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1. Background and Introduction

According to the 2021 report by the American Society of Civil Engineers, the nation’s
infrastructure received a grade of “C-,” the highest in the past twenty years, despite over $3
trillion spent on monitoring and maintenance in the last decade. Among the various deterioration
mechanisms that affect the lifespan of concrete, transport properties have been identified as one
of the most severe issues. The penetration of water and harmful ions (e.g., chlorides)
significantly impacts the durability of concrete [1].

Concrete resistivity measurement has undergone significant advancements over the past few
decades and is now widely regarded as a reliable indicator of concrete durability [2]. Electrical
resistivity is a critical property used to evaluate the ionic conductivity of concrete, which directly
correlates with its permeability and vulnerability to deterioration caused by chloride ion
penetration and the corrosion of embedded steel reinforcement. Early laboratory applications of
resistivity measurements included the rapid chloride penetration test (RCPT) and ultrasonic pulse
velocity measurements during rapid freezing-thawing tests. These techniques, introduced as early
as the 1980s [3], marked a turning point in assessing concrete durability, offering a scientific
basis for predicting its performance under harsh conditions.

Over time, technological improvements have refined these methods. Resonant frequency testing
emerged as a more accurate alternative to ultrasonic pulse velocity measurements, offering
superior precision in evaluating the relative dynamic modulus of elasticity. Similarly, bulk
resistivity and surface resistivity measurements began to replace the RCPT test due to their non-
destructive nature and expedited testing procedures [4]. These methods offered a more practical
approach for evaluating concrete’s transport properties, particularly its resistance to chloride
penetration and its overall durability. Despite these advancements, the widespread adoption of
resistivity-based methods is hindered by their reliance on controlled laboratory conditions. Most
require meticulous sample preparation, extended durations to ensure full saturation, and ideal
environmental conditions for accurate results [5]. Among the existing methods, surface
resistivity is the only technique suitable for field applications. However, its reliability is often
compromised by external factors such as varying levels of concrete saturation and temperature,
and it is limited to the assessment of surface layers, such as those on bridge decks.

2. Problem Statement

The limitations of current resistivity-based and permeability testing methods highlight an urgent
need for a novel, rapid, and accurate testing approach that can be deployed directly in the field
with minimal environmental interference while maintaining robust accuracy. In February 2024, a
research team at Florida International University (FIU) published an ABC-UTC project report
introducing a groundbreaking in-situ testing method, termed the Water Pressure Drop Test
(WPDT) [6]. This innovative method involves pressurizing water into a 4-inch diameter concrete
cylinder specimen using a specialized testing setup, followed by monitoring the resulting
pressure drop over time. The pressure drop is designed to correlate with critical durability
parameters derived from well-established standardized tests, including the RCPT, rapid freeze-
thaw test, and bulk resistivity test, through mathematical interpolation techniques. Unlike
traditional standardized methods that require extensive sample preparation, prolonged saturation



periods, and controlled laboratory settings, the WPDT can be performed directly in the field
within 20 minutes. This method not only eliminates the need for damaging the sample but also
provides a rapid, practical, and cost-effective solution for evaluating concrete durability.

Although preliminary studies have demonstrated the strong potential of WPDT to align with
results from standardized tests, several critical knowledge gaps remain. These include:

(1) identifying the threshold pressure required to achieve 2-4 inches of water penetration across
different types of concrete specimens without compromising the integrity of the original pore
structure;

(2) elucidating the relationship between the pressure drop, concrete pore structures (such as pore
size distribution, connectivity, and tortuosity), and their correlation with resistivity
measurements from ex-situ tests; and

(3) evaluating the applicability of WPDT to concrete types with denser microstructures, such as
UHPC, which presents unique challenges for water penetration and pressure measurement.

Directly correlating test results without accounting for variations in concrete pore structures is
inadequate, as these factors significantly impact concrete resistivity, especially under aggressive
environmental conditions like freeze-thaw cycles and chloride ion exposure. A comprehensive
investigation is therefore critical to fully establish the scientific relationships between WPDT
results and existing standardized methods, ensuring its reliability and paving the way for
standardization and widespread implementation in field applications.

3. Objectives and Research Approach

The research approach focuses on advancing the WPDT as an innovative, rapid, and non-
destructive method for evaluating concrete durability in field conditions. The research combines
extensive experimental studies with fundamental analysis and modeling to investigate the
relationship between pressure drop, water penetration mechanisms, and the intrinsic pore
structure of concrete. This method provides a practical alternative to traditional standardized
tests, such as the RCPT, bulk resistivity test, and rapid freeze-thaw test, which are time-
consuming, require extensive sample preparation, and are primarily limited to laboratory
settings. The project aims to address critical knowledge gaps to fully unlock WPDT’s potential,
ensuring its reliability and broader applicability. The first objective is to determine the threshold
pressure required for water penetration in various concrete types without compromising the
integrity of their pore structures. This step is crucial to ensure the method's suitability across
diverse mix designs and environmental conditions. The second objective is to establish a clear
relationship between the pressure drop and concrete pore properties, such as pore size
distribution, connectivity, and tortuosity. Building on these findings, the next objective is to
correlate WPDT results with standardized test outcomes, such as RCPT, rapid freeze-thaw, and
bulk resistivity tests. A mathematical model will be developed to link WPDT data with
standardized durability metrics, integrating both experimental results and theoretical analyses.
Additionally, the applicability of WPDT to UHPC, characterized by its dense microstructure and
reduced permeability, will be explored. Experimental trials will involve testing UHPC samples
under higher initial pressures to evaluate the method’s effectiveness in extreme conditions.
Ultimately, this project seeks to refine WPDT into a reliable, field-ready tool for assessing
concrete durability. By enabling rapid and accurate in-situ testing, WPDT promises to



significantly reduce costs, enhance infrastructure longevity, and address critical challenges in
construction and maintenance.

4. Description of Research Project Tasks

Task 1 — Determining the threshold pressure applied to the test

Proposed task description:

As claimed in the previous report, the pressure applied during the WPDT must be sufficient to
ensure that water penetrates more than 2 inches into the concrete, allowing for a thorough
evaluation of its permeability. This is particularly important for concrete structures such as bridge
decks, which typically have a thickness of 7 to 8 inches. However, the required pressure varies
depending on the concrete mix design, as each formulation results in different microstructures and
pore distributions. While the pressure needs to be high enough to achieve effective water
penetration, excessive pressure could damage the concrete’s pore structure, leading to inaccurate
results [7]. Thus, determining a universal threshold pressure applicable to all mix designs is critical
for obtaining reliable and consistent data.

To determine this threshold, 8 to 12 mix designs with water-to-cement (w/c) ratios ranging from
0.2 to 0.6 will be selected in collaboration with local stakeholders such as FDOT and Ready Mixed
Concrete Plants. For each mix design, 20 identical specimens, each measuring 4 inches in diameter
and 8 inches in height, will be cast. These specimens will be cured under ambient temperature for
at least 56 days to avoid the potential impact of ongoing hydration reactions. During casting,
moisture sensors will be installed at 1-inch intervals along the depth of the specimens to monitor
water movement during testing. Prior to testing, the specimens will be conditioned to simulate
various real-world conditions by subjecting them to four different saturation levels (0%, 33%,
66%, and 100%) and four temperature settings (ranging from 35°F to 115°F). These conditions
represent extremes that concrete may experience due to environmental factors such as temperature
fluctuations and varying moisture content. The threshold pressure will be adjusted based on these
factors, and the moisture sensors will track water penetration at different depths. The objective is
to maximize water penetration while ensuring that the pressure applied does not cause irreversible
changes to the concrete's pore structure. To validate the test's integrity, the pore size distribution
of the concrete will be evaluated both before and after testing using non-destructive testing (NDT)
techniques such as uCT and BET.

Description of work performed up to this period:

e The student has completed the literature reviews.

e The student successfully configured the Arduino-based
control and data logging system, calibrated the pressure
transducers, and conducted preliminary trials on existing
concrete samples in the lab to identify the approximate
threshold pressure required to induce measurable water
penetration. Trial runs were performed using existing
samples in the lab to confirm the functionality and stability of
the pressure drop equipment. The Arduino diode had to be
replaced because it was not functioning properly, and the Figure I. WPDT Testing Fixture
signal was not being received. After replacing the




LED/Arduino diode, the system operated correctly, and the pressure decay profile was
successfully recorded. This confirmed that the WPDT setup is fully functional and ready
for systematic testing with actual concrete specimens.

All required raw materials for the experimental program were successfully acquired
through Titan America. The materials obtained include Type IL Portland cement, fine
aggregates, and coarse aggregates. In the meantime, we also reached out to Sika
regarding the procurement of admixtures for future use.

Seven regular strength concrete mix designs with water-to-cement ratios ranging from 0.3
to 0.6 were finalized, aligning with the experimental matrix proposed for Task 1. Based
on this preliminary selection, sixteen (16) concrete cylinders were prepared for each
batch. In addition, two prismatic concrete specimens were cast to support the planned
freeze-thaw durability testing. The developed mix design is shown in Table 1 below.

Table 1. Mix Composition of concrete in Ib per cubic yard of concrete

Fine Coarse

Mix ID Cement Water Aggregate Aggregate w/c
M1 661.65 198.50 1204.21 1760 0.30
M2 661.65 231.58 1204.21 1760 0.35
M3 661.65 264.66 1204.21 1760 0.40
M4 661.65 297.74 1204.21 1760 0.45
M5 661.65 330.83 1204.21 1760 0.50
Mé6 661.65 363.91 1204.21 1760 0.55
M7 661.65 396.99 1204.21 1760 0.60

All concrete specimens for the seven mix designs (w/c ratios ranging from 0.30 to 0.60)
have been successfully cast. Currently, the specimens are undergoing a 28-day curing
process, fully submerged in a saturated calcium hydroxide water bath. This curing
procedure is being conducted in strict accordance with ASTM C192 and ASTM C511
standards to ensure proper cement hydration and the stable development of the concrete
pore structure before the subsequent conditioning and testing phases.

Figure 2. Concrete Casting



Figure 3. Set of concrete specimens

Task 2 — Correlating the pressure drop to concrete pore structures

Proposed task description:

In Task 2, we will focus on establishing a relationship between the pressure drop (or decay factor
K) and the pore structures of concrete. This process will involve both theoretical analysis and
experimental validation to develop a deeper understanding of how pore characteristics influence
the results of the WPDT. This involves applying a model that correlates key pore properties such
as pore size distribution, pore connectivity, and pore tortuosity with the permeability of concrete.
By using this equation, we will quantify the relationship between the concrete’s microstructure
and its ability to allow fluid movement, thus providing insights into how different pore
configurations influence the material's overall permeability. Then, the developed model will be
further linked to Darcy’s Law, which describes the flow of fluid through porous media. By
connecting the permeability values from the Kozeny-Carman equation to Darcy’s Law, we will
create a practical framework for predicting pressure drops in concrete during the WPDT. This
connection will establish a theoretical relationship between the observed pressure drops and the
underlying pore properties of the concrete. To achieve this, the study will focus on the pore
structures of concrete cylinders from six different mix designs with varying w/c ratios. The pore
structure of these cylinders will be evaluated using pCT, or other similar techniques. These
advanced imaging and analysis methods will allow for the detailed characterization of the
concrete’s internal structure, including pore size distribution, connectivity, and the overall spatial
arrangement of voids. By understanding these characteristics, we can begin to correlate specific
pore features with the permeability and pressure drop observed during the WPDT. Once the pore
structure of the concrete is characterized, the specimens will undergo the WPDT, allowing us to
observe and measure the pressure drops that occur as water penetrates the concrete under varying
applied pressures. The results from the WPDT will be compared with theoretical modeling based
on the Kozeny-Carman equation and Darcy’s Law to refine the relationship between pore structure
and permeability. This experimental data will be used to develop a robust theoretical framework
that links the pressure drops to the pore structure properties, advancing our ability to predict the
permeability of concrete using WPDT. It is important to note that gel pores, which are very small
and typically have a limited impact on fluid flow, will not be considered in this study. Instead, our
focus will be on the more significant capillary pores and air voids, as these play a much larger role
in determining the permeability of concrete and, consequently, the pressure drops observed during
WPDT.

Description of work performed up to this period:




e The students started reviewing the pore structure related literatures.
Task 3 — Linking pressure drop to standardized resistivity tests vis pore structures

Proposed task description:

Building on the insights gained from Task 1 and Task 2, the next objective is to establish a reliable
correlation between the WDPT and other widely used standardized resistivity tests for concrete.
To achieve this, 8-12 mix designs from Task 1 will be reproduced under fully saturated conditions,
ensuring consistency across samples. These specimens will undergo a series of established
resistivity tests, which are commonly used in concrete durability assessments:

o Longitudinal resonant frequency measurements will be taken after conducting a rapid
freeze-thaw test using an EModumeter. This test evaluates the concrete's ability to resist
freeze-thaw cycles, which is critical for determining its long-term durability in varying
temperature conditions.

o Bulk resistivity tests will be performed to assess the overall resistance of the concrete to
electrical current, a key indicator of its permeability. Higher resistivity typically correlates
with lower permeability, meaning the concrete is more resistant to the ingress of water and
harmful chemicals.

e Capacitance measurements will be obtained using Electrochemical Impedance
Spectroscopy (EIS), a technique that evaluates the capacitive properties of the concrete.
This measurement provides insights into the concrete’s ability to store charge, which is
closely related to its porosity and permeability.

e Electromigration charges will be measured using the Rapid Chloride Permeability Test
(RCPT), which helps determine how well chloride ions can migrate through the concrete.
This test is especially useful for assessing concrete susceptibility to chloride-induced
corrosion.

The results from these various tests will then be correlated with the pore structures of the concrete
that can be determined by NDT techniques. Regression analysis or, if a larger dataset is available,
machine learning models will be used to establish the relationships between the pore structure,
resistivity test results, and WDPT performance. Additionally, the conductivity of the pore solution
will be considered in the study, as it directly influences the resistivity of concrete and its ability to
resist ion migration [8]. Ultimately, we will develop a mathematical model that links pressure
drops observed in the WDPT with results from the standardized ex-situ tests.

Description of work performed up to this period:
Not started.
Task 4 — Validating the effectiveness of the developed test on UHPC

Proposed task description:

The addition of silica fume in UHPC plays a critical role in refining its pore structure, leading to
the formation of a denser microstructure with significantly smaller and more tightly packed pores.
This modification results in a concrete matrix that is not only stronger but also more resistant to
the penetration of water and other harmful substances. The impact of this dense microstructure on



the WPDT is expected to be significant. Specifically, the WPDT will require a higher initial
pressure to achieve water penetration to a depth of 2 inches or more in the concrete, as determined
in Task 1. The tighter, more impermeable pore structure of UHPC means that the water faces more
resistance and must be applied with greater force to penetrate the material effectively. This will be
a crucial factor in assessing the applicability and reliability of the WPDT for evaluating the
permeability of UHPC, which has a vastly different microstructure than conventional concrete. To
assess this, six cylindrical samples will be prepared from two distinct UHPC mix designs. These
mix designs will vary in their silica fume content and other key parameters, allowing for a
comparison of how different formulations influence the concrete's permeability and WPDT
performance. The pressure drop trend during the WPDT will be recorded for each sample, tracking
how pressure varies with the increasing depth of water penetration. This data will be used to
establish correlations between the pressure drop and the pore properties of UHPC, providing
valuable insight into how silica fume impacts the material’s resistance to water ingress. To evaluate
the effectiveness and reliability of the developed WPDT method for UHPC, the tests outlined in
Tasks 2 and 3 will be repeated with the UHPC samples. These tasks, which involve correlating
pore structure with pressure drop and linking these properties to standardized resistivity tests, will
be essential in confirming the WPDT’s accuracy and applicability to UHPC. By comparing the
results from the WPDT with other established tests, such as resistivity and chloride permeability
tests, the ability of the WPDT to assess the durability and impermeability of UHPC will be
evaluated.

Description of work performed up to this period:

Not started.
Task 5 — Field-testing preparation

Proposed task description:

To facilitate the field application of WPDT, we will initiate discussions with local stakeholders,
such as FDOT, to explore potential field-testing opportunities. During this task, we will document
the standardized testing procedure and share it with FDOT for review and evaluation. We
anticipate a series of back-and-forth discussions regarding technical details and field challenges,
which will inform necessary adjustments to the operating procedures to align with FDOT
requirements. Additionally, we will begin conversations at the national level with the Federal
Highway Administration to explore further opportunities for demonstrating the WPDT in other
states, under varying environmental conditions. This collaboration may help extend the application
of the test and identify its potential for broader use in different regions.

Description of work performed up to this period:

Not started.

5. Expected Results and Specific Deliverables

Through this project, we anticipate developing a standardized testing protocol that industry
professionals and stakeholders can follow to successfully implement the newly developed WPDT
test on various types of concrete under different environmental conditions. The test results will



provide a reference for concrete resistivity and durability, as well as valuable information on
whether the concrete needs to be repaired.

List of Deliverables:

1) The testing results and associated modeling developments will be compiled as project outputs
and converted into research articles or conference proceedings, with 2-3 articles expected from
this project.

2) The PI will present their research findings at national conferences. The outcomes will also be
shared with stakeholders, including state DOTs, ACI Committee 228, and ASTM Committee E07,
to support field testing and standard development (subject to pre-approval by IBT/ABC-UTC).

3) A final report encompassing a comprehensive assessment of the findings, data, and analysis will
be delivered before the conclusion of the project.

6. Schedule

Progress of tasks in this project is shown in the table below.

Item % Completed

Percentage of Completion of this project to Date 20%

Months
Tasks

12,34 |5|6|7|8]9|10/11|12|13 |14 15|16|17 |18

Work Performed

Work To be Performed
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