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Abstract

Ultra-high performance concrete (UHPC) has gained an increasing usage for a wide-range of
applications in transportation infrastructure. UHPC tends to exhibit good performance with respect
to durability, but there is an interest in 1) being able to quantify the durability and 2) using a rapid
measurement to qualify the durability of UHPC-class materials within performance-related
specifications (PRS). This study proposes the use of the formation factor, a material property that
describes the pore network (i.e., porosity and pore connectivity), and can be related to diffusion
properties. While this approach has been applied to concrete pavement mixtures in a recently
released pavement PRS, this study will focus on its applicability specifically to UHPC. The paper
provides a background of the formation factor, details the test method that is currently in
development, shares results from a range of commercially available UHPC materials, and details
how thresholds for a PRS could be established based on UHPC classes and exposure categories.
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1. Introduction and Background

UHPC-class materials are increasingly gaining interest in the field of civil engineering due to the
wide variety of unique applications in which they have been shown to perform quite well, including
but not limited to: overlays [1,2], repair of existing in-service elements [3,4], connections [5-7],
and full size elements [8]. This class of materials is defined as follows by Graybeal [9]:

“UHPC is a cementitious composite material composed of an optimized
gradation of granular constituents, a water-to-cementitious materials ratio less
than 0.25, and a high percentage of discontinuous internal fiber reinforcement. The
mechanical properties of UHPC include compressive strength greater than 21.7 ksi
(150 MPa) and sustained postcracking tensile strength greater than 0.72 ksi (5
MPa). UHPC has a discontinuous pore structure that reduces liquid ingress,
significantly enhancing durability as compared to conventional and high-
performance concretes. ”

While materials of such a low water-to-cementitious materials ratio (w/cm) are quite durable
if cracking is controlled, there has been an interest in 1) being able to succinctly quantify that
durability and 2) identifying a rapid test method to qualify the durability of UHPC-class materials
within performance-related specifications (PRS). Electrical measurements show great promise in
this area and have been adopted for use in conventional concrete materials [10]. Electrical
measurements in a medium with a single conductive phase, such as the pore fluid of the
cementitious material, are a function of three parameters. Figure 1 illustrates these parameters with
part (a) showing p, which is the resistivity of the pore fluid, part (b) showing ¢ which is the
volume of the pore fluid, and part (c) showing £ which is the connectivity that describes how the
pores are connected. It is often difficult to separate the influence of ¢ and B, so their inverse
product is defined as the Formation Factor, shown in Equation (1) and often referred to as the F
Factor [11].
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Figure 1. Parameters affecting electrical resistivity measurements in a single phase conductive medium.
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This study focuses on determining the F Factor through the use of a test method that allows

for determination of key parameters. In this test method, three standard test cylinders are placed
into a container with a solution of known composition. Rapid electrical measurements (which take
less than 30 seconds) are periodically conducted on the cylinders. This study compares 4
commercially available UHPC materials with a typical ‘non-shrink’ cementitious grout and a

F
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concrete similar in strength to a concrete used in precast elements. From the electrical
measurements, the F Factor is determined for each material tested, and the results of the tests are
contextualized using a diffusion based model.

2. Materials and Methods
2.1. Materials and Conditioning

The materials utilized in this study consisted of four commercially available UHPCs and are
denoted as U1, U2, U3, and U4. The UHPC materials were typically supplied as: blended,
premixed powder constituents; chemical admixtures; and steel fibers. The batch proportions were
provided by the supplier, i.e., amount of water, admixtures, and fibers, along with mixing
instructions.

The experiments in this study use electrical measurements to assess the microstructure of the
materials, and the concepts used to derive the formation factor are only valid for a system where
the single conductive phase is the pore fluid of the material. As such, the UHPCs were prepared
without the steel fibers. While this would have a significant impact on the mechanical properties
of the system, the authors believe it is necessary to accurately assess the microstructure using the
rapid electrical methods in this study. Durability experiments assessing chloride transport by
ponding, currently being conducted by the authors, indicate similar results for UHPCs with and
without fibers, for a system that has not experienced cracking.

To provide a comparison to the values obtained from UHPC, two additional materials that are
used in comparable applications were included in the testing program. The first one consisted of a
concrete with 30% paste volume fraction, a w/cm of 0.35 by mass, and approximately 3% entrained
air volume. The concrete was made with a Type I/11 ordinary portland cement and local aggregates
that met specifications for the Virginia Department of Transportation. The concrete mixture was
designed to perform similarly to a precast concrete mixture and had a 28-d compressive strength
of 7.5 ksi. In the study, the concrete is denoted as C. Additionally, a commercially available, ‘non-
shrink” cementitious grout was evaluated. It was mixed at a water to solids ratio of 0.16 as
recommended by the manufacturer to obtain a flow of 100% according to ASTM C1437 [12]. The
grout exhibited a 28-d compressive strength of 8.6 ksi and is denoted in the study as G.

The materials were mixed and placed into the cylinder molds and covered with the plastic lid.
The group of specimens were covered with wet burlap and plastic sheet. At an age of 24 hours, the
specimens were sealed in a heat-sealed 6-mil plastic bag. This is denoted as “sealed curing”; it
prevents loss of moisture that might prematurely stop the hydration process, and also prevents
excess moisture from entering the specimen to continue hydration. At the pre-established testing
age, each specimen was removed from the plastic bag, demolded, and prepared for immediate
testing. All testing and conditioning was conducted in a controlled environment of 23 +/- 2 °C (73
+/- 4 °F).

2.2. Resistivity Testing

The specimens in this study consisted of standard test cylinders, either 76 x 152 mm (3 x 6 inch)
for the U materials or 102 x 203 mm (4 x 8 inch) for the G and C materials. At the desired testing
age described below, the specimens were removed from the testing solution, surface dried using a
towel, measured for their mass, and tested for resistivity using either surface resistivity (SR)
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measurements, as described by AASHTO T358 [13], or uniaxial resistivity (UR) measurements,
described by AASHTO TP119 [14]. The resistivity measurements are demonstrated in Figure 1.

(@ (b)

Figure 2. Resistivity measurements, using either (a) surface resistivity or (b) uniaxial resistivity.

The resistivity of the specimens (p) was calculated using a measured resistance value, R, and
the geometry factor (k), as shown in Equation 2.

p=R-k )

The geometry factor, k, is dependent on the testing configuration. For the uniaxial
configuration, k is the ratio of cross-sectional area to length, in units of meters. For the surface
resistivity testing configuration, k is calculated as 2 - - a/2.69, where a is the probe tip spacing
in meters and 2.69 is a correction based on the specimen size [10,15]. Along with resistivity, the
temperature of the specimens was recorded using an infrared thermometer. All temperature
measurements were between 21 and 25 °C, so no additional corrections were needed to account
for accelerated hydration or other effects on resistivity measurements [16].

2.3. Cylinder Absorption Test and Formation Factor Calculation

To determine the formation factor, a procedure termed the Cylinder Absorption Test (CAT) was
from a similar method appearing in a recent guide specification for Performance Engineered
Concrete Pavement Mixtures [17]. This similar method is currently a draft test method that has
been submitted to the American Association of State Highway and Transportation Officials [18].
The method has been commonly referred to as the ‘bucket test’ as it can be conducted using a 5-
gallon bucket [17,19-21]. After the specimens were sealed-cured for the specified curing period,
the specimens were submerged into a storage solution of known composition and resistivity,
detailed below. As the specimen absorbs the storage solution, the resistivity of the specimens is
measured using the procedures defined above. Measurements were captured on each specimen for
a period of about eight days after submersion in the solution, typically once every 24 to 48 hours.
The G and C specimens were sealed-cured for 91 days prior to measurement capture. UHPC
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specimens tend to express a resistance beyond the range of the instrumentation at 91 days, so the
U series were sealed-cured for 7 days in one test series and 28 days in another.

The chemical composition of the solution mimics the pore solution composition of the cement-
based material. The CAT test has been used extensively by researchers evaluating traditional
concrete materials, and the recommended solution is a 0.5 M concentration solution of OH-
(corresponding to a pg = 0.1 Q - m) and is based on the estimated pore solution from a range of
transportation related concrete mixtures [22]. The grout and concrete mixtures were evaluated with
this solution (i.e., ps = 0.1 Q - m). As UHPC has much lower w/cm and a high cement content,
the estimated pore solution concentrations are much higher, based upon techniques described in
literature [23—25], but can be confirmed in the future using experimental approaches [26]. As such,
this study evaluated UHPC materials in the CAT using a solution of 1.16 M OH- concentration
(corresponding to a pg = 0.05 Q - m).

As the specimens absorb the storage solution, evidenced by the increase in mass of the
specimens, the pores are filled in with the storage solution. That is to say, the storage solution
becomes the specimen’s pore solution. This is the major assumption of the CAT, namely that the
properties of the storage solution are equivalent to the properties of the pore solution. There are
many complexities that could arise from this assumption that are outside the scope of this paper,
but the authors believe this is a good first step in approximating the pore solution properties, thus
allowing for determination of the formation factor.

Following the above assumption, namely that the resistivity of the pore solution equals the
resistivity of the storage solution (p, = ps), which was measured as 0.05 Q - m for the U
specimens and 0.1 Q - m for the G and C specimens, the formation factor (F) can be determined
at each testing age according to Equation 3:

_F
F = )

3. Results and Discussion

Once placed in the CAT solution, the cylinders gained mass as shown in Figure 3. The absorption
in the C and G specimens was two to five times higher compared to the U specimens. A mass
measurement is an important part of the testing program because it ensures that excessive moisture
was not lost from the sample. Excessive moisture loss might artificially increase the F Factor
measurement. It is recommended that a mass measurement be conducted at the same time as an
electrical measurement, and that the mass measurement should not indicate a mass loss from the
initial mass at the beginning of the test. For UHPC specimens the mass gain observed is expected
to be in the range of 0.05% to 0.1%.
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Figure 3. Mass change during the Cylinder Absorption Test indicates the pores filling in with the storage
solution.

F Factor measurements during the bucket tests were conducted using two resistivity meters.
Meter A was tested in both the Surface (SR) and Uniaxial (UR) configuration, while meter B was
only tested in UR configuration. Comparing these measurements, shown in Figure 4, illustrates
similar measurements for meter A and meter B, on average less than 4% different. Testing of
UHPC typically exceeded the range of meter A, but the range meter B was not exceeded.
Furthermore, the range of meter A in the SR configuration was slightly higher than the range in
the UR configuration, which was in the range of 62,000 and 25,000, respectively. The difference
in range is a function of testing geometry and specimen size and is not unexpected. This highlights
that a test method for UHPC should have a consideration for when the material exceeds the upper-
range of the equipment measurement capacity. This could be as simple as assuming if the
measurement gives an off-scale error, that this maximum value be assumed. As a caution, it is also
possible to obtain high F Factor values by excessive drying of the specimen prior to testing, even
if only exposing the specimen to ambient lab conditions. This is the reason that care should be
taken to minimize exposure time, and record mass as that would help to identify cases where a
specimen might have been held out of solution prior to testing.
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Figure 4. Comparison between F Factor measured using SR configuration with meter A to UR configuration
of meter A and meter B.

Figure 5 illustrates that the F Factor of the U series were higher at both 7 and 28 days compared
to the C and G specimens at 91 days. C and G specimens were not tested at earlier ages because
their pore structure is still changing quite rapidly, and 91 day measurements were not obtained for
U series due to the measurements outside the range of meter A, while meter B was added to the
testing program too late for results to be included. The large range in F Factor values was observed
for the U series, with values at 28 days ranging from 39,000 to 130,000. This wide range might
have to either do with premixture development and particle packing effectiveness, the effective
w/cm of the materials, or the chemistry of the cementitious materials. While outside the scope of
this paper, F Factor values this high, while very different in terms of percentage, correspond to ion
transport in extremely small pores. These small pore sizes, commonly referred to as gel pores,
exist in the hydration products and are typically sized less than 10 nanometers (3.94-107 in).. As
such, comparison between values this high should be considered carefully, as it does not
necessarily mean that one UHPC performs three times better than another; instead, UHPC
materials expressing responses in this range appear to all be exhibiting transport in the gel pore
space. All the values from the U series, despite the large range, are much higher compared to
traditional cement-based materials and will lead to a durable material, as discussed below.

To contextualize these values, the average F Factor values of the U Series at 7 day (7,820) and
28 day (79,400) are shown with dashed lines in Figure 5. As previously mentioned, there is a
somewhat large range in the data, so a confidence interval, corresponding to +/- one standard
deviation, is shown in the shaded region for each testing age (4,400 at 7 day and 44,100 at 28 day).
As more data is obtained for this class of materials, the range of values will be helpful in
establishing performance limits.
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Figure 5. F Factor measurements obtained on Grout (G) and Concrete (C) at age of 91 d, and four different
commercially available UHPCs (U1-U4) at 7 and 28 days.

The commercially available UHPCs evaluated in this study provided information for typical
values of F Factor expected with UHPC class materials. To contextualize these results, a diffusion
approach can be used to translate the F Factor into an engineering property. This approach uses
the Error Function Solution to Fick’s Second Law along with the Nernst-Einstein Equation to input
F Factor (F) into the traditional Error Function solution, as shown in Equation 4:

Cx

Lcozl_erf/ X \ @
b= Co \2\/%/

where C, is the background chloride concentration, typically assumed as 0.02%. C, . is the
chloride concentration at a depth x at a time t and is typically selected as 0.05%, which
corresponds to the chloride concentration threshold typically associated with corrosion. D, is the
chloride ion self-diffusion coefficient, typically taken as a value of 19x107° m?/s [27]. This
particular example will use x as a 50-mm (2 in) cover depth and a surface concentration, C;, of
0.5%, which is a moderate chloride exposure level [28]. More on this approach can found in
literature [25].

Due to the large scatter in the F Factor values for the U series, a conservative approach is
selected that uses the lower bound confidence interval that corresponds to the 28 day average
minus one standard deviation, an F Factor value of 35,400. This value results in an estimated time
to corrosion of 210 years. While this approach should not be interpreted as “UHPC will last 210
years”, it does illustrate that a diffusion-based model for life-cycle estimation can be used to
provide a sense of the UHPC-class materials response. In comparison, the G and C specimen
results indicate an estimated corrosion initiation time of 2.2 and 5.7 years, respectively. As more
UHPC-class materials are tested in upcoming studies, the values can serve to as a basis to establish
performance limits in a performance-based specification for the durability of UHPC-class
materials.
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Figure 6. F Factor and estimated time to corrosion initiation at a moderate chloride surface concentration
(0.5%) and a cover depth of 50 mm (2 in).

4. Conclusions

Formation Factor was presented and discussed as a tool to quantify the durability of porous
materials. The Cylinder Absorption Test uses those concepts in a standardized way to assess
formation factor for cement-based materials. The paper presented a very rapid testing methodology
using two resistivity meters in two testing configurations where results differed by an average of
less than 4%, meaning this method can be done with any AC resistivity meter. Each measurement
takes less than 30 seconds, with one measurement conducted per day for 8 days. Mass
measurements were conducted that showed UHPC specimens absorb much less solution than
conventional materials; mass measurement should be included in a testing program to identify
cases where excessive drying occurred that could lead to artificially high F Factor measurements.
F Factor results from a wide range of commercially available UHPC-class of materials indicate
results at 28 days that are significantly higher than traditional cement-based materials, which
translates into much higher estimated times to corrosion initiation using Fick’s Second Law. Based
on the values at an age of 28 day, with a conservative assumption of the average minus one
standard deviation of all four surveyed UHPCS, Fick’s Second Law indicates an estimated time to
corrosion initiation of 210 years. Future work will investigate additional UHPC-class materials, a
further refinement of the storage solution, the influence of aging on F Factor values in UHPC-class
materials, the role of chloride binding in UHPCs and on diffusion predictions, and an easily
implementable F Factor procedure for quality assurance/quality control that could be used during
construction.
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