during the initial curing
period in the molds can have a great impact on the concrete porosity and strength development.
One study found that curing the concrete during the first day at standard temperature but at 60%
relative humidity produced concrete 8% lower in strength than concrete cured at 100% relative
humidity during the first day. Another study showed that concrete cylinders molded at 86°F in
the field and covered with wet burlap and plastic and left outdoors for the first 24 hours
experienced temperatures of between 94 and 140°F. Even though they were transferred to a
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standard moist curing room at 24 hours, they had 17% lower strength than the control samples
cured in a cure box with thermostatic control [71].

A study was performed by the Nebraska Department of Transportation to examine the effects of
different cylinder temperature protection methods during initial field curing. For hot weather,
they compared a cooler with water, metal box with insulation cut out for the cylinders, cooler in
shade with and without burlap, cylinders in direct sunlight, and a wood box with insulation. They
found that the cooler with water gave the highest 3-, 7- and 14-day strengths, while cylinders in
direct sunlight had the lowest 3-, 7-, and 14-day strengths. The 14-day strength for the cylinders
cured in the cooler with water was 4050 psi, whereas the 14-day strength for the cylinders cured
in direct sunlight in hot weather was 2890 psi. They recommended curing cylinders in coolers
with water covering at least 75% of the cylinder when the temperature is above 80°F [72].

2.5. Summary

Electrical resistivity measurements have been shown to correlate well with concrete transport
properties and have served well as a concrete mixture qualification test for many years. Several
standardized tests have been developed to measure the concrete electrical properties. These tests
mainly vary in the sample geometry configuration, how they cure the sample, and how the
samples are conditioned for testing and can result in correlated but different results. Relative
humidity and temperature used during initial concrete curing is thought to be important for
concrete property development and could result in low resistivity measurements. Concrete
samples are especially sensitive in electrical resistivity testing to leaching that occurs during
curing and degree of saturation and temperature during curing and testing. Concrete resistivity
meter model and frequency used in the ranges specified in standardized test methods have not
been found to produce statistically different results. Limited electrical resistivity comparisons of
field- and laboratory-made samples showed that field-made samples often had lower electrical
resistivity values. This was mostly attributed to higher-than-approved w/cm in field-produced
concrete.
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3. CONCRETE SAMPLING AND SPECIMEN FABRICATION

3.1. Introduction

Electrical resistivity test methods are used to estimate concrete chloride ion penetrability [73]
and therefore rating protection of concrete members against corrosion. The Florida Department
of Transportation currently uses a 29 kQ-cm surface resistivity limit to approve mixes that
include highly reactive pozzolans [74]. To determine if and how an electrical resistivity test
could be used for field quality control measurements, the variability in electrical resistivity
measurements between concrete specimens fabricated under field and laboratory conditions were
studied. For this purpose, 15 concrete placements from several construction sites around Florida
were visited to fabricate concrete specimens from concrete placements on site. Materials used to
produce the concrete delivered to the concrete placements were collected, and mix designs were
recreated under laboratory conditions. The following report presents information about the
construction sites visited, mix designs used, concrete fresh properties obtained from the concrete
placement, temperature information for the initial curing of the specimens from the laboratory
and field, and specimen dimensions.

3.2. Methodology

Concrete specimens were collected from concrete placements of structural members for 15
concrete mix designs at 11 FDOT construction sites in Florida. At each construction site visited,
concrete was collected from two separate trucks on each site following ASTM C172 [75],
concrete temperature was measured following ASTM C1064 [76], and concrete slump was
measured following ASTM C143 [77]. The unit weight was measured following ASTM C138
[78]. Concrete air content was measured following ASTM C231 [79]. 24 - 4 in. x 8 in. concrete
specimens were fabricated following ASTM C192 [80], 12 from each truck sampled. 2
additional concrete specimens of the same size were also fabricated to measure the temperature
that the concrete developed in the initial curing phase under different initial curing temperature
conditions.

Half of the specimens were field cured following ASTM C31. The other half of the specimens
were cured in an insulated box (cooler) filled with water up to 3/4 of the height of the cylinders,
as recommended in [81], that was conditioned with ice to be at the start of the curing period to be
at the lower bound of the 60 °F to 80 °F temperature limits in ASTM C31 for concrete of less
than 6000 psi. It was anticipated that the samples would be within the curing temperature limits
specified during most of the initial 24-48 hrs of curing time.

Materials used to produce the concrete delivered to the concrete placements were collected after
the construction site visits. Twenty-four 4 in. X 8 in. concrete cylinders were fabricated under
laboratory conditions according to ASTM C192 [80] for each of the mixtures sampled in the
field using the same mixture design as that used in the field. Two additional 4 in. X § in. concrete
specimens were also fabricated to measure the temperature that the concrete developed in the

26



initial curing phase under different curing temperatures. The same test methods used to measure
the concrete fresh properties in the field site visits were used for the mixtures made in the
laboratory. Half of the specimens were cured inside the laboratory representing a temperature-
controlled environment and the other half were cured outside of the laboratory. Air temperatures
for both initial curing conditions were recorded as well as temperature developed by concrete in
each of the curing systems. Table 2 shows the different specimen treatment conditions used for
each specimen number.
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Table 2. Factors to be tested for each site visited

Factor

Determination Number

1(9) 2 (10) 3(11) 4(12) 5(13) 6 (14) 7 (15) 8 (16)
A. Electrical resistivity 40 100 100 40 100 40 40 100
measurement frequency
Cooler Cooler . .
B. Temperature control Uninsulated | Uninsulated with with Uninsulated Cooler with Uninsulated Cooler with
. Tempered Tempered
before demolding box box Tempered | Tempered box box
Water Water
Water Water
C. Time between sample
fabrication and demolding 24-48 hrs 24-48 hrs 24-48 hrs 7 days 7 days 24-48 hrs 7 days 7 days
D. Limewater Communal Individual Individual | Individual | Communal | Communal Individual Communal
E. Samplt? m0|stt.1re state Dry Wet Dry Wet Wet Wet Dry Dry
during testing
F. Sample production Lab Lab Field Lab Field Field Field Lab
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3.3. Concrete Mixtures Sampled

Fifteen concrete mixtures were sampled in the field at 11 different Florida Department of
Transportation construction sites.

3.3.1. Concrete Mixture 1

The first construction site visited to sample concrete was the SR 23 First Coast Expressway
project in Jacksonville, FL on October 11, 2022. A picture of the concrete placement can be seen

in Figure 10.

Figure 10. Placement of the first concrete mixture sampled

Mixture proportions for the first concrete mixture sampled are shown in Table 3. The concrete
mixture was designed to meet FDOT class IV concrete with a minimum strength of 5500 psi.
The fresh properties measured in the field are shown in Table 4. The curing temperatures
recorded in the field during curing are shown in Figure 11.
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Table 3. Concrete mix design information for mixture 1

Temperature (°F)

Material Quantity Unit
Cement - Type IL 455 Ib/yd?
Fly Ash - Class F 245 Ib/yd?
#57 Stone 1600 Ib/yd?
Silica Sand 1283 Ib/yd?
Air Entraining Admixture 2.0 fl oz/yd?
Type D Water Reducing and Retarding Admixture 35 fl oz/yd?
Type F High Range Water Reducing Admixture 17.9 fl oz/yd?
Water 238 Ib/yd?
Table 4. Fresh properties measured in the field for mixture 1

Test Sample 1 | Sample 2

Slump (in) 6.5 8.0

Concrete temperature at placement (°F) 86 84

Unit Weight (Ib/ft?) 144.8 143.4

Air Content, % 1.8% 2.3%
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Figure 11. Curing temperatures measured for the field sampling for mixture 1
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The concrete sampled in the field was reproduced under laboratory conditions with the materials
collected from the ready-mixed concrete plant. The fresh properties measured from the concrete
reproduced in the laboratory are shown in Table 5. The curing temperatures recorded during
curing for the laboratory-made concrete are shown in Figure 12. Specimen dimensions for the
concrete cylinders made in the field and laboratory are shown in Table 6.

Temperature (°F)

Table 5. Fresh properties measured in the laboratory for mixture 1

Test Batch1 | Batch2
Slump (in) 3.5 3.5
Concrete temperature at placement (°F) 74 74
Unit Weight (Ib/ft%) 144.0 143.4
Air Content, % 2.4% 1.8%

Ch. 1 - Temperature of the air outside lab (°F)

110
—— Ch. 2 - Temperature of the concrete of cylinder outside lab (°F)
—&— Ch. 3 - Temperature of the air inside lab (°F)

100 Ch. 4 - Temperature of the concrete of cylinder inside lab (°F)

= = =ASTM C31 Min
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90

80 + 2 — — — A e _ — — — - — -
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Time Since Curing Initiated (hr)

Figure 12. Temperatures measured during curing for samples made in the laboratory for mixture

1
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Table 6. Specimen dimensions for concrete cylinders made for mixture 1

Cylinder

Determination

8

9

10

11

12

13

14

15

16

Average
Diameter
(mm)

101.7

101.7

102.1

101.4

101.7

101.7

103.0

101.7

101.7

101.5

102.8

101.5

101.7

101.6

103.0

101.8

Average
Length
(mm)

191.5

198.8

196.8

196.3

194.7

194.7

197.2

190.6

189.5

198.4

198.7

196.2

196.3

197.9

161.7

196.4

Average
Diameter
(mm)

101.6

101.6

101.8

101.4

101.8

101.8

102.7

101.5

101.9

101.8

102.0

101.7

101.9

101.7

102.4

101.5

Average
Length
(mm)

191.7

197.5

196.5

197.8

195.9

195.9

195.2

190.6

191.9

198.3

1954

196.9

193.5

196.8

198.5

196.7

Average
Diameter
(mm)

101.7

101.8

101.8

101.7

101.8

101.8

102.6

101.6

101.7

101.6

101.7

101.4

101.9

101.6

102.8

101.3

Average
Length
(mm)

193.2

197.6

197.8

197.9

197.5

197.5

196.1

189.8

191.7

200.1

195.5

196.9

193.7

199.0

197.7

199.3
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3.3.2. Concrete Mixture 2

Concrete mixture 2 was sampled near Jacksonville, FL. on December 9, 2022. Mixture

proportions for the first concrete mixture sampled are shown in Table 7. The fresh properties
measured in the field are shown in Table 8. The curing temperatures recorded in the field from

the specimens and curing environment are shown in Figure 13.

Table 7. Concrete mix design information for mixture 2

Material Quantity Unit
Cement - Type IL 560 Ib/yd?
Fly Ash - Class F 140 Ib/yd?
#57 Stone 1700 Ib/yd?
Silica Sand 1090 Ib/yd?
Air Entraining Admixture 9.0 fl oz/yd?
Admixj[ure for Concrete Type D Water - Reducing and 35.0 fl oziyd’
Retarding
Water 280 Ib/yd?
Table 8. Field fresh properties construction site 1

Test Sample 1 | Sample 2

Slump (in) 5.25 5.0

Concrete temperature at placement (°F) 84 85

Unit Weight (1b/ft3) 141.4 143.2

Air Content, % 0.9% 0.9%
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Figure 13. Curing temperatures measured for the field sampling for mixture 2

Concrete mixture 2 was reproduced under laboratory conditions with the materials collected
from the ready-mix plant. The fresh properties measured from the reproduced mix in the
laboratory are shown in Table 9. The curing temperatures recorded from the laboratory
conditions from the specimens are shown in Figure 14. The dimensions from the specimens

fabricated are shown in Table 10.

Table 9. Fresh properties measured in the laboratory for mixture 2

Test Batch1 | Batch2
Slump (in) 4.0 4.5
Concrete temperature at placement (°F) 75 74
Unit Weight (Ib/ft%) 141.4 139.0
Air Content, % 3.0% 3.8%
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Figure 14. Temperatures measured during curing for samples made in the laboratory for mixture
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Table 10. Specimen dimensions for concrete cylinders made for mixture 2

36

Cylinder

Determination

8 9

10

11

12

13

14

15

16

Average
Diameter
(mm)

101.9

101.6

101.9

101.6

101.6

101.8

101.9

101.9 | 101.7

101.6

101.4

101.2

131.8

101.8

101.6

101.7

Average
Length
(mm)

196.1

194.9

198.2

194.3

200.8

196.6

198.0

194.2 | 197.2

196.6

199.7

194.4

199.9

200.3

196.3

196.5

Average
Diameter
(mm)

101.8

101.8

101.6

101.7

101.7

101.5

198.1

101.5 | 101.7

101.8

101.4

101.3

101.6

101.8

101.5

101.6

Average
Length
(mm)

195.7

195.4

198.2

196.3

198.2

199.6

102.0

1959 | 195.8

197.1

199.8

195.1

198.2

200.5

196.5

195.5

Average
Diameter
(mm)

101.9

101.6

101.7

101.8

101.8

101.8

101.8

101.7 | 101.7

101.4

101.4

101.4

101.7

101.5

102.1

101.8

Average
Length
(mm)

195.3

194.2

200.7

194.7

200.3

196.6

196.8

196.5 | 196.8

196.7

200.8

192.1

197.2

200.2

197.8

196.2
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3.3.3. Concrete Mixture 3

Concrete mixture 3 was sample from a construction site in Titusville, FL on January 13, 2023.
Mixture proportions for the first concrete mixture sampled are shown in Table 11. The concrete
mixture was designed to meet FDOT class IV concrete with a minimum strength of 5500 psi.
The fresh properties measured in the field are shown in Table 12. The curing temperatures
recorded in the field during curing are shown in Figure 15.

Table 11. Concrete mix design information for mixture 3

Material Quantity Unit
Cement - Type II (MH) 221 Ib/yd?
Slag 369 Ib/yd?
Fly Ash 148 Ib/yd?
#57 Stone 1757 Ib/yd?
Silica Sand 1069 Ib/yd?
Air Entraining Admixture 0.1 fl oz/yd?

Admixture for Concrete Type D Water - Reducing and

26. fl 3
Retarding 65 0z/yd

Admixture for Concrete Type F High Range - Water
Reducing
Water 258 Ib/yd?

22.1 fl oz/yd’

Table 12. Fresh properties measured in the field for mixture 3

Sample | Sample
Test 1 2
Slump (in) 7.25 8.5
Concrete temperature at placement (°F) 71 71
Unit Weight (1b/ft3) 142.8 142.7
Air Content, % 0.5% 0.5%
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Figure 15. Curing temperatures measured for the field sampling for mixture 3

The concrete sampled in the field was reproduced under laboratory conditions with the materials
collected from the ready-mixed concrete plant. The fresh properties measured from the
reproduced mix in the laboratory are shown in Table 13. The curing temperatures recorded
during curing for the laboratory-made concrete are shown in Figure 16. Specimen dimensions for
the concrete cylinders made in the field and laboratory are shown in Table 14.

Table 13. Fresh properties measured in the laboratory for mixture 3

Test Batch1 | Batch2
Slump (in) 9.0 9.0
Concrete temperature at placement (°F) 78 78
Unit Weight (Ib/ft%) 147.3 147.8
Air Content, % 0.3% 0.2%
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Figure 16. Temperatures measured during curing for samples made in the laboratory for mixture
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Table 14. Specimen dimensions for concrete cylinders made for mixture 3

40

Determination
Cylinder
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Average

Diameter | 101.5 | 101.9 | 101.2 | 101.7 | 101.6 | 101.2 | 101.7 | 101.3 | 101.6 | 101.6 | 101.6 | 102.2 | 101.6 | 101.6 | 101.6 | 101.6
. (mm)

Average

Length 193.6 | 196.4 | 194.8 | 1954 | 194.5 | 195.6 | 193.1 | 196.0 | 197.0 | 197.0 | 197.4 | 198.0 | 197.1 | 197.0 | 195.7 | 198.7

(mm)

Average

Diameter | 101.5 | 101.6 | 101.4 | 94.1 | 101.8 | 101.7 | 101.6 | 101.4 | 101.8 | 101.8 | 101.2 | 102.0 | 101.5 | 102.0 | 101.7 | 101.7
) (mm)

Average

Length 193.7 | 197.5 | 1950 | 187.8 | 1954 | 1942 | 1959 | 197.0 | 1958 | 195.8 | 198.0 | 195.0 | 1979 | 197.3 | 198.7 | 198.1

(mm)

Average Not Not

Diameter | 101.3 | 102.0 | 101.7 | 101.9 | 101.9 | 101.6 fabr 101.6 | 102.0 | 102.0 | 101.7 | 101.8 fabr 101.6 | 103.0 | 101.6
3 (mm) '

Average Not Not

Length 1943 | 194.8 | 197.2 | 193.7 | 1953 | 196.1 195.6 | 194.9 | 1949 | 197.1 | 196.5 194.8 | 196.9 | 198.5

(mm) fabr. fabr.
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3.3.4. Concrete Mixture 4

shown in Figure 17.

Table 15. Concrete mix design information for mixture 4

Concrete mixture 4 was sampled from a construction site in Titusville, FL on January 23, 2023.
The mixture proportions are shown in Table 15. The concrete mixture was designed to meet
FDOT class IV concrete with a minimum strength of 5500 psi. The fresh properties measured in
the field are shown in Table 16. The curing temperatures recorded in the field during curing are

Product Quantity Units
Cement - Type II (MH) 300 Ib/yd?
Slag 420 Ib/yd?
#57 Stone 1736 Ib/yd?
Silica Sand 1130 Ib/yd?
Air Entraining Admixture 0.1 fl oz/yd?
Admixj[ure for Concrete Type D Water - Reducing and 30.0 l oziyd’
Retarding
Admix.ture for Concrete Type F High Range - Water 30.0 l ozlyd®
Reducing
Water 267 Ib/yd?
Table 16. Fresh properties measured in the field for mixture 4
Sample | Sample

Test 1 2

Slump (in) 5.75 8.75

Concrete temperature at placement (°F) 75 80

Unit Weight (1b/ft3) 143.3 144.2

Air Content, % 1.0% 1.3%
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Figure 17. Curing temperatures measured for the field sampling for mixture 4

The concrete sampled in the field was reproduced under laboratory conditions with the materials
collected from the ready-mixed concrete plant. The fresh properties measured from the
reproduced mix in the laboratory are shown in Table 17. The temperatures recorded during
curing for the laboratory-made concrete are shown in Figure 18. Specimen dimensions for the
concrete cylinders made in the field and laboratory are shown Table 18.

Table 17. Fresh properties measured in the laboratory for mixture 4

Test Batch 1 | Batch 2
Slump (in) 10.0 9.75
Concrete temperature at placement (°F) 71 71
Unit Weight (Ib/ft) 146.3 146.5
Air Content, % 0.4% 0.5%
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Table 18. Specimen dimensions for concrete cylinders made for mixture 4

44

Cylinder

Determination

8 9

10

11

12

13

14

15

16

Average
Diameter
(mm)

101.9

101.7

101.8

101.6

101.9

102.3

102.3

101.7 | 101.9

101.6

102.0

101.9

101.8

101.5

101.8

101.6

Average
Length
(mm)

195.4

196.8

199.3

196.8

196.4

201.7

201.7

193.8 | 191.5

195.3

199.8

196.3

196.9

199.7

198.6

194.9

Average
Diameter
(mm)

101.8

101.8

101.8

101.5

101.6

101.6

101.6

101.7 | 101.8

101.8

101.4

101.7

100.9

101.7

101.8

101.6

Average
Length
(mm)

194.8

191.3

198.8

165.2

197.2

199.3

199.3

195.4 | 192.7

195.7

200.0

196.9

100.9

196.8

199.0

193.4

Average
Diameter
(mm)

101.8

101.9

101.8

101.3

101.8

101.5

101.5

101.6 | 101.7

101.7

101.7

101.5

101.7

101.1

101.8

101.4

Average
Length
(mm)

195.2

195.2

199.3

195.6

198.7

199.4

199.4

194.6 | 194.9

196.9

197.9

196.6

198.3

196.2

198.7

195.8
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3.3.5. Concrete Mixture 5

Concrete mixture 5 was sampled from a construction site in Tampa, FL on February 14, 2023.
The mixture proportions are shown in Table 19. The concrete mixture was designed to meet
FDOT class IV concrete with a minimum strength of 5500 psi. The fresh properties measured in
the field are shown in Table 20. The curing temperatures recorded in the field during curing are

shown in Figure 19.

Table 19. Concrete mix design information for mixture 5

Product Quantity Units
Cement - Type IL 266 Ib/yd?
Slag 399 Ib/yd?
#57 Stone 1698 Ib/yd?
Silica Sand 1164 Ib/yd?
Air Entraining Admixture 0.1 fl oz/yd?
Admix‘ture for Concrete Type D Water - Reducing and 66.5 1 ozlyd®
Retarding
Admix.ture for Concrete Type F High Range - Water 18.6 fl oziyd’
Reducing
Water 267 Ib/yd?
Table 20. Fresh properties measured in the field for mixture 5

Test Sample 1 | Sample 2

Slump (in) 7.5 8.50

Concrete temperature at placement (°F) 69 70

Unit Weight (Ib/ft?) 141.8 140.7

Air Content, % 1.2% 1.3%
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Figure 19. Curing temperatures measured for the field sampling for mixture 5

The concrete sampled in the field was reproduced under laboratory conditions with the materials
collected from the ready-mixed concrete plant. The fresh properties measured from the
reproduced mix in the laboratory are shown in Table 21. The curing temperatures recorded
during curing for the laboratory-made concrete are shown in Figure 20. Specimen dimensions for
the concrete cylinders made in the field and laboratory are shown in Table 22.

Table 21. Fresh properties measured in the laboratory for mixture 5

Test Batch 1 | Batch 2
Slump (in) 9.25 10.5
Concrete temperature at placement (°F) 77 77
Unit Weight (Ib/ft%) 143.8 143.8
Air Content, % 1.9% 2.8%
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Figure 20. Temperatures measured during curing for samples made in the laboratory for mixture
5
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Table 22. Specimen dimensions for concrete cylinders made for mixture 5

48

Determination
Cylinder
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Average
Diameter | 101.7 | 101.7 | 101.9 | 101.7 | 101.4 | 101.5 | 101.8 | 101.7 | 101.6 | 101.6 | 101.8 | 99.2 | 101.8 | 101.6 | 101.3 | 99.2
1 (mm)
Average
Length 195.1 | 192.2 | 1959 | 1904 | 196.8 | 194.6 | 196.3 | 194.7 | 192.3 | 192.3 | 196.3 | 189.0 | 196.7 | 197.2 | 196.4 | 189.0
(mm)
Average Not
Diameter | 101.8 | 101.6 | 101.5 | 101.9 | 101.7 | 1014 | 101.8 | 101.9 | 101.6 | 101.6 | 101.8 | 99.1 | 102.0 fabr 101.6 | 99.1
(mm)
2
Average Not
Length 1939 | 195.8 | 194.1 | 193.1 | 196.8 | 1974 | 196.3 | 1939 | 193.0 | 193.0 | 196.7 | 189.8 | 197.6 fabr 1969 | 189.8
(mm)
Average Not Not
Diameter | 102.3 | 101.8 | 101.9 | 101.5 | 101.6 101.5 | 1019 | 101.7 | 101.7 | 102.2 | 99.3 | 101.5 101.7 | 993
fabr fabr
3 (mm)
Average Not Not
Length 1942 | 191.2 | 1944 | 191.8 | 196.9 198.8 | 1944 | 192.0 | 192.0 | 195.5 | 191.0 | 197.7 198.0 | 191.0
(mm) fabr fabr
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3.3.6. Concrete Mixture 6

Concrete for mixture 6 was sampled from a construction site in Tampa, FL on February 28,
2023. The concrete mixture proportions for mixture 6 are shown in Table 23. The concrete
mixture was designed to meet FDOT class IV concrete with a minimum strength of 5500 psi.
The concrete fresh properties measured in the field are shown in Table 24. The temperatures
recorded in the field during curing are shown in Figure 21.

Table 23. Concrete mix design information for mixture 6

Product Quantity Units
Cement - Type IL 326 Ib/yd?
Slag 339 Ib/yd?
#57 Stone 1700 Ib/yd?
Silica Sand 1180 Ib/yd?
Air Entraining Admixture 0.1 fl oz/yd?
Admixj[ure for Concrete Type D Water - Reducing and 66.5 l oziyd’
Retarding
Admix.ture for Concrete Type F High Range - Water 6.1 l ozlyd®
Reducing
Water 262 Ib/yd?
Table 24. Fresh properties measured in the field for mixture 1

Test Sample 1 | Sample 2

Slump (in) 7.5 8.5

Concrete temperature at placement (°F) 82 84

Unit Weight (1b/ft3) 143.4 143.4

Air Content, % 2.3% 2.2%
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Figure 21. Curing temperatures measured for the field sampling for mixture 6

The concrete sampled in the field was reproduced under laboratory conditions with the materials
collected from the ready-mixed concrete plant. The fresh properties measured from the
reproduced mix in the laboratory are shown in Table 25. The temperatures recorded during
curing for the laboratory-made concrete are shown in Figure 22. Specimen dimensions for the
concrete cylinders made in the field and laboratory are shown in Table 26.

Table 25. Fresh properties measured in the laboratory for mixture 6

Test Sample 1 | Sample 2
Slump (in) 9.25 8.75
Concrete temperature at placement (°F) 77 77
Unit Weight (Ib/ft%) 146.5 143.8
Air Content, % 2.4% 2.6%
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Figure 22. Temperatures measured during curing for samples made in the laboratory for mixture
6
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Table 26. Specimen dimensions for concrete cylinders made for mixture 6

52

Cylinder

Determination

8 9

10

11

12

13

14

15

16

Average
Diameter
(mm)

101.7

101.7

101.4

101.5

101.5

101.7

101.9

101.6 | 101.5

101.7

101.9

101.5

101.7

100.0

197.2

101.6

Average
Length
(mm)

193.7

194.9

195.4

197.9

197.6

196.2

196.4

197.0 | 195.1

196.5

197.7

198.2

196.0

200.0

197.2

197.5

Average
Diameter
(mm)

101.5

101.4

101.6

101.4

101.5

101.5

101.6

101.8 | 101.8

101.6

101.8

101.7

101.7

100.0

102.0

101.6

Average
Length
(mm)

197.4

196.7

195.7

194.2

195.5

195.4

198.4

198.9 | 195.5

197.7

200.4

199.3

195.4

200.0

197.0

199.7

Average
Diameter
(mm)

101.6

101.8

101.8

101.6

101.5

101.3

101.9

101.7 | 101.6

101.5

101.6

101.6

101.2

100.0

101.5

101.9

Average
Length
(mm)

196.6

197.3

193.3

196.6

198.4

195.2

197.8

198.9 | 196.2

197.5

197.2

196.5

196.2

200.0

196.2

198.1
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3.3.7. Concrete Mixture 7

Concrete for mixture 7 was sampled from a construction site in Gainesville, FL. on March 15,
2023. The mixture proportions are shown in Table 27. The concrete mixture was designed to
meet FDOT class IV concrete requirements with a minimum strength of 4000 psi. The fresh

properties measured in the field are shown in Table 28. The curing temperatures recorded in the

field during curing are shown in Figure 23.

Table 27. Concrete mix design information for mixture 7

Product Quantity Units
Cement - Type IL 480 Ib/yd?
Fly Ash - Class F 258 Ib/yd?
#57 Stone 1609 Ib/yd?
Silica Sand 1089 Ib/yd?
Air Entraining Admixture 1.7 fl oz/yd?
Admixj[ure for Concrete Type D Water - Reducing and 503 l oziyd’
Retarding

Admixture for Concrete Type A Water Reducing 15 fl oz/yd?
Water 300 Ib/yd?

Table 28. Fresh properties measured in the field for mixture 7

Test Sample 1 | Sample 2
Slump (in) 8.75 8.0
Concrete temperature at placement (°F) 75 75
Unit Weight (Ib/{t3) 141.8 141.8
Air Content, % 0.1% 0.1%
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Figure 23. Curing temperatures measured for the field sampling for mixture 7

The concrete sampled in the field was reproduced under laboratory conditions with the materials
collected from the ready-mixed concrete plant. The fresh properties measured from the
reproduced mix in the laboratory are shown in Table 29. The temperatures recorded during
curing for the laboratory-made concrete are shown in Figure 24. Specimen dimensions for the
concrete cylinders made in the field and laboratory are shown in Table 30.

Table 29. Fresh properties measured in the laboratory for mixture 7

Test Batch 1 | Batch 2
Slump (in) 9.25 8.75
Concrete temperature at placement (°F) 74 75
Unit Weight (1b/ft%) 142.8 142.5
Air Content, % 0.2% 0.2%
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Figure 24. Temperatures measured during curing for samples made in the laboratory for mixture
7
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Table 30. Specimen dimensions for concrete cylinders made for mixture 7

56

Determination
Cylinder
1 2 3 4 5 6 7 8 o | 10 | 11 | 12 ] 13| 14| 15 | 16
Average
Diameter | 101.5 | 101.7 | 101.6 | 101.9 | 101.3 | 101.7 | 101.7 | 102.1 | 101.8 | 101.6 | 101.4 | 101.6 | 101.6 | 101.5 | 101.6 | 101.6
O om)
Average
Length | 194.6 | 1913 | 193.1 | 192.6 | 1943 | 193.1 | 192.6 | 192.8 | 196.4 | 195.5 | 194.0 | 193.9 | 194.8 | 190.5 | 199.3 | 195.6
(mm)
Average
Diameter | 101.7 | 101.6 | 101.8 | 102.0 | 101.2 | 101.4 | 101.5 | 101.8 | 101.5 | 101.7 | 101.4 | 101.8 | 101.1 | 101.9 | 101.5 | 101.7
) (mm)
Average
Length | 1954 | 193.6 | 1948 | 191.5 | 1922 | 192.7 | 195.1 | 193.0 | 194.8 | 196.1 | 194.0 | 194.8 | 1953 | 193.8 | 198.5 | 195.4
(mm)
Average
Diameter | 101.7 | 101.6 | N°U [ 1021 | Not | Not-p Not 16, 501016 | 101.8 | 102.1 | 101.8 | 101.5 | 101.6 | 101.4 | 102.0
fabr. fabr. | fabr. | fabr.
3 (mm)
Average
Length | 1949 | 1946 | NOU | 1949 | Not | Not | Not iyo0 1| 10341 1957 | 193.7 | 193.9 | 194.7 | 1932 | 198.0 | 195.9
(mm) fabr. fabr. | fabr. | fabr.
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3.3.8. Concrete Mixture 8

Concrete for mixture 8 was sample was in St. Petersburg, FL on March 30, 2023. A picture of
the construction site is shown in Figure 25. The mixture proportions are shown in Table 31. The
concrete mixture was designed to meet FDOT class IV concrete with a minimum strength of
5500 psi. The fresh properties measured in the field are shown in Table 32. The curing
temperatures recorded in the field during curing are shown in Figure 26.

Figure 25. Construction site 8 placement
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Table 31. Concrete mix design information for mixture 8

Product Quantity Units
Cement Type IL 355 Ib/yd?
Slag 355 Ib/yd?
#57 Stone 1822 Ib/yd?
Silica Sand 1094 Ib/yd?
Air Entraining Admixture 0.1 fl oz/yd?
Admixj[ure for Concrete Type D Water - Reducing and 284 1 ozlyd®
Retarding I
Admix‘ture for Concrete Type D Water - Reducing and )84 l oziyd’
Retarding I1
Admixture fqr Concrete Type F Water - High Range 71 fl oziyd’
Water Reducing
Water 292 Ib/yd?
Table 32. Field fresh properties construction site 8
Test Sample 1 | Sample 2
Slump (in) 5.0 4.75
Concrete temperature at placement (°F) 82 85
Unit Weight (1b/ft3) 147.9 149.9
Air Content, % 2.4% 2.0%
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Figure 26. Curing temperatures measured for the field sampling for mixture 8

The concrete sampled in the field was reproduced under laboratory conditions with the materials
collected from the ready-mixed concrete plant. The fresh properties measured from the
reproduced mix in the laboratory are shown in Table 33. The curing temperatures recorded
during curing for the laboratory-made concrete are shown in Figure 27. Specimen dimensions for
the concrete cylinders made in the field and laboratory are shown in Table 34.

Table 33. Fresh properties measured in the laboratory for mixture 8

Test Batchl | Batch2
Slump (in) 7.5 5.5
Concrete temperature at placement (°F) 74 74
Unit Weight (Ib/ft%) 148.7 | 149.5
Air Content, % 2.1% 1.6%
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Figure 27. Temperatures measured during curing for samples made in the laboratory for mixture
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Table 34. Specimen dimensions for concrete cylinders made for mixture 8

61

Cylinder

Determination

8

9

10

11

12

13

14

15

16

Average
Diameter
(mm)

101.8

101.3

101.6

101.5

101.8

101.7

101.6

101.6

101.7

101.9

101.6

101.8

101.6

101.5

101.5

101.5

Average
Length
(mm)

196.0

194.4

198.4

194.8

196.8

198.1

198.2

195.1

193.6

193.5

197.8

196.1

195.1

197.9

198.7

195.1

Average
Diameter
(mm)

101.6

101.4

101.5

101.7

101.8

101.6

101.5

101.5

101.7

101.8

101.5

101.7

101.7

101.5

101.7

101.7

Average
Length
(mm)

165.3

194.4

197.6

197.1

199.3

196.8

197.6

194.9

194.9

195.4

198.9

194.2

197.2

198.0

198.9

193.5

Average
Diameter
(mm)

101.7

101.8

not fabr

101.7

101.7

101.7

101.7

101.5

101.6

101.4

101.2

101.3

101.3

101.5

101.9

101.8

Average
Length
(mm)

196.0

196.1

not fabr

195.1

196.8

195.8

198.1

197.8

195.5

192.7

199.5

195.8

197.2

197.4

198.8

196.6
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3.3.9. Concrete Mixture 9

Concrete for mixture 9 was sampled from a construction site in Orlando, FL on June 2, 2023.
The mixture proportions are shown in Table 35. The concrete mixture was designed to meet
FDOT class II concrete with a minimum strength of 3400 psi. The fresh properties measured in
the field are shown in Table 36. The temperatures recorded in the field during curing are shown

in Figure 28.
Table 35. Concrete mix design information for mixture 9
Product Quantity Units
Cement Type IL 500 Ib/yd?
Fly Ash -Class F 125 Ib/yd?
#57 Stone 1650 Ib/yd?
Silica Sand 1250 Ib/yd?
Air Entraining Admixture 11.0 fl oz/yd?
Admixture for Concrete Type D 43.8 fl oz/yd?
Water 267 Ib/yd?

Table 36. Fresh properties measured in the field for mixture 9

Test Sample 1 | Sample 2
Slump (in) 5.0 2.5
Concrete temperature at placement (°F) 88 87
Unit Weight (1b/ft3) 138.2 137.4
Air Content, % 4.0% 4.2%
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Figure 28. Curing temperatures measured for the field sampling for mixture 9

The concrete sampled in the field was reproduced under laboratory conditions with the materials
collected from the ready-mixed concrete plant. The fresh properties measured from the
reproduced mix in the laboratory are shown in Table 37. The curing temperatures recorded
during curing for the laboratory-made concrete are shown in Figure 29. Specimen dimensions for
the concrete cylinders made in the field and laboratory are shown in Table 38.

Table 37. Fresh properties measured in the laboratory for mixture 9

Test Batch 1 | Batch 2
Slump (in) 1.0 0.75
Concrete temperature at placement (°F) 75 73
Unit Weight (1b/ft%) 142.0 142.4
Air Content, % 4.4% 4.5%
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Figure 29. Temperatures measured during curing for samples made in the laboratory for mixture
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Table 38. Specimen dimensions for concrete cylinders made for mixture 9

65

Cylinder

Determination

8 9

10

11

12

13

14

15

16

Average
Diameter
(mm)

101.5

101.6

101.8

101.4

101.7

101.3

101.9

101.4 | 101.6

101.4

101.6

101.4

101.4

101.9

102.5

101.5

Average
Length
(mm)

199.3

198.2

195.6

199.7

194.6

195.1

164.8

199.0 | 196.7

200.0

194.2

198.2

196.8

196.9

198.4

198.4

Average
Diameter
(mm)

101.6

101.6

101.7

101.4

96.6

101.7

101.8

101.6 | 101.9

101.8

101.7

101.7

101.0

101.4

101.5

101.6

Average
Length
(mm)

200.2

198.2

196.5

202.0

193.6

197.3

196.0

197.5 | 199.0

197.0

191.9

199.4

195.7

196.9

196.7

200.0

Average
Diameter
(mm)

101.3

101.6

101.7

101.4

96.8

101.1

101.9

101.7 | 101.7

101.7

101.3

101.5

101.1

101.0

101.3

101.5

Average
Length
(mm)

200.3

197.2

196.0

197.5

197.5

196.4

196.1

200.3 | 197.6

196.9

195.6

198.2

196.0

196.3

195.8

198.2
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3.3.10. Concrete Mixture 10

Concrete for mixture 10 was sampled from a construction site in Orlando, FL on June 16, 2023.
The concrete mixture proportions are shown in Table 39. The concrete mixture was designed to
meet FDOT Class IV concrete with a minimum strength of 5500 psi. The fresh properties
measured in the field are shown in Table 40. The curing temperatures recorded in the field
during curing are shown in Figure 30.

Table 39. Concrete mix design information for mixture 10

Product Quantity Units
Cement Type IL 375 Ib/yd?
Slag 375 Ib/yd?
#57 Stone 1642 Ib/yd?
Silica Sand 1013 Ib/yd?
Air Entraining Admixture 0.1 fl oz/yd?
IAdmixture for Concrete Type D Water - Reducing and Retarding 30.0 fl ozlyd®
ﬁdmixture for Concrete Type D Water - Reducing and Retarding 30.0 fl oziyd’
Water 308 Ib/yd?

Table 40. Fresh properties measured in the field for mixture 10

Test Sample 1 | Sample 2
Slump (in) 3.5 4.0
Concrete temperature at placement (°F) 91 90
Unit Weight (1b/1t3) 143.0 142.6
Air Content, % 2.6% 2.4%
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Figure 30. Curing temperatures measured for the field sampling for mixture 10

The concrete sampled in the field was reproduced under laboratory conditions with the materials
collected from the ready-mixed concrete plant. The fresh properties measured from the
reproduced mix in the laboratory are shown in Table 41. The temperatures recorded during
curing for the laboratory-made concrete are shown in Figure 31. Specimen dimensions for the
concrete cylinders made in the field and laboratory are shown in Table 42.

Table 41. Fresh properties measured in the laboratory for mixture 10

Test Batch 1 | Batch 2
Slump (in) 2.2 2.5
Concrete temperature at placement (°F) 75 74
Unit Weight (Ib/ft?) 145.2 145.5
Air Content, % 1.7% 1.2%
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Figure 31. Curing temperatures measured for the field sampling for mixture 10
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Table 42. Specimen dimensions for concrete cylinders made for mixture 10

69

Determination
Cylinder
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Average
Diameter | 101.5 | 101.3 | 101.4 | 101.6 | 101.7 | 101.9 | 102.3 | 101.5 | 101.4 | 101.6 | 101.7 | 101.7 | 102.1 | 101.5 | 107.0 | 101.4
. (mm)
Average
Length 1959 | 196.0 | 199.0 | 199.1 | 1974 | 204.8 | 199.6 | 196.2 | 197.1 | 198.5 | 199.1 | 199.2 | 204.8 | 200.4 | 207.9 | 196.1
(mm)
Average not
Diameter | 101.5 | 101.4 | 101.4 | 101.7 | 101.8 | 101.9 | 101.7 | 101.6 | 101.6 | 101.7 fabr 101.6 | 106.7 | 101.6 | 101.7 | 101.3
(mm)
2
Average not
Length 196.2 | 197.3 | 201.9 | 195.7 | 196.6 | 204.2 | 1994 | 196.8 | 198.7 | 1974 fabr 197.1 | 204.0 | 201.5 | 2014 | 197.4
(mm)
Average
Diameter | 101.4 | 101.3 | 101.8 | 101.5 | 100.3 | 106.7 | 101.7 | 101.5 | 101.6 | 101.6 | 101.7 | 101.4 | 106.9 | 101.7 | 101.8 | 101.5
3 (mm)
Average
Length 197.1 | 1959 | 1999 | 195.8 | 199.1 | 201.6 | 195.7 | 1959 | 1969 | 196.4 | 199.5 | 197.5 | 208.8 | 201.6 | 198.6 | 196.1
(mm)
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3.3.11. Concrete Mixture 11

curing are shown in Figure 32.

Table 43. Concrete mix design information for mixture 11

Concrete for mixture 11 was sampled from a construction site in Miami, FL on June 20, 2023.
The concrete mixture proportions are shown in Table 43. The concrete mixture was designed to
meet FDOT Class IV concrete with a minimum strength of 5500 psi. The fresh properties
measured in the field are shown in Table 44. The temperatures recorded in the field during

Product Quantity Units
Cement Type IL 360 Ib/yd?
Slag 360 Ib/yd?
#57 Stone 1630 Ib/yd?
Silica Sand 1174 Ib/yd?
Air Entraining Admixture 3.0 fl oz/yd?
Admix‘ture for Concrete Type D Water - Reducing and 6.0 1 ozlyd®
Retarding I

Admix.ture for Concrete Type D Water - Reducing and 10.8 1 ozlyd®
Retarding II

Adm'ixt‘ure for Concrete Type S Water - Rheology 10.8 l ozlyd®
Modifying

Water 267 Ib/yd?

Table 44. Fresh properties measured in the field for mixture 11

Test Sample 1 | Sample 2
Slump (in) 1.0 1.0
Concrete temperature at placement (°F) 85 90
Unit Weight (Ib/ft?) 145.9 147.1
Air Content, % 2.5% 3.0%
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Figure 32. Curing temperatures measured for the field sampling for mixture 11

The concrete sampled in the field was reproduced under laboratory conditions with the materials
collected from the ready-mixed concrete plant. The fresh properties measured from the
reproduced mix in the laboratory are shown in Table 45. The temperatures recorded during
curing for the laboratory-made concrete are shown in Figure 33. Specimen dimensions for the
concrete cylinders made in the field and laboratory are shown in Table 46.

Table 45. Fresh properties measured in the laboratory for mixture 11

Test Batch1 | Batch2
Slump (in) 0.5 0.00
Concrete temperature at placement (°F) 80 76
Unit Weight (Ib/ft%) 145.9 44.9
Air Content, % 1.7% 2.1%
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Figure 33. Temperatures measured during curing for samples made in the laboratory for mixture
11
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Table 46. Specimen dimensions for concrete cylinders made for mixture 11

73

Cylinder

Determination

8

9

10

11

12

13

14

15

16

Average
Diameter
(mm)

101.4

101.4

101.3

101.6

101.8

101.8

101.6

101.5

101.7

101.8

101.8

101.4

101.7

101.4

101.8

101.4

Average
Length
(mm)

193.0

185.9

198.7

199.9

200.9

200.4

198.7

197.3

199.4

196.7

200.5

196.5

198.9

200.0

199.5

195.9

Average
Diameter
(mm)

101.4

101.5

101.3

101.5

101.9

101.4

101.5

101.4

101.7

101.5

101.4

102.0

101.3

102.0

101.6

Average
Length
(mm)

192.0

194.1

202.5

198.6

201.6

200.3

200.0

198.8

196.2

198.1

196.6

202.0

197.6

200.3

197.0

Average
Diameter
(mm)

101.7

101.5

101.2

101.6

102.2

101.5

101.6

101.5

101.9

101.8

101.6

101.5

101.7

101.4

102.3

101.8

Average
Length
(mm)

193.3

192.4

201.5

196.8

198.2

201.1

202.2

196.4

198.0

196.7

201.4

197.2

198.1

202.1

199.6

196.9
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3.3.12. Concrete Mixture 12

Concrete was sampled for mixture 12 at a construction site in Orlando, FL on June 28, 2023. The
mixture proportions are shown in Table 47. The concrete mixture was designed to meet FDOT

Class II concrete requirements with a minimum strength of 3400 psi. The fresh properties

measured in the field are shown in Table 48. The temperatures recorded in the field during

curing are shown in Figure 34.

Table 47. Concrete mix design information for mixture 12

Product Quantity Units
Cement Type IL 232 Ib/yd?
Slag 243 Ib/yd?
#57 Stone 1755 Ib/yd?
Silica Sand 1351 Ib/yd?
Air Entraining Admixture 0.1 fl oz/yd?
Admix‘ture for Concrete Type D Water - Reducing and 570 1 ozlyd®
Retarding I

Water 250 Ib/yd?

Table 48. Fresh properties measured in the field for mixture 12

Test Sample 1 | Sample 2
Slump (in) 2.75 2.5
Concrete temperature at placement (°F) 78 77
Unit Weight (1b/ft3) 143.8 145.0
Air Content, % 2.5% 1.8%
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Figure 34. Curing temperatures measured for the field sampling for mixture 12

The concrete sampled in the field was reproduced under laboratory conditions with the materials
collected from the ready-mixed concrete plant. The fresh properties measured from the
reproduced mix in the laboratory are shown in Table 49. The curing temperatures recorded
during curing for the laboratory-made concrete are shown in Figure 35. Specimen dimensions for
the concrete cylinders made in the field and laboratory are shown in Table 50.

Table 49. Fresh properties measured in the laboratory for mixture 12

Test Batch 1 | Batch 2
Slump (in) 2.0 1.0
Concrete temperature at placement (°F) 74 75
Unit Weight (Ib/ft?) 143.8 145.7
Air Content, % 3.0% 2.0%
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Figure 35. Temperatures measured during curing for samples made in the laboratory for mixture

12
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Table 50. Specimen dimensions for concrete cylinders made for mixture 12

77

Cylinder

Determination

2 3 4 5 6 7 8 9 10 11 12

13

14

15

16

Average
Diameter
(mm)

101.5

101.7 | 101.2 | 101.5 | 101.7 | 101.2 | 101.4 | 101.4 | 101.5 | 101.3 | 101.5 | 101.5

101.8

101.5

101.4

101.3

Average
Length
(mm)

195.2

1952 | 1984 | 194.2 | 201.5 | 198.4 | 198.0 | 198.1 | 199.2 | 195.2 | 197.9 | 1943

200.2

199.4

197.5

195.7

Average
Diameter
(mm)

102.0

101.7 | 101.2 | 101.6 | 101.9 | 101.2 | 101.4 | 101.5 | 101.6 | 101.3 | 101.4 | 101.6

101.7

101.9

101.7

101.3

Average
Length
(mm)

195.5

194.4 | 199.8 | 194.4 | 199.5 | 199.8 | 197.1 | 195.6 | 197.6 | 196.8 | 198.2 | 197.0

198.7

200.0

196.7

196.6

Average
Diameter
(mm)

405.3

101.5 | 101.2 | 101.7 | 101.6 | 101.2 | 101.6 | 101.4 | 101.7 | 101.4 | 101.8 | 101.6

101.8

101.7

101.7

101.5

Average
Length
(mm)

195.1

195.0 | 198.8 | 201.0 | 200.6 | 198.8 | 200.3 | 194.7 | 199.9 | 197.1 | 196.9 | 196.1

199.8

201.5

200.5

196.3
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3.3.13. Concrete Mixture 13

Concrete was sampled for mixture 13 from a construction site in Miami, FL on July 6, 2023. The
concrete mixture proportions are shown in Table 51. The concrete mixture was designed to meet
FDOT class IV concrete with a minimum strength of 5500 psi. The concrete fresh properties
measured in the field are shown in Table 52. The temperatures recorded in the field during
curing are shown in Figure 36.

Table 51. Concrete mix design information for mixture 13

Product Quantity Units
Cement Type IL 502 Ib/yd?
Slag 168 Ib/yd?
#57 Stone 1630 Ib/yd?
Silica Sand 1154 Ib/yd?
Air Entraining Admixture 2.5 fl oz/yd?
IAdmixture for Concrete Type D Water - Reducing and Retarding 135 fl ozlyd®
ﬁdmixture for Concrete Type D Water - Reducing and Retarding 10.0 fl oziyd’
Water 275 Ib/yd?

Table 52. Fresh properties measured in the field for mixture 13

Test Sample 1 | Sample 2
Slump (in) 2.5 3.5
Concrete temperature at placement (°F) 90 91
Unit Weight (1b/{t3) 146.3 143.8
Air Content, % 1.5% 2.0%
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Figure 36. Curing temperatures measured for the field sampling for mixture 13

The concrete sampled in the field was reproduced under laboratory conditions with the materials
collected from the ready-mixed concrete plant. The fresh properties measured from the
reproduced concrete in the laboratory are shown in Table 53. The temperatures recorded during
curing for the laboratory-made concrete are shown in Figure 37. Specimen dimensions for the
concrete cylinders made in the field and laboratory are shown in Table 54.

Table 53. Laboratory fresh properties construction site 13

Test Batch 1 | Batch 2
Slump (in) 2.0 2.5
Concrete temperature at placement (°F) 74 74
Unit Weight (Ib/ft?) 136.2 141.4
Air Content, % 1.9% 1.7%
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Figure 37. Temperatures measured during curing for samples made in the laboratory for mixture

13
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Table 54. Specimen dimensions for concrete cylinders made for mixture 13

81

Cylinder

Determination

8

9

10

11

12

13

14

15

16

Average
Diameter
(mm)

101.3

101.6

101.8

101.8

101.5

101.5

101.8

101.5

101.8

101.7

117.2

101.7

101.9

101.7

101.8

101.8

Average
Length
(mm)

200.8

200.0

202.6

199.1

198.3

199.1

196.9

201.8

200.0

198.1

212.2

196.2

202.2

199.1

196.0

198.6

Average
Diameter
(mm)

101.5

101.6

111.2

101.6

101.9

101.6

111.9

100.6

102.1

101.8

101.6

102.0

107.1

106.8

101.4

101.6

Average
Length
(mm)

201.0

199.1

213.2

200.8

197.9

198.2

198.3

196.7

200.4

195.6

195.6

199.4

201.2

206.1

198.4

198.1

Average
Diameter
(mm)

101.7

101.2

116.8

101.6

102.0

101.6

101.7

101.7

101.7

101.7

101.7

101.6

107.3

112.1

101.5

101.7

Average
Length
(mm)

200.2

198.5

2144

198.4

198.8

200.8

198.3

201.7

198.7

196.6

168.5

201.0

202.8

206.7

196.8

195.2
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3.3.14. Concrete Mixture 14

curing are shown in Figure 38.

Table 55. Concrete mix design information for mixture 14

Concrete for mixture 14 was sampled from a construction site in Tampa, FL on July 21, 2023.
The concrete mixture proportions are shown in Table 55. The concrete mixture was designed to
meet FDOT class IV concrete with a minimum strength of 5500 psi. The fresh properties
measured in the field are shown in Table 56. The temperatures recorded in the field during

Product Quantity Units
Cement Type IL 266 Ib/yd?
Slag 399 Ib/yd?
Metakaolin 60 Ib/yd?
#57 Stone 1714 Ib/yd?
Silica Sand 1142 Ib/yd?
Air Entraining Admixture 0.1 fl oz/yd?
Admixture for Concrete Type A Water - Reducing | 58.0 fl oz/yd?
Admixture for Concrete Type A Water - Reducing I1 30.5 fl oz/yd?
Water 254 Ib/yd?
Table 56. Field fresh properties construction site 14

Test Sample 1 | Sample 2

Slump (in) 8.5 8.5

Concrete temperature at placement (°F) 90 90

Unit Weight (1b/ft3) 143.4 147.5

Air Content, % 1.8% 1.2%
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Figure 38. Curing temperatures measured for the field sampling for mixture 14

The concrete sampled in the field was reproduced under laboratory conditions with materials
collected from the ready-mixed concrete plant. The fresh properties measured from the
reproduced concrete in the laboratory are shown in Table 57. The temperatures recorded during
curing for the laboratory-made concrete are shown in Figure 39. Specimen dimensions for the
concrete cylinders made in the field and laboratory are shown in Table 58.

Table 57. Fresh properties measured in the laboratory for mixture 14

Test Batch1 | Batch2
Slump (in) 9.5 9.5
Concrete temperature at placement (°F) 74 76
Unit Weight (Ib/ft%) 144.6 146.3
Air Content, % 0.3% 0.3%
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Figure 39. Temperatures measured during curing for samples made in the laboratory for mixture
14
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Table 58. Specimen dimensions for concrete cylinders made for mixture 14

85

Cylinder

Determination

2 3 4 5 6 7 8 9 10 11 12

13

14

15

16

Average
Diameter
(mm)

101.5

101.7 | 101.7 | 101.8 | 101.2 | 101.8 | 101.8 | 101.6 | 101.8 | 101.2 | 101.3 | 101.7

101.5

101.3

101.6

101.6

Average
Length
(mm)

196.6

193.4 | 199.8 | 190.4 | 197.2 | 198.2 | 198.2 | 194.8 | 134.0 | 193.2 | 196.5 | 192.0

196.5

199.4

195.1

191.3

Average
Diameter
(mm)

101.7

101.6 | 101.5 | 101.7 | 101.4 | 101.9 | 101.9 | 101.6 | 101.6 | 101.8 | 101.4 | 101.6

101.7

101.5

101.5

101.7

Average
Length
(mm)

194.2

191.8 | 197.3 | 194.1 | 196.8 | 199.8 | 199.8 | 195.5 | 165.0 | 194.4 | 196.5 | 191.4

197.5

195.6

196.5

194.3

Average
Diameter
(mm)

101.5

101.4 | 101.3 | 101.4 | 101.6 | 101.9 | 101.9 | 101.6 | 101.5 | 101.6 | 101.3 | 101.7

101.4

101.9

101.5

102.1

Average
Length
(mm)

194.7

191.0 | 196.8 | 1929 | 197.8 | 196.3 | 196.3 | 196.2 | 196.4 | 194.8 | 195.4 | 195.4

164.3

196.2

194.5

193.5
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3.3.15. Concrete Mixture 15

Concrete was sampled for mixture 15 from a construction site in Miami, FL on August 9, 2023.
The concrete mixture proportions are shown in Table 59. The concrete mixture was designed to

meet FDOT class II concrete with a minimum strength of 3400 psi. The fresh properties
measured in the field are shown in Table 60. The temperatures recorded in the field during

curing are shown in Figure 40.

Table 59. Concrete mix design information for mixture 15

Product Quantity Units
Cement Type IL 500 Ib/yd?
Fly Ash -Class F 125 Ib/yd?
#57 Stone 1650 Ib/yd’
Silica Sand 1260 Ib/yd’
Air Entraining Admixture 11.0 fl oz/yd?
Admix‘ture for Concrete Type D Water - Reducing and 438 1 ozlyd®
Retarding [
Water 267 Ib/yd?
Table 60. Field fresh properties construction site 15

Test Sample 1 | Sample 2

Slump (in) 3.0 2.5

Concrete temperature at placement (°F) 90 90

Unit Weight (1b/ft3) 144.6 143.0

Air Content, % 2.5% 2.1%
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Figure 40. Curing temperatures measured for the field sampling for mixture 15

The concrete sampled in the field was reproduced under laboratory conditions with the materials
collected from the ready-mixed concrete plant. The fresh properties measured from the
reproduced concrete in the laboratory are shown in Table 61 The curing temperatures recorded
during curing for the laboratory-made concrete are shown in Figure 41. Specimen dimensions for
the concrete cylinders made in the field and laboratory are shown in Table 62.

Table 61. Fresh properties measured in the laboratory for mixture 15

Test Batch1 | Batch2
Slump (in) 2.75 2.75
Concrete temperature at placement (°F) 74 75
Unit Weight (Ib/ft%) 140.6 141.4
Air Content, % 4.6% 5.2%
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Figure 41. Temperatures measured during curing for samples made in the laboratory for mixture

15
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Table 62. Specimen dimensions for concrete cylinders made for mixture 15

89

Cylinder

Determination

2 3 4 5 6 7 8 9 10 11 12

13

14

15

16

Average
Diameter
(mm)

101.6

101.6 | 101.9 | 101.7 | 101.5 | 101.8 | 101.7 | 101.4 | 101.8 | 101.5 | 101.5 | 101.9

101.7

101.6

101.9

101.5

Average
Length
(mm)

193.4

193.6 | 196.8 | 196.4 | 198.3 | 195.7 | 194.1 | 194.1 | 194.7 | 192.9 | 194.7 | 194.6

195.5

197.1

196.4

195.9

Average
Diameter
(mm)

101.6

101.6 | 101.8 | 101.5 | 101.7 | 101.5 | 101.7 | 101.5 | 101.6 | 101.5 | 101.5 | 101.7

101.6

101.4

101.8

101.6

Average
Length
(mm)

192.9

1953 | 1949 | 192.7 | 198.9 | 198.4 | 193.0 | 194.7 | 194.8 | 190.8 | 195.0 | 195.1

195.9

195.3

196.2

193.4

Average
Diameter
(mm)

101.8

101.8 | 101.6 | 101.6 | 101.6 | 101.4 | 101.8 | 101.8 | 101.8 | 101.5 | 101.6 | 101.9

101.5

101.6

101.6

101.7

Average
Length
(mm)

192.8

193.5 | 1989 | 194.4 | 1959 | 196.4 | 194.0 | 194.1 | 194.1 | 194.8 | 197.0 | 200.4

196.8

195.0

194.3

193.5
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3.4. Summary

Concrete specimens were made for 15 construction mixture designs in the field at construction
sites in Florida to study any differences in concrete resistivity between samples made in the field
and laboratory. Materials used for the selected placements were collected from the same ready-
mix plants used to produce the field concrete and were used to reproduce the mix designs under
laboratory conditions. Concrete fresh properties were measured for all concrete mixtures
sampled and specimens were subjected to two different initial curing methods for measurement
of the 28-, 56-, and 91-day concrete surface and bulk resistivity.
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4. RUGGEDNESS STUDY

Concrete electrical resistivity tests are used to measure the long-term durability of concrete
mixtures due to its ease, speed of testing, and good correlation with other tests to concrete
permeability [2]. A ruggedness study following ASTM C1067 [82] and ASTM E1169 [7] was
performed to determine the influence of identified potential factors in the variability of surface
and bulk resistivity methods.

4.1. Methods
4.1.1. Resistivity Testing

AASHTO T 358 [36] and AASHTO TP 119 [24] were used to measure the concrete surface and
bulk resistivity, respectively. Three different apparatus were used to measure the concrete
resistivity: the Giatec Surf™ to measure the surface resistivity, the Giatec RCON™ to measure
bulk resistivity, and the Proceq Resipod to measure surface resistivity and bulk resistivity when
used with stainless steel plates connected to the electrodes. The specimens were rinsed with tap
water before measuring the resistivity. The specimen surface resistivity was measured with the
Surf™ using the ASTM mode on the equipment. Then the specimen was tested for surface
resistivity using the custom mode with the frequency described in the testing matrix. The
frequency of testing of the equipment was only possible to set with the Giatec equipment. The
specimen was tested for surface resistivity with the Proceq Resipod, maintaining the moisture of
the specimen. The specimen bulk resistivity was then measured with the RCON™ and Proceq
Resipod using the connected stainless steel end plates. The temperature was measured at every
step with a laser thermometer. The resistivity test setup can be seen in Figure 42. Figure 43
shows the frequency setup option for the Surf™
the RCON™,

. Figure 44 shows the frequency setup option for

Figure 42. Resistivity testing setup
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Figure 44. Frequency setup RCON™
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Individual limewater tanks and communal limewater tanks were conditioned as per ASTM C511
[62]. A communal limewater tank can be seen in Figure 45.

i

Figure 45. Communal limewater tank

4.1.2. Material Characterization

Coarse aggregate gradations were measured according to ASTM C136 [83], while their
absorption and specific gravity were measured according to ASTM C127 [84]. Fine aggregate
gradations were measured according to ASTM C136 [83], while their absorption and specific
gravity were measured according to ASTM C128 [85].

4.1.3. Ruggedness Study Implementation

Table 63 shows the concrete resistivity factors studied and their levels based on ASTM C1067
[82] level assignation for the ruggedness test. Table 64 shows the matrix pattern of signs
constructed for the factors following ASTM C1067 [82], modified to study 6 factors as directed
by ASTM E1169 [7]. Table 65 shows the sign matrix that was used to perform the ruggedness
calculations adapted from ASTM C1067 [82] with the proposed experimental matrix of 6 factors
and 16 determinations studied.
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Table 63. Levels tested for factors studied

94

Levels
Factor - +
A Frequency 100 40
B Temperature control Cooler w tempered water Uninsulated box
C Time of demolding 7 days 24-48 hrs
D Limewater Communal Individual
E Sample moisture state during testing Dry Wet
F Sample production Lab Field
Table 64. Pattern of sign matrix
Factor Determination number
1 2 3 4 5 6 7 8
A - Frequency 1 -1 -1 1 -1 1 1 -1
B - Temperature control 1 1 -1 -1 1 -1 1 -1
C - Time of demolding 1 1 1 -1 -1 1 -1 -1
D - Limewater -1 1 1 1 -1 -1 1 -1
F - Sample moisture state during testing -1 1 -1 1 1 1 -1 -1
G - Sample production -1 -1 1 -1 1 1 1 -1

Table 65. Matrix of signs

Row Eight determinations for Replicate Set 1 Eight determinations for Replicate Set 2

1 2 3 4 5 6 7 8 | 9110 [ 11 | 12 | 13 | 14 | 15 | 16
1 1 1 1 1 1 1 1 1] 1 1 1 1 1 1 1 1
2 1| -1 ] -1 1] -1 1 1| -1 1] -1| -1 1] -1 1 1| -1
3 1 1| -1] -1 1| -1 1] -1] 1 1| -1 -1 1] -1 1| -1
4 1 1 1| -1 -1 1| -1 -1[ 1 1 1| -1] -1 1| -1] -1
5 -1 1 1 1| -1] -1 1] -1] -1 1 1 1] -1] -1 1| -1
6 -1 1] -1 1 1 1| -1 -1] -1 1] -1 1 1 1| -1] -1
7 -1 -1 1| -1 1 1 1| -1[-1] -1 1] -1 1 1 1] -1
8 1 1 1 1 1 1 1 1| -1) -1] 1] -1] -1] -1| -1| -1
9 1] -1 ] -1 1] -1 1 1| -1 -1 1 1| -1 1] -1] -1 1
10 1 1| -1] -1 1| -1 1] -1]-1] -1 1 1] -1 1] -1 1
11 1 1 1| -1] -1 1| -1 -1 -1 -1] -l 1 1] -1 1 1
12 -1 1 1 1| -1] -1 1| -1 1] -1| -1] -1 1 1] -1 1
13 -1 1] -1 1 1 1| -1 -1] 1] -1 1| -1] -1 -1 1 1
14 -1 -1 1| -1 1 1 1| -1[ 1 1] -1 1| -1] -1] -1 1
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4.2. Results
4.2.1. Aggregate Characterization

Table 66 shows the specific gravity measured for the coarse and fine aggregates, while Table 67
shows the absorption capacity measured for the coarse and fine aggregates. The coarse aggregate
gradations measured are shown from Figure 46 to Figure 60, while the fine aggregate gradations
measured are shown from Figure 61 to Figure 75.

Table 66. Aggregate specific gravities

Coarse Coarse Fine
Mix Aggregate | Aggregate | Aggregate
I 1 I

1 2.35 n/a 2.66
2 2.35 n/a 2.66
3 2.49 n/a 2.64
4 2.49 n/a 2.64
5 2.45 n/a 2.64
6 2.45 n/a 2.64
7 2.46 n/a 2.66
8 2.69 n/a 2.65
9 2.38 241 2.64
10 2.38 n/a 2.64
11 2.36 n/a 2.65
12 2.48 n/a 2.64
13 2.38 n/a 2.65
14 2.45 n/a 2.64
15 2.48 n/a 2.64

Table 67. Aggregate absorption capacities

Coarse Coarse Fine
Mix | Aggregate | Aggregate | Aggregate

I (%) II (%) I(%)
1 6.53 n/a 0.4
2 6.53 n/a 0.4
3 5.1 n/a 0.2
4 5.1 n/a 0.2
5 6.4 n/a 0.3
6 6.4 n/a 0.3
7 6.27 n/a 0.4
8 1.18 n/a 0.32
9 4.15 4.58 0.1
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10 4.15 n/a 0.1
11 4.28 n/a 0.08
12 5.5 n/a 0.2
13 4.15 n/a 0.08
14 6.4 n/a 03
15 2.6 n/a 0.2
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Figure 46. Mix 1 coarse aggregate gradation
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Figure 49. Mix 4 coarse aggregate gradation
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Figure 50. Mix 5 coarse aggregate gradation
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Figure 51. Mix 6 coarse aggregate gradation
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Figure 52. Mix 7 coarse aggregate gradation
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Figure 53. Mix 8 coarse aggregate gradation
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Figure 54. Mix 9 coarse aggregate gradations
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Figure 55. Mix 10 coarse aggregate gradation
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Figure 56. Mix 11 coarse aggregate gradation

101

1.2

1.2



120%

100%

80%

60%

% Pass

40%

20%

0%

120%

100%

80%

60%

% Pass

40%

20%

0%

—@— Gradation Mix 12

0.2 0.4 0.6 0.8
Nominal Sieve Sieze Opening (in)

Figure 57. Mix 12 coarse aggregate gradation
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Figure 58. Mix 13 coarse aggregate gradation
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Figure 59. Mix 14 coarse aggregate gradation
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Figure 60. Mix 15 coarse aggregate gradation
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Figure 61. Mix 1 fine aggregate gradation
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Figure 62. Mix 2 fine aggregate gradation
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Figure 63. Mix 3 fine aggregate gradation
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Figure 64. Mix 4 fine aggregate gradation
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Figure 65. Mix 5 fine aggregate gradation
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Figure 66. Mix 6 fine aggregate gradation
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Figure 67. Mix 7 fine aggregate gradation
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Figure 68. Mix 8 fine aggregate gradation

107

0.2

0.2



100%

80%

60%

% Pass

40%

20%

0%

100%

80%

60%

% Pass

40%

20%

0%

—@— Gradation Mix 9

0.05 0.1 0.15

Nominal Sieve size opening (in)

Figure 69. Mix 9 fine aggregate gradation
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Figure 70. Mix 10 fine aggregate gradation
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Figure 71. Mix 11 fine aggregate gradation
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Figure 72. Mix 12 fine aggregate gradation
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Figure 73. Mix 13 fine aggregate gradation
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Figure 74. Mix 14 fine aggregate gradation
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Figure 75. Mix 15 fine aggregate gradation

4.2.2. Cementitious Materials Characterization

Table 68 shows the cementitious material specific gravities measured using gas pycnometry and
LOI. Table 69 shows the cementitious material particle size distribution measured using laser
particle diffraction.

Table 68. Cementitious material specific gravity and LOI

Mix Mix zl:f;cv‘:;‘; % LOI
: Cement - Type IL 3.12 6.68
Fly Ash - Class F 2.51 2.4
) Cement - Type IL 3.14 6.42
Fly Ash - Class F 2.55 2.55
S\?Iﬁ;m - Typell 3.18 5.04
3 | Fly Ash - Class F 2.49 2.51
Slag 2.96 0.13
) S\‘E‘)”m - Typell 3.3 527
Slag 3 -0.13
5 Cement - Type IL 3.2 5.33
Slag 3 0.67
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6 Cement - Type IL 3.23 53
Slag 3.03 1.17
Cement - Type IL 3.1 5.78

! Fly Ash - Class F 2.52 2.55

g Cement - Type IL 3.14 6.5
Slag 2.95 0.14

9 Cement - Type IL 3.17 5.83
Slag 2.94 -0.06
Cement - Type IL 3.15 5.38

10 Slag 2.95 0.64
Cement - Type IL 3.16 2.23

H Slag 2.97 0.26
Cement - Type IL 3.23 5.22

12 Slag 2.94 1.16

13 Cement - Type IL 3.21 1.89
Slag 2.94 0.87
Cement - Type IL 3.15 8.54

14 | Metakaolin 2.83 0.87
Slag 2.96 -0.33

15 Cement - Type IL 3.13 6.39
Fly Ash - Class F 2.46 3.07

Table 69. Cementitious material particle size distributions

Mix Material dv 10 (um) | dv 50 (um) | dv 90 (um)
! Cement - Type IL 1.83 10.67 27.61
Fly Ash - Class F 7.96 17.77 58.10
5 Cement - Type IL 2.22 10.73 27.11
Fly Ash - Class F 7.72 16.74 58.22
Cement - Type I (MH) 3.02 12.32 33.78
3 | Fly Ash-Class F 5.88 11.03 67.61
Slag 2.43 11.65 26.19
4 Cement - Type II (MH) 2.38 11.69 33.74
Slag 2.40 11.60 26.19
5 Cement - Type IL 1.98 9.67 24.21
Slag 2.25 11.33 25.50
6 Cement - Type IL 1.85 9.40 23.58
Slag 2.27 11.17 24.75
- Cement - Type IL 2.10 9.30 21.04
Fly Ash - Class F 5.37 16.95 75.00
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g Cement - Type IL 2.38 10.14 27.49
Slag 2.27 12.07 29.91
9 Cement - Type IL 1.81 10.08 28.10
Slag 2.16 11.58 28.73
10 Cement - Type IL 1.74 9.37 23.84
Slag 2.01 10.75 21.75
1 Cement - Type IL 2.34 12.53 36.84
Slag 2.30 12.30 29.27
1 Cement - Type IL 1.62 9.13 24.96
Slag 1.96 11.14 25.75
13 Cement - Type IL 2.62 12.07 36.58
Slag 2.21 12.29 29.72
Cement - Type IL 2.45 9.71 22.59
14 | Metakaolin 2.25 12.14 28.44
Slag 0.32 8.63 35.89
15 Cement - Type IL 222 10.49 27.62
Fly Ash - Class F 3.93 12.06 35.61

4.2.3. Compression Results

The 91-day concrete compressive strengths were measured according to ASTM C39 [86] using
the same cylinders used for resistivity tests after the completion of the resistivity measurements.
The average 91-day compression strength results are shown in Table 70. The average
compression strength for samples fabricated in the laboratory and the field exceeded the design
strength in all mixes studied, as shown in Figure 76. The compression strength standard
deviation was calculated for the laboratory and field samples per ASTM C670 [6], and is shown
as the error bars in Figure 76. All mixtures were significantly above their 28-day design strengths

at 91 days.
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Table 70. Compression tests results

Det. Mix1 | Mix2 | Mix3 | Mix4 | Mix5 | Mix 6 | Mix7 | Mix 8 | Mix 9 | Mix 10 | Mix 11 | Mix 12 | Mix 13 | Mix 14 | Mix 15
28-d
Design | 5500 | 5500 | 5500 | 5500 | 5500 | 5500 | 4000 | 5500 | 3400 5500 5500 3400 5500 5500 4500
Strength

1| 7340 | 6300 | 9480 | 6790 | 7180 | 8070 | 6850 | 8100 | 4700 8700 8630 7470 6970 7610 6580

2| 7770 | 6270 | 9230 | 8400 | 5500 | 7730 | 6780 | 8170 | 5530 8670 7790 6650 6510 8110 6550

3| n/a n/a n/a 8960 | 7170 | 8590 | 6400 | 7980 | 5470 8360 7390 5950 8080 8700 7260

4 | 7780 | 6300 | 9120 | 8460 | 7170 | 8020 | 6150 | 8120 | 5580 8340 7310 7080 6200 7770 6950

5| n/a n/a n/a 8820 | 7670 | 8200 | 6990 | 7220 | 5050 8150 6880 5640 7400 9100 6980

6| n/a n/a n/a 8350 | 7700 | 8610 | 6340 | 7890 | 4570 8370 7510 5810 8540 9070 6980

7| n/a n/a n/a 8400 | 7430 | 7890 | 6900 | 6980 | 5260 7770 7650 5890 7740 9110 6980

8| 7490 | 6340 | 9250 | 8440 | 7390 | 8340 | 7130 | 8780 | 5290 8870 6940 7230 6290 7800 6860

9| 7420 | 6550 | 9200 | 8510 | 7230 | 8050 | 6510 | 8160 | 4700 8160 7390 6340 6050 8080 6180

10 | 7570 | 6440 | 8920 | 8880 | 7020 | 8200 | 6310 | 8090 | 5340 7810 7640 6090 7020 8370 6710

11| n/a n/a n/a 9030 | 7840 | 8060 | 6680 | 7850 | 3120 7770 6250 6110 7570 9080 8000

12 | 7350 | 6360 | 9020 | 8140 | 7880 | 8100 | 6480 | 8940 | 5560 7530 7650 7190 6720 8120 6030

13| n/a n/a n/a 8400 | 7810 | 8640 | 6560 | 7070 | 2220 6760 7880 5780 6730 8950 8190

14| n/a n/a n/a 8250 | 7400 | 8690 | 6490 | 7820 | 4450 8710 7570 6080 8090 7530 8120

15| n/a n/a n/a 8370 | 7960 | 6230 | 7030 | 6650 | 3480 7710 7220 5890 6930 8770 8200

16 | 7610 | 6570 | 9440 | 9500 | 7340 | 7950 | 7020 | 8060 | 5810 7990 7760 7470 6050 8050 5960
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Figure 76. Compression strength results

4.2.4. Resistivity F-statistics

Complete results for resistivity measurements are shown in Appendix A. F-statistics for the
concrete resistivity tests performed for each mixture tested were calculated. For a factor to be
considered statistically significant for a given mix, the F-statistic computed had to be larger than
5.32. Values above 5.32 are highlighted in green to make it easier to interpret results. Table 71 to
Table 82 show the F-statistics calculated following ASTM C1067 [82]. A result higher than 5.32
indicates significance of the factor for the test for the indicated mix at the indicated age. Four
tables for each age are presented. The first two tables correspond to the ruggedness analysis for
each of the Giatec apparatus for surface and bulk resistivity. The second set of two tables
correspond to a comparison between the Giatec and Proceq Resipod equipment. Average
percentage difference between field-fabricated specimens and laboratory-fabricated specimens
are also shown in the tables. F-statistics for 28 days are presented in Table 71, Table 72, Table
73 and Table 74. The 28-day bulk resistivity was not taken for mixture 1 with the Resipod
because of measurement issues. F-statistics for 56 days are presented in Table 75 through Table
78. F-statistics for 91 days are presented in Table 79 through Table 82. Average surface
resistivity measurement differences across ages with SURF™ is shown in Figure 77. The same
differences are shown in percentages in Figure 78. Average surface resistivity measurement
differences across ages for bulk resistivity with RCON™ are shown in Figure 79. The same
differences are shown in terms of percentages in Figure 80.
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Table 71. F-statistics surface resistivity at 28 days age using SURF™

Mix | Mix | Mix | Mix | Mix | Mix | Mix | Mix | Mix Mix Mix Mix Mix Mix Mix Si :‘f a
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 tgniic

o o2

0.8 1.7 1.2 | 3.7 | 0.1

Factor

Frequency | 0.0 0.2 0.3

Temperat
ure control

00 | 04 | 0.1 0.5 0.0 0.0

Time of
demolding

0.1 0.1

Limewater
Sample
moisture
state
during
testing

0.3 0.1

Sample
production
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Table 72. F-statistics bulk resistivity 28 days age using RCON™

Factor

Frequency
Temperat
ure
control

Time of
demolding

Limewater
Sample
moisture
state
during
testing
Sample
productio
n

Mix

Mix

Mix

Mix

Mix

Mix

Mix Mix Mix Mix
10 11 12 13
60 | 14 | 10

117

Mix

#
Significa
nt

13




Table 73. F-statistics surface resistivity at 28 days age comparing resistivity equipment manufacturer

Factor
Manufactu
rer

Temperatu
re control

Time of
demolding

Limewater
Sample
moisture
state
during
testing
Sample
production

Mix

Mix

Mix
3

Mix
4

Mix
5

Mix

Mix
7

Mix
8

Mix
9

118

Mix
10

Mix
11

Mix
12

Mix
13

Mix
14

Mix
15

#
Significa
nt

14

10

13




Table 74. F-statistics bulk resistivity at 28 days age comparing resistivity equipment manufacturer

Factor

Mix

Manufactu
rer

Temperatu
re control

Time of
demolding

Limewater

Sample
moisture
state
during
testing

Sample
production

Mix

Mix
4

Mix

Mix

Mix

Mix
8

Mix
9

119

Mix
10

Mix
11

Mix
12

Mix
13

Mix Mix Si :’f‘
14 | 15 gnitica
nt
2.0 10
0.7 3
4.4 6
5
1.2 5
4.3 12




Table 75. F-statistics surface resistivity at 56 days age using SURF™

Factor Mix | Mix | Mix | Mix | Mix | Mix | Mix | Mix | Mix Mix Mix Mix Mix Mix Mix Si :'f a
cto 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 ‘gn‘t 1

Frequency | 04 | 0.9

Temperat
ure control | (.3 0.8

1.0 | 02 | 0.0 1.1 0.1 0.2 0.0 0.0 0.2

1.4 1.2 1.1 2.9

Time of
demolding | 45 02

1.3 2.5 0.2
0.5 1.1 0.6

Limewater
Sample
moisture
state
during
testing
Sample
production
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Table 76. F-statistics bulk resistivity 56 days age using RCON™

Factor Mix | Mix | Mix | Mix | Mix | Mix | Mix | Mix | Mix | Mix Mix Mix Mix
1 2 3 4 5 6 7 8 9 10 11 12 13

Frequency | 7.1| 02| 13| 04| 42| 142] 15[ 98] 21| 83| 29| 44

Temperat

urecontrol | 03| 00| 0.1 03] 00] 07 00| 02| 02 0.5 0.2 0.5

Time of

demolding | 1.0 3.2 05| 02| 02| 08| 08| 23

Limewater | 0.1 05| 00| 01| 02] 09| 29

Sample

moisture

state

during

testing 0.2 0.0 0.0 0.9

Sample

production 0.0 3.2

121

Mix
14

Mix

#
Significa
nt




Table 77. F-statistics surface resistivity at 56 days age comparing resistivity equipment manufacturer

Factor
Manufactu
rer

Temperatu
re control

Time of
demolding

Limewater
Sample
moisture
state
during
testing
Sample
production

Mix

Mix

Mix
3

Mix
4

Mix
5

Mix
6

Mix
7

0.5

1.2

Mix

3.6

122

Mix

0.3

9
0.2
B

Mix
10

Mix
11

Mix
12

Mix
13

Mix
14

Mix
15

#
Significa
nt

14

-3

12




Table 78. F-statistics bulk resistivity at 56 days age comparing resistivity equipment manufacturer

Mix | Mix | Mix Mix Mix Mix Mix Siglfiﬁca
12 13 14 15
Factor nt
rer 2.9 9
Temperatu
re control 0.9 1.5 0.3 5.2 0.0
Time of
demolding 1.7 3.7 1.6
Limewater | 54| as 17 1.0, 40 Sl
Sample
moisture
state
during
testing 0.1 1.0

Sample
production

0.7 0.1

123



Table 79. F-statistics surface resistivity at 91 days age using SURF™

Factor Mix | Mix | Mix | Mix | Mix | Mix | Mix | Mix | Mix | Mix Mix Mix Mix Mix Mix Siglfiﬁca
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 at

Frequency | 0.03 | 0.30 | 0.03 | 0.38 | 1.55 | 0.02 | 0.09 | 0.29 | 0.10 | 0.01 0.41 0.04 | 0.13 1.71 1.28 0

Temperat

ure

control 0.22 0.03 0.06

MM

demolding | 0.17 2.33 | 4.59

Limewate m-

r 0.00 | 2.39 3.01 | 0.37

Sample

moisture

state

during

testing 145 | 443

Sample

productio

n 1.00 | 1.96 3.17 0.41
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Table 80. F-statistics bulk resistivity 91 days age using RCON™

#
. Mix . Mix | Mix | Mix | Mix | Mix | Mix | Mix Mix Mix Mix Mix Mix ..
Factor Mix 1 ) Mix 3 4 5 6 7 3 9 10 11 12 13 14 15 Signific

ant

Frequenc
0.61

Temperat
ure

control 0.62 | 0.33 0.00 5

Time of
demolding

0.05

Limewate
r
Sample
moisture
state
during
testing
Sample
productio
n

10

12
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Table 81. F-statistics surface resistivity at 91 days age comparing resistivity equipment manufacturer

Mix | Mix
1 2
Factor
Manufactu
rer 4.69
Temperatu
re control 0.27
Time of
demolding | (.02
Limewater 007
Sample
moisture
state
during
testing 2.13
Sample
production | 1.02

Mix
3

Mix
4

Mix
5

Mix

Mix

Mix
8

126

Mix

Mix
10

Mix
11

Mix
12

Mix
13

Mix
14

Mix
15

#
Significa
nt




Table 82. F-statistics bulk resistivity at 91 days age comparing resistivity equipment manufacturer

Mix | Mix | Mix | Mix | Mix | Mix | Mix Mix 8 Mix | Mix | Mix | Mix | Mix | Mix | Mix Sigziﬁc
1 2 3 4 5 6 7 9 10 11 12 13 14 15

Factor ant
Manufactu
rer 3.60 | 0.29| 0.01 3.02 7
Temperatu
re control 0.63 0.03 1.31 341 0.56 4
Time of
demolding 0.01 3.86 | 0.56

Limewater 2.30 0.41 | 2.56
Sample

moisture

state

during

testing

Sample
production
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Figure 77. Difference of averages of surface resistivity between laboratory samples vs. field samples with SURF™ (kQ-cm)
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4.3. Analysis of Results

The number of mixtures where a factor was found to be significant was examined to determine
the relative significance of the factor in providing reliable resistivity measurements. The surface
resistivity results measured using the SURF™ showed that frequency was only significant for
two of the 15 mixtures. Overall, this can be interpreted as the frequency has only a minor effect
on the surface resistivity measurements. Measurements with the RCON™ showed moderate
sensitivity to frequency, where between 27% and 47% of the mixtures were significant.
Temperature control was found to be significant for only a few mixtures with the SURF™ (7%
to 20%) and RCON™ (13% to 27%). Time of demolding was found to be significant 40% to
67% of the time when using the SURF™ and only moderately significant with the RCON™ (20
to 47% of the time). This may be because providing access to moisture during wet curing
impacts the surface more than the interior of the sample, especially for 28-day measurements.
Limewater curing in a communal tank vs. in individual buckets was found significant in 40% of
the mixtures in both surface and bulk resistivity at 28 days. Moisture state during testing was
found to be statistically significant for 40% of the mixtures at all ages with the SURF™.
Moisture state was found to be moderately significant for the RCON™, with 20% to 53% of the
mixtures showing significance. The equipment used was found to be highly significant, with
67% to 93% of the mixtures showing significance for surface resistivity, and 47% to 67% of the
time for bulk resistivity. Surface resistivity results were on average 17.6% higher at 28 days with
the SURF™ than the Resipod. Bulk resistivity results were 3.2% higher at 28 days with the
Resipod than RCON™,

The significance of a factor studied is dependent on the variability of the set tested and could
indicate different absolute resistivity values for differences of averages between levels in each
factor. For instance, for the surface Giatec equipment at 28 days age testing, the highest F-
statistic value for sample production registered was 538.4 for mix 15, which corresponds to a
difference between levels (offset between lab and field) of 1.84 kQ-cm, with the laboratory-
fabricated samples higher.

Average offsets for surface and bulk resistivity were calculated. There were no trends that held
for all ages and mixtures tested, as the resistivity values measured were higher in the field for
some mixtures, and higher in the laboratory for other mixtures. For surface resistivity with the
SURF™ at 28-day age testing, the average offset of the mixes where the laboratory-fabricated
samples resulted in higher resistivity was 4.29 kQ-cm (15% of the FDOT resistivity uncorrected
for geometry surface resistivity threshold), and the average offset of the mixes where the field-
fabricated samples resulted in higher resistivity was 5.07 kQ-cm (14% of the FDOT resistivity
uncorrected for geometry surface resistivity threshold). For bulk resistivity with the RCON™ at
28-day age testing, the average offset of the mixes where the laboratory-fabricated samples
resulted in higher resistivity was 6.51 kQ-cm (22% of the FDOT resistivity uncorrected for
geometry surface resistivity threshold), and the average offset of the mixes where the field-
fabricated samples resulted in higher resistivity was 3.04 kQ-cm (14% of the FDOT resistivity
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uncorrected for geometry surface resistivity threshold). The combinations of variables tested
make it difficult to pinpoint any exact cause of the field resistivity results being higher or lower
than the laboratory resistivity results. It is suspected that variations in the w/cm could have been
the cause of some differences. For example, the replicate samples taken in the field for mixture 9
were much lower than those in the first batch sampled, potentially because of differences in the
w/cm. Because the concrete w/cm was not measured in the field, no conclusive statements on the
matter can be made, however.

4.4. Summary

Based on the resistivity values measured, the effects of different variables on resistivity can be
summarized as follows:

e The resistivity results showed that frequency used was significant for the least number of
mixtures and should have only a minor effect.

e Temperature control was found to be significant for only a few mixtures (7% to 20%) and
RCON™ (13% to 27%).

e Time of demolding was found to be significant for more mixtures with surface resistivity
than bulk resistivity and should be kept within ASTM time limits for all samples.

e Limewater curing in a communal tank vs. in individual buckets was found significant in
40% of the mixtures in both surface and bulk resistivity at 28 days. Curing samples in
individual buckets with new solution prepared for each set of samples is important in
ensuring consistent and repeatable results.

e Moisture state during testing was found to be a significant variable. Moisture state is not
difficult to control during testing. Strict compliance with the ASTM standards should be
followed to ensure reliable electrical resistivity measurements.

e Significant differences in surface resistivity measurements were found between
equipment used.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

A literature review was performed that identified six factors with the potential to induce
significant variability between resistivity readings of field-fabricated samples and laboratory-
fabricated samples. The factors identified were test frequency, temperature control during curing,
demolding time, curing solution, sample moisture state during testing, and whether samples were
made in the field or laboratory. ASTM C1067 [82] and ASTM E1169 [7] standards were used to
build an experimental matrix and identify and evaluate the significance of each of the factors in
the variability of resistivity readings.

It was found that sample production (laboratory or field) was the factor with the highest count of
statistically significant effects across surface and bulk resistivity measurements, across
equipment used, and across the 28-, 56- and 91-days testing ages studied. It was found that
testing manufacturer, time of demolding, limewater curing method, and moisture state of the
sample were significant for a moderate number of mixtures in inducing variability in resistivity
readings between field-fabricated samples and laboratory-fabricated samples. It was also found
that temperature control during initial curing and test frequency were the factors that had the
fewest mixtures that showed significant differences in the resistivity readings.

There were no trends in resistivity between the laboratory- and field-made samples that held for
all ages and mixtures tested. The resistivity values measured were higher in the field for some
mixtures, and higher in the laboratory for other mixtures.

5.2. Recommendations

Based on the experimental results from this study, the following recommendations can be made:

e Samples should be cured in buckets with new solution and should not be mixed with
samples from other mixtures. Solution should also not be reused.

e Samples should be rejected if not demolded and final curing is not started within 48 hours
after fabrication.

e Samples should be kept moist during measurement.

e Ifused as a quality control tool, concrete samples should be cured in temperature-
controlled curing boxes or insulated coolers that can maintain the temperature in the
range required by ASTM C31 for standard initial curing (ASTM C31 section 10.1.2.1).

5.3. Future Research

The following topics should be considered for future research on concrete resistivity
measurements:
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e How to use concrete resistivity measurements in service life analysis.
e Concrete resistivity sensor use in the field.
e How w/cm variability in the field affects concrete resistivity measurements.
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Appendix A. Resistivity Readings

Table 83. Resistivity measurements mix 1

Resistivity Measurement (k€2-cm)

28 Day 56 Day 91 Day

= (28|38 | 34| 8 B2 |35 33|58 & | &2 (53|28 28 & |22
Det 1 9.8 9.8 8.5 4.2 4.6 149 | 14.9 12.5 8.1 7.3 20.2 | 20.1 16.9 12.5 9.5
Det 2 8.9 8.8 7.7 3.2 4.5 12.8 12.7 11.2 6.9 6.6 17.4 17.2 13.8 9.2 9.1
Det 3 9.1 9.5 7.1 23 n/a 13.8 13.7 11.5 5.1 7.4 20.3 19.7 16.7 5.1 7.4
Det 4 9.6 9.6 8.2 43 4.8 14.0 14.0 12.2 9.2 7.2 19.4 19.3 15.6 11.6 9.8
Det 5 9.5 9.3 7.3 34 3.2 15.1 15.0 12.7 5.5 8.0 212 | 21.2 18.1 5.5 8.0
Det 6 8.9 8.9 7.0 3.1 4.8 13.7 13.7 11.3 5.5 7.2 19.5 19.5 16.5 5.5 7.1
Det 7 9.7 9.7 7.7 2.7 n/a 15.7 15.7 12.7 5.6 7.9 23.1 23.2 19.0 5.6 7.9
Det8 | 11.2 11.1 9.5 4.0 5.2 16.5 16.3 13.9 7.8 7.9 213 | 21.1 18.1 11.4 9.9
Det9 | 10.1 10.1 8.9 4.4 4.9 14.9 14.9 12.9 8.3 7.4 20.0 19.8 17.7 13.3 9.8
Det10 | 93 9.1 7.7 3.2 4.5 13.0 | 129 11.1 7.3 6.6 17.7 | 17.5 15.0 9.1 8.9
Det11 | 8.3 8.3 6.6 2.0 n/a 14.3 13.0 10.7 4.4 6.7 18.8 | 18.7 15.5 4.4 6.7
Det12 | 9.6 9.5 8.1 4.2 4.8 140 | 13.9 12.2 9.9 7.3 19.3 19.2 15.5 11.8 10.0
Det13 | 8.8 8.9 6.7 29 4.2 13.5 13.1 11.0 53 44 12.8 | 12.8 10.7 53 7.0
Det14 | 8.6 8.5 6.8 2.6 3.6 12.8 8.6 10.7 53 6.5 12.8 | 12.8 10.7 53 6.5
Det15 | 9.9 9.1 6.9 2.3 n/a 13.1 13.1 10.9 4.5 6.8 13.1 13.1 10.9 4.5 6.8
Det16 | 10.3 10.3 8.8 3.9 52 15.9 15.8 13.5 8.3 7.9 21.6 | 214 18.2 11.2 10.6
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Table 84. Resistivity measurements mix 2

Resistivity Measurement (kQ2-cm)

28 Day 56 Day 91 Day

S 22| 23| 2 = = 22| 23| 2 = = 22| 25| 2 = =

= S=| & & 3 - 2 = | & & 3 - 2 = | & & S > >

£ 159 %55 %5< |28 | 3< |59 |55 5238 | 8<|5% (5% %<8 | %

E |2z | 22| 22 | Y| %2 dg|fg 22 |Sg %2 |2z 2z 22|25k

5 |EE| 55| 5% | 32| 5% | 55| 58| 5% | 35|38 |58\ 55| 58 |32 3%

a 20 | O n & "R} [~-W-4 20 | vl » & "R [~-W~4 20 | 0O @ & g O == 3-7
Det 1 7.0 7.0 6.2 2.9 33 9.8 9.8 8.5 6.2 4.6 12.3 12.2 10.0 7.9 6.0
Det 2 6.6 6.5 5.8 2.1 2.9 8.6 8.5 7.5 4.0 4.2 10.8 10.9 9.1 6.7 5.5
Det 3 6.4 6.3 5.0 0.7 2.8 8.0 8.0 6.6 2.4 2.8 10.5 10.4 8.0 39 5.1
Det 4 6.9 6.8 5.8 2.9 3.1 8.9 8.9 7.3 2.9 4.3 11.2 11.1 94 4.4 53
Det 5 6.3 6.4 53 0.9 32 8.3 8.2 7.3 2.6 32 11.4 11.4 8.8 4.3 5.5
Det 6 6.0 5.7 4.8 0.6 2.8 9.8 9.8 8.5 6.2 4.6 10.4 10.3 8.0 4.5 5.0
Det 7 6.3 6.2 53 0.9 2.9 7.5 7.5 6.3 1.8 3.8 10.9 10.9 8.6 4.5 5.3
Det 8 7.2 7.1 6.2 2.3 3.1 10.0 9.9 8.6 49 4.6 12.4 12.4 10.3 6.5 6.3
Det 9 6.9 6.9 6.2 3.0 32 9.5 9.8 8.5 5.6 4.6 12.2 12.1 9.9 7.6 6.0
Det 10 6.6 6.5 5.8 2.2 2.9 8.6 8.5 7.3 39 4.1 10.7 10.6 9.1 6.5 5.0
Det 11 6.7 6.5 5.2 0.8 3.0 8.4 8.4 7.0 2.2 4.2 11.8 11.3 9.0 4.4 5.7
Det 12 7.1 7.1 6.3 3.0 3.1 9.6 9.5 8.1 49 4.5 11.8 11.9 10.1 8.9 54
Det 13 6.4 6.4 52 0.9 33 8.6 8.5 7.3 53 3.1 12.1 12.0 9.3 4.8 5.8
Det 14 5.7 5.6 4.7 0.6 2.8 8.0 7.9 6.5 0.6 2.8 11.0 10.9 8.5 4.9 5.5
Det 15 6.9 7.2 5.5 1.0 3.1 9.2 9.2 7.7 1.0 3.1 12.6 12.7 9.6 4.9 59
Det 16 7.1 7.2 6.3 2.4 34 10.1 10.1 8.6 4.8 4.8 12.1 12.0 10.3 7.1 6.2
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Table 85. Resistivity measurements mix 3

Resistivity Measurement (kQ2-cm)

28 Day 56 Day 91 Day
£ 2%z IR IR

5 | 35|28 % < £ TE | TE| % < £ TE | TE| % < <

= [~ B - & i ‘7 gL | o = i ‘7 gL | %o =7 7 ‘%

E |gS 8| 828 |2, | &2 |85 | 8s| g8 |&.| 22 |8 |gc| 82 |2.| &%

@ < D < D -9 Q o < D < D -9 5] (=9 < D < D < o 5] o

2 |S5|%3| %% |%5| 2% |55 |55| 5% |25 | %% |55 |55 5% | 53|33

20 | »n O »n & -] g g 20 | # O »n & -] g g 20 | n O ©n & - R &) - N~

Det 1 26.3 25.7 20.0 14.4 12.7 37.1 36.9 29.7 16.7 18.7 47.5 47.5 38.2 21.9 23.4
Det 2 27.3 27.2 21.6 13.1 13.5 36.5 36.1 30.1 16.3 18.2 43.9 43.8 37.2 20.3 22.0
Det 3 349 34.8 28.7 159 17.5 46.5 46.3 359 23.6 22.9 55.8 56.1 42.9 26.9 26.6
Det 4 27.0 347 21.0 13.5 13.0 36.8 36.8 29.7 16.2 18.3 43.7 43.8 37.7 20.3 21.9
Det 5 334 32.8 274 15.7 17.4 47.2 46.8 35.6 22.8 23.7 55.6 55.6 45.0 284 27.6
Det 6 31.9 31.9 27.0 15.3 16.6 41.6 42.1 33.1 21.1 21.8 48.6 49.1 42.0 25.9 25.2
Det 7 32.8 32.2 27.3 15.2 11.2 46.5 46.3 359 23.6 22.9 58.5 58.3 46.1 30.3 29.1
Det 8 26.5 26.2 19.7 12.7 12.7 37.0 36.9 30.0 16.5 18.8 46.2 45.8 37.1 214 23.0
Det 9 249 24.1 19.1 13.3 12.1 36.0 36.0 29.4 16.1 18.4 44.9 45.0 36.6 21.1 224
Det 10 | 26.1 25.9 20.4 13.0 13.0 35.0 34.8 28.6 15.6 17.9 42.1 41.7 35.0 19.7 22.5
Det11 | 333 33.0 27.6 16.7 17.4 45.6 45.0 34.2 21.7 22.6 53.7 53.3 42.3 27.1 26.9
Det12 | 25.8 25.9 20.7 13.9 13.1 35.0 354 29.3 15.8 18.0 41.9 41.8 354 19.6 21.5
Det 13 | 32.8 32.2 27.4 15.2 11.2 47.1 46.6 35.7 21.8 15.8 57.0 55.8 45.6 27.9 18.5
Det14 | 32.3 32.1 26.7 14.9 15.9 4377 43.6 34.0 21.1 21.7 52.6 53.9 43.2 26.6 26.1
Det15 | 339 34.5 28.0 16.0 17.3 47.5 48.2 36.2 23.3 23.5 59.0 58.6 47.8 29.7 28.5
Det16 | 25.1 24.8 19.6 12.6 12.8 36.3 36.0 29.9 16.7 18.8 454 44.9 374 21.5 23.2
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Table 86. Resistivity measurements mix 4

Resistivity Measurement (kQ2-cm)

28 Day 56 Day 91 Day
z | z%| & g |28 & g |28 &
- £ £eg| £ _ _ £ £eg| £ _ _ £ £z £ _ _
=S S =2 2 k= = = = = 2 k= = = = s 2 = = =
E= 22| 23| 2 = = 22| 23| 2 = = 22| 235 2 = =
s S=| & & 3 v 2 = | & & S v 2 = | & & g v v
= 2| Ko &~ ‘7 ‘7 K2 | Ko &~ ‘7 ‘7 K2 | Ko &~ ‘7 ‘7
£ 3s< | g%| g3 K = o< | 2% | o3 K = o< | 9% | o3 & g3
3 23l 88| &2 g 2 82| 88| &2 g 21 82| 88| &2 g g,
2 | SE|53| 3% |55|%% |55 55| %% |33 5% |55|58|5% 35|38
QO | n 0 | »n RO | A | a0 | Al | »n RO | A | 2l | wnO | e L0 | o
Detl1 | 25.1 24.7 20.7 10.4 12.3 28.0 27.6 23.0 12.0 14.1 304 30.2 25.0 14.6 15.2
Det2 | 27.6 27.5 22.5 10.7 12.4 304 30.2 26.1 12.5 14.7 329 33.0 27.4 14.4 15.6
Det3 | 26.6 26.6 20.8 12.2 13.7 33.8 33.6 26.8 17.0 17.2 34.1 33.6 26.4 18.3 17.0
Det4 | 242 239 20.6 10.3 12.1 27.6 27.4 22.9 12.1 14.1 28.7 28.9 24.5 14.2 14.9
Det5 | 28.9 28.9 22.9 13.5 14.8 38.2 38.6 30.9 19.4 19.5 38.2 374 28.3 19.2 18.9
Det6 | 26.1 26.5 15.2 12.7 13.7 34.0 33.8 27.0 18.5 17.7 34.1 33.9 24.5 18.4 16.8
Det7 | 32.1 33.0 24.6 14.5 154 41.1 41.2 32.0 21.1 20.1 41.5 41.8 31.7 22.1 19.7
Det8 | 26.5 26.2 21.2 10.8 10.6 28.7 29.2 24.0 12.4 14.6 31.9 324 254 15.0 15.7
Det9 | 25.2 24.1 21.1 10.7 12.5 27.1 27.0 23.2 12.2 14.4 30.8 30.8 25.1 14.7 15.4
Det10 | 26.7 26.4 22.2 10.7 12.6 29.1 294 25.0 12.9 15.0 30.8 30.6 25.7 14.5 15.5
Det11 | 25.6 25.7 20.4 11.8 13.2 33.2 32.9 27.1 17.2 17.4 34.1 33.7 27.2 17.8 16.8
Det12 | 273 27.2 22.3 10.7 12.7 30.9 31.0 26.3 12.6 15.0 313 314 26.3 15.1 15.7
Det13 | 28.3 28.8 21.9 12.9 14.0 37.7 37.2 29.8 18.7 18.8 37.7 374 28.3 18.8 18.1
Det14 | 24.1 23.8 19.3 11.5 12.3 32.3 32.0 25.7 17.0 16.2 324 32.2 24.9 17.3 15.6
Det15 | 29.5 29.8 22.7 13.5 14.5 38.1 38.0 30.2 19.8 19.1 38.6 38.6 29.8 20.6 18.2
Det16 | 25.9 25.7 21.5 10.7 12.5 29.4 29.2 23.8 12.6 14.8 313 31.6 25.6 14.7 15.9
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Table 87. Resistivity measurements mix 5

Resistivity Measurement (kQ2-cm)

28 Day 56 Day 91 Day
£ 2%z IR IR

5 | 35|28 % < £ TE | TE| % < £ TE | TE| % < <

= [~ B - & i ‘7 gL | o & i ‘7 gL | %o =7 7 ‘%

E |gS 8| 828 |2, | &2 |85 | 8s| g8 |&.| 22 |8 |gc| 82 |2, &%

@ < D < D -9 Q o < D < D -9 5] (=9 < D < D < o 5] o

2 |SZ| 55| 5% | 25| 2% |55 |S2| 5% 32| 3% |S5E| 55| 5% | 23| %%

20 | »n O »n & -] g g 20 | # O »n & -] g g 20 | n O ©n & - R &) - N~

Det 1 30.3 30.6 25.3 11.9 13.9 38.8 39.0 314 16.5 18.4 42.9 42.8 34.7 19.4 19.8
Det 2 26.4 30.6 25.3 11.4 13.9 334 33.0 28.6 15.3 17.2 36.8 36.4 30.6 17.6 18.3
Det 3 27.3 27.5 21.2 13.3 13.8 349 34.6 27.0 18.2 17.5 37.0 36.8 27.8 19.2 16.7
Det 4 30.7 30.8 26.1 12.6 14.1 373 37.6 32.2 16.7 18.6 40.8 41.1 34.1 19.2 19.7
Det 5 32.2 32.2 25.0 14.9 15.4 38.8 44.2 304 19.2 18.1 40.0 39.5 314 19.0 17.2
Det 6 28.0 28.1 22.3 14.4 13.8 34.6 343 28.5 18.4 17.4 36.0 36.0 29.3 19.8 16.4
Det 7 31.5 31.9 25.1 15.6 15.2 40.8 40.8 31.7 20.7 19.1 41.1 41.3 31.7 21.6 18.2
Det 8 33.0 32.6 27.5 13.5 15.2 414 41.2 33.1 17.9 19.9 44.5 444 35.7 20.3 21.2
Det 9 27.3 27.5 23.2 11.5 13.3 34.7 32.9 29.4 16.0 17.9 37.6 38.4 31.8 18.9 19.3
Det10 | 254 254 22.6 10.8 12.6 32.5 33.3 28.1 14.6 16.9 36.6 36.4 31.1 16.7 17.9
Det 11 | 29.7 29.5 23.5 14.5 15.1 36.0 36.1 29.3 19.0 18.6 37.6 39.3 29.0 19.7 17.7
Det 12 | 30.8 31.2 26.3 13.5 15.0 38.1 38.6 32.3 16.8 18.9 41.5 41.8 34.0 20.1 20.7
Det 13 | 32.1 32.2 25.1 15.6 16.2 39.9 39.6 30.7 19.8 19.6 39.1 394 32.9 21.0 18.2
Detl14 | 27.6 27.9 22.7 14.4 14.5 37.0 36.8 28.3 18.9 18.0 37.3 37.2 30.3 20.9 15.9
Det15 | 35.1 35.1 27.0 17.4 17.4 431 43.7 33.7 21.6 20.7 43.5 43.5 32.3 22.1 19.9
Det16 | 31.9 31.6 26.0 13.1 14.9 40.7 40.5 332 17.2 19.7 43.1 424 35.0 20.1 20.9
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Table 88. Resistivity measurements mix 6

Resistivity Measurement (kQ2-cm)

28 Day 56 Day 91 Day
£ 2%z IR IR

5 | 35|28 % < £ TE | TE| % < £ TE | TE| % < <

= [~ B - & i ‘7 gL | o & i ‘7 gL | %o =7 7 ‘%

E |gS 8| 828 |2, | &2 |85 | 8s| g8 |&.| 22 |8 |gc| 82 |2, &%

@ < D < D -9 Q o < D < D -9 5] (=9 < D < D < o 5] o

2 |SZ| 55| 5% | 25| 2% |55 |S2| 5% 32| 3% |S5E| 55| 5% | 23| %%

20 | »n O »n & -] g g 20 | # O »n & -] g g 20 | n O ©n & - R &) - N~

Det 1 25.9 25.4 19.9 16.1 11.1 28.8 28.9 22.7 16.1 13.9 28.8 28.9 23.1 17.3 14.4
Det 2 25.7 25.7 19.9 13.2 11.5 274 26.7 214 13.6 13.4 27.7 27.8 22.8 14.8 14.5
Det 3 224 224 17.4 10.2 10.6 30.2 30.0 22.5 14.9 14.3 30.2 29.9 24.0 16.3 15.3
Det 4 254 25.0 20.0 13.0 11.5 26.8 26.4 21.5 14.6 13.7 28.5 284 234 15.2 14.8
Det 5 24.3 23.8 19.0 11.4 11.9 314 30.0 22.5 14.9 14.3 31.2 314 24.9 16.8 16.0
Det 6 21.3 21.1 16.7 10.8 10.7 27.9 28.2 20.9 15.4 14.4 27.6 284 22.8 17.2 15.2
Det7 | 244 24.2 19.5 12.3 11.9 32.2 31.6 24.5 16.8 15.8 32.0 32.2 25.5 18.8 16.4
Det 8 27.0 27.0 20.6 14.0 11.9 30.2 30.0 23.1 14.9 15.0 29.6 29.6 23.7 16.0 15.5
Det 9 25.4 25.2 19.3 13.3 11.2 28.5 28.7 22.0 15.1 13.9 28.7 29.1 22.4 15.4 14.6
Det 10 | 23.8 23.6 19.1 12.3 11.1 26.5 26.2 21.6 13.7 13.8 29.2 28.9 23.2 16.2 15.2
Det11 | 21.9 21.9 17.6 10.9 11.3 29.2 28.2 22.4 15.1 14.8 29.8 29.2 23.6 16.3 15.6
Det12 | 25.5 25.2 19.6 13.3 11.6 27.5 28.4 21.4 14.4 14.3 29.3 29.2 23.2 16.2 15.5
Det13 | 229 22.8 18.5 11.0 11.5 314 31.5 22.2 15.2 14.9 28.9 28.9 24.2 16.2 15.8
Det14 | 22.0 22.0 17.0 10.7 10.7 29.1 29.2 21.2 15.4 14.3 28.9 29.1 23.0 16.1 15.2
Detl5 | 244 24.3 19.1 12.1 11.6 32.3 30.9 24.8 17.8 154 31.8 31.0 25.1 18.0 15.9
Detl16 | 27.1 27.1 21.5 14.4 12.1 30.8 30.1 24.3 16.6 14.4 30.9 30.8 25.2 16.6 15.1
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Table 89. Resistivity measurements mix 7

Resistivity Measurement (kQ2-cm)

28 Day 56 Day 91 Day
£ | 2w | 2T | = 2 % x4 | 2T | & 2 % x4 | 2T | X £ %
E eS| gt g2 2. 22|85 g2 &, 22| g5 g2 &8, &%
S SE | S8 | E& | & | &2 | S22 | S| 82| 2| &2 | 88| 82| 82| 8| 2=
& |EE2| 55| 5% |55 | 3% | 58| 58| 5% | 58| 58 | 58|58 58 |52 3%
2O | n n &4 RS -7 O | N n &4 RS -~ 0 | nO n & g o - N-7
Det 1 8.3 7.9 6.9 2.8 2.0 10.0 10.6 8.1 4.0 4.6 13.8 13.7 11.5 6.0 7.3
Det 2 8.1 8.4 6.0 2.8 3.1 10.6 10.2 8.8 4.4 5.2 13.4 13.4 13.4 5.9 7.2
Det 3 7.4 7.0 5.4 2.0 3.0 10.2 10.0 8.0 3.8 4.6 14.0 13.9 11.7 6.1 6.8
Det 4 7.5 7.4 5.8 2.1 3.0 10.8 10.7 9.0 4.1 5.1 14.5 14.3 11.8 6.4 7.2
Det 5 6.8 6.4 5.2 2.2 2.9 9.9 9.7 8.2 3.6 3.3 12.5 12.4 10.6 4.2 6.3
Det 6 4.5 6.7 4.1 2.9 2.0 10.3 9.7 8.2 3.5 2.8 12.9 12.9 11.1 4.0 6.1
Det 7 5.9 7.9 5.3 3.3 2.9 10.6 10.1 8.1 3.8 3.0 14.3 14.3 11.7 49 6.9
Det 8 7.7 7.5 6.7 2.6 2.6 11.6 11.6 8.4 4.8 4.6 13.8 13.7 9.9 6.0 7.1
Det 9 7.4 7.6 6.2 2.4 3.0 10.2 9.3 7.7 33 4.4 13.3 13.3 11.0 5.0 7.2
Det 10 7.5 7.4 5.9 2.1 2.9 10.4 10.3 8.6 3.9 4.9 13.4 13.4 11.2 5.8 7.0
Det 11 6.6 6.4 5.0 2.0 2.7 9.8 9.7 7.6 3.6 4.5 13.9 13.8 12.2 4.8 5.3
Det 12 7.0 6.9 5.6 1.8 2.9 10.1 10.0 8.2 3.7 4.7 13.0 13.0 10.7 5.5 6.8
Det 13 6.6 6.4 5.0 2.1 2.7 9.9 9.8 8.0 3.6 4.5 14.0 13.9 11.9 4.6 6.7
Det 14 6.7 6.0 4.7 2.3 2.6 9.2 9.1 7.5 3.2 4.2 12.8 12.8 11.5 43 6.3
Det 15 6.3 6.3 4.9 2.7 2.8 10.9 9.9 7.6 3.6 4.5 14.2 14.3 11.9 5.1 7.1
Det 16 8.2 8.0 6.5 2.4 29 11.8 11.7 8.5 5.0 4.7 15.1 14.7 12.5 6.8 7.5
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Table 90. Resistivity measurements mix 8

Resistivity Measurement (kQ2-cm)

28 Day 56 Day 91 Day
£ 2%z IR IR

5 | 35|28 % < £ TE | TE| % < £ TE | TE| % < <

= [~ B - & i ‘7 gL | o & i ‘7 gL | %o =7 7 ‘%

E |gS 8| 828 |2, | &2 |85 | 8s| g8 |&.| 22 |8 |gc| 82 |2, &%

@ < D < D -9 Q o < D < D -9 5] (=9 < D < D < o 5] o

2 |SZ| 55| 5% | 25| 2% |55 |S2| 5% 32| 3% |S5E| 55| 5% | 23| %%

20 | »n O »n & -] g g 20 | # O »n & -] g g 20 | n O ©n & - R &) - N~

Det 1 54.1 53.7 45.0 26.8 26.6 71.5 71.0 59.9 36.3 344 79.4 78.0 654 41.9 394
Det 2 46.7 47.2 38.3 22.7 22.7 62.3 62.1 51.5 31.5 31.1 68.7 68.8 61.2 33.6 36.0
Det 3 43.8 43.0 32.5 214 20.5 56.8 56.1 43.2 29.0 26.9 63.1 62.0 52.1 30.3 31.9
Det 4 48.4 49.1 40.4 25.3 24.5 63.2 63.3 52.8 34.3 32.6 69.4 69.6 61.7 38.6 36.9
Det 5 41.2 40.5 32.5 20.1 19.9 50.3 50.1 42.1 27.1 26.1 58.5 57.9 50.1 28.9 30.7
Det 6 43.0 42.7 337 214 20.1 52.8 52.6 44.0 29.1 26.8 59.9 59.8 52.3 29.9 314
Det7 | 453 45.1 34.5 22.3 20.5 539 53.7 42.6 29.8 27.1 62.6 62.1 52.6 29.9 31.6
Det 8 54.6 54.4 43.7 26.7 26.6 71.0 70.1 59.6 35.6 35.7 81.7 80.7 68.9 41.9 41.3
Det 9 53.1 53.1 43.8 26.2 25.7 68.4 68.4 58.2 35.0 33.2 78.8 78.8 66.4 40.1 38.0
Det 10 | 45.1 45.2 38.5 22.2 22.6 63.5 63.1 51.5 30.7 30.3 64.8 65.5 59.0 34.5 34.2
Det11 | 42.5 42.0 33.1 214 21.2 55.7 55.0 41.8 28.6 27.1 62.7 62.1 52.8 30.4 32.6
Det 12 | 48.0 48.9 41.5 254 23.6 68.2 68.0 55.6 34.1 33.2 72.1 72.8 63.8 38.7 36.9
Det13 | 41.3 41.1 32.7 19.8 19.7 49.1 48.9 41.3 26.5 25.5 58.4 58.0 49.6 27.9 29.7
Det 14 | 40.8 40.8 32.5 21.7 20.3 50.8 50.5 42.3 294 26.5 59.3 59.1 50.1 31.9 31.1
Det15 | 44.7 4377 34.6 21.7 20.6 54.2 54.1 42.6 29.9 26.3 61.0 60.4 524 31.7 31.6
Det16 | 55.0 543 444 26.0 26.6 70.7 69.8 57.4 35.9 35.1 83.1 83.0 70.3 41.8 414
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Table 91. Resistivity measurements mix 9

Resistivity Measurement (kQ2-cm)

28 Day 56 Day 91 Day
£ 2%z IR IR

F |22 2E % |g | £ |2E|2Z|¢ |£ |2 |2Z|2E|¢f |Z |2

‘= K2 | Ko | X 'z z Z | Ko | X 'z 7 L | K| X ‘7 ‘7

E 835 85| 82 |&o| 23|85 85| 82| €| 22 |85 85| 82 |2 =2

S |E2|S5| €% | 25| =% |SE|S5| €% |25| %5 |SE|S5 55 |25 =%

a = o= = e = 9 =] = D = e = e = 9 =] = D = e = e = 9 =] =

RO | 0 | ;e | 00 | A | w0 | 0| o | 00 | A | w0 | hl | o | 80 | @ |

Detl1 | 403 | 40.2 33.1 21.0 21.5 47.1 46.8 37.6 26.8 25.5 493 | 493 40.9 27.9 26.8
Det2 | 364 | 37.0 30.8 18.2 19.8 423 | 424 34.2 22.6 22.2 427 | 454 39.2 23.9 24.2
Det3 | 355 | 358 29.6 16.1 18.1 42.7 | 42.8 34.5 19.6 21.6 483 | 473 389 24.9 24.0
Det4 | 39.8 | 404 32.0 19.7 20.4 429 | 44.0 35.8 25.0 23.5 48.1 | 493 40.3 26.1 254
DetS | 39.0 | 39.2 31.8 18.4 20.4 45.0 | 453 37.2 214 234 52.1 | 513 42.2 27.0 26.2
Det6 | 28.0 | 28.4 25.7 14.6 16.6 33.1 | 334 29.8 17.6 19.5 42.1 | 40.6 35.3 24.9 22.1
Det7 | 384 | 38.2 32.8 18.1 19.9 43.6 | 429 36.1 21.1 229 49.0 | 49.1 41.1 27.3 25.2
Det8 | 419 | 414 34.2 20.2 21.2 50.0 | 495 39.5 26.2 25.6 51.7 | 52.1 434 27.0 27.0
Det9 | 434 | 434 35.0 21.6 22.4 51.0 | 50.3 40.1 28.7 26.4 57.5 | 53.0 43.4 30.6 27.1
Det10 | 36.5 | 35.8 30.7 18.0 19.3 40.0 | 39.7 33.7 22.5 21.9 43.0 | 438 384 24.1 23.9
Det11 | 233 | 23.1 20.1 10.5 12.7 273 | 27.2 21.9 12.1 14.5 304 | 31.6 24.9 15.7 15.5
Det12 | 36.2 | 35.7 30.6 18.7 19.6 412 | 414 344 24.1 22.2 474 | 432 39.3 25.5 24.7
Det13 | 18.5 18.9 17.3 9.9 12.4 19.5 19.8 18.3 10.3 12.7 233 | 222 21.2 14.9 14.1
Det14 | 289 | 28.6 25.9 15.4 18.1 344 | 346 29.4 17.7 19.6 40.8 | 40.2 343 25.1 235
Det15 | 284 | 28.2 24.2 14.1 16.3 30.0 | 299 25.4 15.0 17.1 33.7 | 319 28.4 20.2 18.4
Det16 | 404 | 40.0 33.5 20.2 21.5 48.6 | 47.9 39.3 26.8 25.9 53.6 | 511 43.7 27.3 27.0
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Table 92. Resistivity measurements mix 10

Resistivity Measurement (kQ2-cm)

28 Day 56 Day 91 Day
z |28 & e | 28| & z | 2% &
; £ e | £ _ _ £ e | £ _ _ £ e | £ _ _
= = = =2 = = = = = 2 = = = = = B = = =
€ | 22| 28| & 2 & 22| 28| 2 2 & 22| 28| 2 2 >
= o = EB= o 2 h~ g = O = O 2 2 S = S = 5] v A
= ¢ N =7 & ‘@ ‘7 ¢ A ¥ - & ‘@ ‘7 ¢ A ¥ - & ‘7 ‘D
é 8< o ® 3T | & = o< | o= 3T | & = o< | o= 32 | & g3
38 =8| 88 s 2 2 21 88| 8¢ s 2 2 21 88| 8¢ s 2 2 2
2 |t5| 55| 5% |52Z| 2% |S2|55|/ %% 25| %% |t5|t35| 5% 53| 3%
2O | n »n & g [~~~ O | n »n & g [~~~ O | nl ©n & - &) [~- -7
Det 1 21.3 21.3 17.6 9.4 10.4 27.9 27.9 21.2 14.7 13.6 30.6 304 25.3 16.0 15.0
Det 2 19.4 19.5 16.1 8.2 9.7 26.4 27.0 20.9 13.2 13.0 29.7 29.8 24.6 14.4 14.3
Det 3 18.5 18.5 14.8 7.1 9.5 249 24.5 20.2 11.2 13.1 26.9 26.7 22.1 13.2 13.9
Det 4 19.9 20.0 16.4 9.2 10.3 26.8 26.9 21.3 15.7 13.4 304 30.6 254 18.0 15.0
Det 5 21.5 21.5 17.9 8.6 10.9 26.0 26.3 21.5 114 13.2 28.7 28.7 23.2 13.7 14.3
Det 6 18.8 18.7 16.0 7.6 9.8 25.1 243 20.1 11.2 12.8 26.8 26.6 21.5 14.0 14.0
Det 7 20.9 20.8 17.0 8.6 10.9 26.9 26.9 22.1 12.8 14.0 27.7 28.0 22.8 14.6 14.7
Det 8 22.2 22.0 18.3 9.6 11.2 29.2 29.4 22.4 14.6 14.3 30.6 30.2 254 15.6 15.7
Det 9 22.1 21.9 18.0 10.0 11.1 28.7 29.4 22.5 15.7 14.0 29.3 29.0 26.4 16.3 15.2
Det10 | 19.1 19.0 16.2 8.6 9.9 24.9 24.6 20.6 13.4 13.0 27.9 27.5 23.4 14.9 13.5
Detl11 | 17.6 17.3 14.0 64 8.8 24.9 24.2 20.3 10.7 12.6 27.2 27.1 22.6 13.0 13.6
Det12 | 19.6 19.8 16.3 9.5 10.1 25.6 25.9 21.0 15.3 13.0 29.1 28.9 24.4 17.3 14.7
Det 13 | 20.8 20.8 17.3 8.3 10.7 26.5 26.5 21.0 11.5 13.3 29.5 29.0 23.5 13.8 14.3
Det14 | 19.3 19.3 16.3 7.6 9.9 26.0 26.1 21.3 11.8 13.3 28.7 28.9 23.0 14.5 14.5
Det15 | 20.5 20.5 17.3 8.3 10.7 26.8 26.9 22.0 12.4 13.8 28.5 28.4 23.4 14.5 14.6
Det16 | 22.7 22.5 18.4 10.3 11.7 30.1 29.8 22.9 15.3 14.8 324 32.2 26.0 16.2 16.2
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Table 93. Resistivity measurements mix 11

Resistivity Measurement (kQ2-cm)

28 Day 56 Day 91 Day
£ 2%z IR IR

5 | 35|28 % < £ TE | TE| % < £ TE | TE| % < <

= [~ B - & i ‘7 gL | o & i ‘7 gL | %o =7 7 ‘%

E |gS 8| 828 |2, | &2 |85 | 8s| g8 |&.| 22 |8 |gc| 82 |2, &%

@ < D < D -9 Q o < D < D -9 5] (=9 < D < D < o 5] o

2 |SZ| 55| 5% | 25| 2% |55 |S2| 5% 32| 3% |S5E| 55| 5% | 23| %%

20 | »n O »n & -] g g 20 | # O »n & -] g g 20 | n O ©n & - R &) - N~

Det 1 14.0 14.0 12.0 6.6 7.8 17.1 17.0 14.1 9.8 94 18.4 18.3 15.2 13.7 11.2
Det 2 13.3 13.4 12.1 5.1 6.6 16.2 16.1 14.1 7.7 10.1 18.1 18.0 15.7 9.6 9.2
Det 3 16.6 16.4 14.2 6.0 8.4 19.2 19.0 15.7 7.8 9.5 20.8 20.7 17.2 11.2 10.6
Det 4 13.9 14.0 12.8 6.8 7.7 18.1 18.0 15.1 9.9 8.3 18.8 18.8 16.5 13.5 10.0
Det 5 16.4 16.1 13.7 6.8 9.2 18.7 18.6 15.2 8.5 10.1 20.8 20.6 17.2 12.6 11.3
Det 6 16.6 16.5 134 6.6 8.8 18.3 18.3 15.2 8.5 9.8 20.9 20.8 17.0 14.6 11.3
Det 7 16.4 16.4 134 6.5 8.8 18.7 18.6 15.2 8.2 9.6 20.9 20.9 16.8 14.1 10.9
Det 8 16.4 16.5 13.8 7.0 8.6 19.3 19.8 16.2 10.3 10.4 22.1 21.6 18.2 13.2 12.6
Det 9 14.7 14.6 12.6 6.2 7.7 17.8 18.1 14.8 9.7 9.3 18.4 18.3 15.2 13.7 11.2
Det10 | 12.8 12.6 11.2 5.1 6.8 15.3 15.2 13.4 8.3 8.2 19.8 19.8 16.9 13.6 11.0
Det11 | 19.5 19.4 15.2 7.4 6.5 22.2 22.0 17.9 9.5 11.1 24.9 24.1 20.4 13.6 12.3
Det12 | 15.0 15.0 13.1 6.5 7.7 18.0 18.0 15.8 9.8 114 19.3 19.3 15.9 11.7 10.2
Det13 | 193 18.9 15.6 7.9 104 22.3 22.1 17.7 10.0 11.2 24.2 22.8 19.9 14.0 12.5
Det14 | 193 19.0 15.6 8.1 104 21.7 21.8 18.0 10.5 11.6 24.3 24.1 20.2 17.1 12.9
Det15 | 19.1 19.1 15.4 8.2 10.5 22.5 22.1 17.8 10.4 114 23.9 23.6 19.0 16.5 12.5
Det16 | 15.9 15.8 13.0 6.7 8.3 18.5 18.4 14.8 9.8 11.9 20.8 20.5 16.6 12.3 12.0
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Table 94. Resistivity measurements mix 12

Resistivity Measurement (kQ2-cm)

28 Day 56 Day 91 Day
z | z%| & g |28 & g |28 &

_ £ 2e| £ _ . £ 2e| £ _ . £ 2E| £ _ _

=S S 2 2 k= = = = = 2 k= = = = s 2 = b= x

= 22 | 23| 2 = = 2z | 2a3F 2 = = 22 | 23 2 = =

s = | & & 3 v 2 = | & & S v 2 = | & & g v v

£ |2w | 2T | « 2 2 2o | 2T | & 2 2 o | 2T | & 2 Z
E 18T | 8| g3 |&.| 28|25 2c| 22 |2, | 8 |ss || g2 2. &%
38 =2 | &8 | & & o S | &8 88| & & b & | &2 88| & & b =
2 | SE|53| 3% |55|3% |55 55| %% |33 5% |55|58|5% 33|38
QO | n 0 | »n RO | A | a0 | Al | »n RO | A | 2l | wnO | e L0 | o
Detl1 | 21.1 21.0 17.4 9.4 10.8 26.1 26.4 22.2 15.1 13.4 28.1 28.3 24.0 17.4 14.8
Det 2 18.3 18.3 15.3 7.8 9.4 24.1 24.1 20.2 12.0 11.7 25.2 25.3 20.3 13.0 12.8
Det3 | 244 24.1 19.6 10.2 12.4 29.7 29.6 23.1 13.5 14.9 31.1 31.0 25.1 16.1 16.0
Det 4 19.9 19.9 16.4 9.7 10.8 25.6 25.9 22.4 15.0 13.9 27.7 27.4 22.9 16.4 14.8
DetS | 25.6 25.8 21.0 11.4 13.5 29.9 29.6 24.3 14.4 15.8 31.8 31.7 26.2 16.9 16.6
Det6 | 24.1 24.2 19.9 10.9 12.8 28.6 28.9 23.1 14.1 154 30.3 30.0 24.5 17.1 16.0
Det7 | 25.6 25.3 21.0 11.2 13.3 29.9 30.2 24.7 14.8 15.7 32.1 32.3 26.4 17.6 16.8
Det8 | 24.0 23.8 19.7 10.3 11.9 29.1 29.2 25.0 15.1 15.2 32.5 32.3 27.4 17.7 16.8
Det9 | 239 23.7 20.3 11.6 12.8 29.6 294 25.1 16.9 15.8 32.7 324 27.8 20.3 18.0
Det10 | 21.3 21.3 17.4 9.3 10.8 27.7 27.7 22.9 13.9 13.9 29.1 28.9 234 15.1 14.6
Det11 | 23.5 234 19.8 10.0 12.3 28.2 28.4 23.7 13.4 14.8 31.6 31.1 254 16.1 15.9
Det12 | 23.5 23.3 19.5 10.9 11.9 314 31.2 26.0 16.5 15.3 32.9 32.8 26.7 18.1 16.2
Det13 | 25.8 25.7 21.2 11.2 13.3 29.5 29.6 24.3 14.2 15.4 322 31.9 25.9 16.9 16.4
Det 14 | 24.7 24.6 20.6 11.2 13.0 29.5 29.8 23.9 14.5 15.6 31.3 30.8 25.1 17.5 16.3
Det15 | 25.6 25.4 20.7 10.5 12.6 29.5 29.1 24.1 14.0 14.9 31.9 31.5 26.0 16.8 15.7
Det16 | 26.5 26.5 20.8 11.8 13.5 31.6 31.2 26.2 16.8 16.6 34.6 34.9 29.0 19.2 18.4
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Table 95. Resistivity measurements mix 13

Resistivity Measurement (kQ2-cm)

28 Day 56 Day 91 Day
£ 2%z g 2%z IR

5 | 35|28 % < £ TE | TE| % < £ TE | TE| % < <

= [~ B - & i ‘7 gL | %o & i ‘7 gL | %o =7 7 ‘%

E |gS 8| 828 |2, | &2 |85 | 8s| g8 |&.| 22 |8 8| 82 |2, &%

@ < D < D -9 Q o < D < D -9 5] (=9 < D < D < o 5] o

2 |SZ| 55| 5% | 25| 2% |55 |S2| 5% 32| 3% |S5E| 55| 5% | 23| %%

20 | »n O »n & -] g g 20 | # O »n & -] g g 20 | n O ©n & - R &) - N~

Det 1 7.0 7.0 6.0 3.0 34 8.4 8.2 6.9 5.0 4.0 8.9 8.8 8.0 7.2 54
Det 2 6.1 6.0 53 1.9 3.2 7.0 6.9 6.2 3.8 33 7.7 7.7 6.7 4.2 4.1
Det 3 11.5 11.4 9.8 3.7 5.8 14.4 14.3 12.2 5.8 7.0 15.5 15.4 13.3 7.4 7.6
Det 4 6.2 6.1 5.6 2.8 3.3 7.3 7.3 6.5 5.0 3.5 8.3 8.3 6.9 5.6 4.3
Det 5 11.2 11.1 94 3.7 5.8 13.3 13.2 11.3 5.8 6.6 14.3 14.1 12.0 7.1 7.4
Det 6 11.9 12.0 9.9 4.5 6.3 13.8 13.8 11.9 7.2 7.3 15.3 15.3 12.9 8.6 8.4
Det 7 11.2 11.2 9.6 39 5.7 14.0 13.9 11.6 6.4 6.8 14.6 14.5 12.3 7.8 7.2
Det 8 6.9 6.9 5.8 2.2 3.5 8.2 8.2 7.0 4.1 4.4 9.5 9.5 7.5 6.4 5.8
Det 9 6.7 6.7 5.9 2.7 3.5 7.7 7.6 6.8 4.9 4.2 8.7 8.7 7.8 8.0 5.7
Det 10 6.4 6.4 5.8 1.8 3.1 7.6 7.5 6.9 3.9 3.7 8.6 8.6 7.3 52 4.1
Det11 | 104 10.3 8.9 3.3 53 13.0 12.9 11.0 5.3 6.6 14.1 14.0 11.9 6.7 7.0
Det 12 6.9 6.8 6.0 2.8 3.2 7.9 8.0 6.9 5.5 4.0 8.7 8.6 7.5 5.6 4.5
Det13 | 10.6 10.5 8.9 3.3 54 12.4 12.4 10.7 54 6.5 134 13.3 11.5 6.6 6.9
Detl1d4 | 11.3 11.2 9.7 3.9 5.7 13.5 13.5 11.8 6.6 6.7 14.5 14.4 12.5 7.8 7.4
Detl15| 104 10.4 8.9 3.5 53 12.6 12.6 10.8 6.0 6.1 13.9 13.9 11.5 7.2 6.7
Det 16 7.0 7.0 6.2 2.3 3.6 8.4 8.3 7.1 39 4.6 9.0 8.9 7.9 6.2 59
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Table 96. Resistivity measurements mix 14

Resistivity Measurement (kQ2-cm)

28 Day 56 Day 91 Day
z |28 & e | 28| & z | 2% &

_ £ 2e| £ _ . £ 2e| £ _ . £ 2E| £ . .

= = = =2 = = = = = 2 = = = = = B = = =

E= 22|23 2 = = 22| 23| 2 = = 22| 235 2 = =

s = | & & 3 v 2 = | & & S v 2 = | & & g v v

£ |29 | 2T | & £ % 29| 2T | & £ % 2o | 2L | & % Z
E | 85|88 g2 | & 2 85|85 g8 | & e legs| gl gz &, &
3 =8| 88| & & 3 & | 28| 88| & & 3 & | =8| &8 s & 3 =
2 |t5| 55| 5% |52Z| 2% |S2|55|/ %% 25| %% |t5|t35| 5% 53| 3%
2O | n n & g [~~~ O | n »n & g [~~~ O | nl ©n & - &) [~- -7
Det 1 33.7 33.8 27.4 17.7 16.7 41.9 41.5 33.7 22.8 20.9 48.1 47.6 40.8 26.5 23.5
Det 2 314 31.8 26.8 15.0 15.1 37.8 37.6 32.8 19.3 18.9 45.0 46.0 38.1 22.2 22.3
Det 3 34.7 34.8 29.2 16.9 17.7 441 442 349 22.5 22.7 47.4 47.4 38.4 25.2 24.5
Det 4 32.2 32.2 27.0 17.5 15.9 39.0 39.1 32.7 22.5 19.8 43.4 43.6 38.3 24.8 23.0
Det 5 37.9 38.2 30.9 17.2 18.6 44.0 43.8 37.7 223 21.2 493 48.6 40.2 25.1 24.7
Det 6 35.7 35.6 28.9 17.7 18.4 42.2 41.2 354 24.6 22.4 48.5 48.3 41.0 27.2 25.2
Det 7 37.3 37.0 30.3 18.6 19.1 44.0 442 34.9 24.6 23.1 48.2 47.8 38.0 26.7 25.1
Det 8 36.7 36.8 29.5 17.9 18.0 443 44.8 37.3 23.2 22.4 50.9 50.5 452 26.7 25.7
Det 9 31.6 31.6 25.6 18.0 16.7 39.0 384 31.7 23.2 20.9 44.1 44.6 36.8 26.7 239
Det10 | 294 294 23.5 14.5 14.3 354 35.5 28.9 18.6 17.9 40.4 40.0 34.2 21.1 20.9
Det 11 | 35.7 36.0 31.0 17.1 18.3 47.0 46.8 38.9 23.6 23.4 51.3 51.1 42.1 26.8 26.0
Det12 | 32.6 32.6 27.1 17.0 15.7 39.8 40.0 33.3 21.4 19.3 453 453 39.7 24.6 22.6
Det13 | 37.6 37.7 30.8 18.8 19.1 44.5 43 .8 37.8 239 23.1 49.7 48.9 41.1 26.7 259
Det 14 | 34.9 35.2 28.5 17.8 18.0 42.2 43.0 34.8 24 .4 22.1 47.1 46.8 38.4 27.2 253
Det15 | 36.8 36.6 31.1 18.1 18.5 46.4 45.6 37.7 229 22.1 48.3 497 38.1 26.0 239
Det16 | 33.3 33.2 28.4 17.8 16.9 434 43.0 349 22.3 21.2 51.4 51.2 42.2 25.6 24.1
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Table 97. Resistivity measurements mix 15

Resistivity Measurement (kQ2-cm)

28 Day 56 Day 91 Day
gz |28 & e | 28| & z | 2% &
_ £ 2e| £ _ . £ 2e| £ _ . £ 2E| £ . .
= = = =2 = = = = = 2 = = = = = B = = =
E= 22| 23| 2 = = 22| 23| 2 = = 22| 235 2 = =
s = | & & 3 v 2 = | & & S v 2 = | & & g v v
= ¢ N [~ & ‘@ ‘7 ¢ A ¥ - & ‘@ ‘7 ¢ A ¥ - & ‘7 ‘@
E | 8T 82| g2 | & 2 85|85 g8 | & e legs| gl gz &, &
g | g8 |88 g8 | 8| x&2 |8 || ga| L8| 8|8 | 8| 2B
& |ES| 55| 5% | 55| 5% | 55|58 5% |52| 38 |58|528| 58|58 3%
2O | n n & g [~~~ O | n n g [~~~ O | nl n L - &) [~- -7
Det 1 8.5 8.5 7.1 5.1 3.8 12.5 12.5 11.2 8.1 7.5 16.0 16.0 14.1 12.3 8.8
Det 2 7.5 7.4 6.3 3.1 3.5 11.2 11.0 9.9 5.6 5.6 13.8 13.7 11.8 7.5 7.2
Det 3 5.9 6.0 5.9 3.6 1.6 8.8 8.8 7.5 4.2 4.2 12.2 12.1 10.4 6.8 5.8
Det 4 7.9 7.9 6.8 3.6 3.6 12.3 12.2 10.8 6.9 5.9 15.5 15.5 13.2 9.3 7.5
Det 5 6.5 6.4 5.7 4.1 2.8 9.6 9.6 8.2 5.1 5.2 12.7 12.6 10.9 7.4 6.8
Det 6 6.5 6.5 5.7 5.1 3.3 9.8 9.8 8.2 6.3 5.1 12.9 12.9 11.1 9.5 6.9
Det 7 6.3 6.3 5.9 5.0 2.9 94 94 8.1 5.2 4.4 12.9 12.8 114 8.7 6.1
Det 8 8.6 8.5 7.4 4.2 43 13.3 13.3 12.0 7.4 7.9 16.9 16.8 15.0 10.6 10.7
Det 9 8.3 83 6.9 4.8 3.5 12.3 12.2 11.1 8.4 7.4 15.7 15.5 13.8 13.0 11.2
Det 10 7.2 7.1 6.3 2.8 3.0 11.5 114 10.0 5.6 5.6 13.8 13.8 11.9 7.3 7.0
Det 11 5.6 5.6 4.9 2.9 2.7 8.9 8.7 7.7 4.3 4.4 12.7 12.6 11.1 7.2 6.2
Det 12 8.0 8.0 6.6 3.9 3.5 12.0 12.0 10.3 7.0 5.7 14.8 14.8 12.4 9.3 7.3
Det 13 6.4 6.4 5.7 3.3 2.8 10.3 10.2 8.9 5.1 5.2 14.2 14.1 11.9 8.1 7.0
Det 14 6.4 6.4 5.7 5.2 2.6 10.4 10.3 8.8 6.3 5.3 14.0 14.0 11.8 10.1 7.3
Det 15 5.9 5.9 5.2 5.0 2.9 9.2 9.1 7.8 5.6 4.5 13.1 13.0 11.2 9.3 6.2
Det 16 8.7 8.6 7.3 3.9 3.8 13.4 13.3 11.8 7.4 7.7 16.8 16.6 14.8 10.6 11.0
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