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EXECUTIVE SUMMARY

To control concrete permeability and chloride ingress, the lowa Department of Transportation
(DOT) has been using low-permeability high-performance concrete (HPC) for the decks and
substructures of bridges on higher traffic roadways over past several years. Most of the
development work on low-permeability HPC has focused on the paste portion of concrete mixes.
Very limited work has been done to investigate the role of aggregate, especially coarse
aggregate, on the intrusion of chloride into HPC in bridge decks. In lowa, many carbonate
aggregates with relatively high absorption values (greater than 3%) have been used in HPC.
Because chemical fluids generally penetrate concrete via advection through pores, requiring low-
permeability HPC without considering the porosity of the coarse aggregate in the concrete poses
risks.

In recent years, the lowa DOT has found that the chloride permeability values of some HPC
mixes are not as low as expected (RFP IHRB-17-05). These permeability values are often
measured using electrical test methods, such as AASHTO T 277, Standard Method of Test for
Rapid Determination of the Chloride Permeability of Concrete, and AASHTO T 358, Standard
Method of Test for Surface Resistivity Indication of Concrete’s Ability to Resist Chloride lon
Penetration. HPC with high permeability values as measured by rapid electrical methods is often
associated with highly absorptive coarse aggregate. It is not clear whether this trend would still
exist if a non-electrical test method (such as AASHTO T 259, Standard Method of Test for
Resistance of Concrete to Chloride lon Penetration) were used to measure concrete permeability.

To address the above issues, the aim of this research project was to identify an effective test
method to reduce uncertainty concerning the use of certain lowa aggregate sources for
manufacturing HPC for bridge decks. The specific objectives of the study were as follows:

1. To identify rock properties (such as porosity, median or critical pore throat diameter, etc.)
that describe the main features of the coarse aggregate pore structure

2. To evaluate test methods for quantifying these properties

3. To examine the relationship between coarse aggregate pore properties and HPC permeability
(i.e., chloride ingress) measured using both electrical and non-electrical test methods

4. To provide recommendations for evaluating lowa coarse aggregates and permeability of HPC

The following tasks were conducted during this project to fulfill the abovementioned objectives:

1. A literature review was conducted on aggregates used in HPC and their effects on concrete
properties.

2. Rocks and their corresponding coarse aggregates from five lowa sources as well as other
concrete materials were collected for concrete preparation. These five coarse aggregates are
typically available in lowa and include three limestone and two dolostone aggregates with
different water absorption capacities and porosity values.

3. The pore structure of the selected rocks and aggregates was characterized using water
absorption, helium porosity, mercury intrusion porosity (MIP), and petrographic thin-section
test methods. Surface resistivity and water sorptivity tests were also performed on the rocks.
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4. Concrete specimens (cylinders and ponding slabs) were prepared from five concrete mixes
made with a single HPC mix proportion but different coarse aggregates. A corresponding
mortar mix to serve as a control was sieved from one of the concrete mixtures to eliminate
coarse aggregate.

5. Two electrical tests (surface resistivity and Nord) and two non-electrical
permeability/chloride penetration tests (water sorptivity and ponding) were performed on the
concrete specimens. Some tests were also performed on the rocks and the mortar sieved from
one of the concrete mixes.

6. The potential relationships between the parameters describing the aggregate pore structure
and the chloride penetration resistance of concrete were examined.

7. Conclusions and recommendations were made for testing lowa coarse aggregates and HPC
concrete permeability.

The following major findings were obtained from this study:

1. The main features of the pore structure of the aggregates studied are summarized in Table
ES1.

Table ES1. Main features of the pore structure of the aggregates studied
Mean Critical  Threshold

Ave. rock  Ave. MIP throat pore pore
Absorption He porosity porosity  pore size throat throat
Rock ID (%) (%) (%) (um) size (um)  size (um)

LS1 0.7 1.0 3.2 0.02 0.02 0.04
LS2 2.9 6.7 8.4 0.29 0.15 0.4
LS3 35 12.5 15.9 1.94 3.63 11
DM1 4.1 15.0 18.4 1.25 1.49 2.1
DM2 6.8 21.0 25.8 5.34 20.4 25

2. The following observations were made regarding the test methods for quantifying the pore
system of coarse aggregates:

e Absorption test — This test is simple and quick to run. The absorption values affect many
concrete properties, but they are not directly related to concrete chloride penetration.

e Sorptivity test — The initial sorptivity values of rock plugs are related to concrete chloride
penetration (ponding test results), but it is important to know the coring orientation of the
rock plugs because rock plugs with different coring orientations provide quite different
test results.

e MIP test — The results of this test provide detailed information on the pore structure (such
as total porosity, intruded volumes for given pore size ranges, and the average, critical
and threshold pore throat sizes) of tested samples, but the test requires equipment,
operational skills, and dealing with the used mercury.
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Thin-section test — This test provides information on mineralogy, the relative abundance
of grain and pore types and grain and pore sizes, and pore connectivity.

Helium test — This test measures the total porosity of the connected pores in a sample and
shows a good relationship with the total porosity measured from MIP tests.

Different trends were observed from the electrical and non-electrical test methods:

In the electrical tests, concrete surface resistivity decreased with increasing aggregate
absorption, which is consistent with the lowa DOT’s findings that the chloride
permeability values of some HPC mixes are not as low as expected (RFP IHRB-17-05).
However, the diffusion non-steady state migration (DNSSM) measured from Nord tests
increased with increasing aggregate absorption.

In the non-electrical tests, the same trends were obtained from the sorptivity and ponding
tests. Concrete initial sorptivity and chloride content in the top surface layer (1/16 to 1/2
inch) increased with limestone aggregate absorption, but they decreased with dolostone
aggregate absorption.

. The effects of coarse aggregate absorption on concrete chloride content were as follows:

The mortar samples sieved from the C-LS1 Ames mix had a higher chloride content than
all five of the concrete mixes made with coarse aggregate with different absorption
values. As a result, fluids and chemicals were able to intrude into the concrete through
the mortar to the coarse aggregate.

Concrete made with a higher absorption limestone coarse aggregate had higher chloride
content after the salt ponding tests. Concrete made with dolostone aggregate had reduced
chloride content with increasing aggregate absorption. Based on these findings, aggregate
absorption values cannot be simply used to estimate concrete chloride intrusion
resistance.

. The effects of coarse aggregate pore system on concrete permeability and chloride intrusion
were as follows:

Concrete surface resistivity decreased non-linearly while the Nord chloride migration
coefficient increased non-linearly with the critical and threshold pore sizes of the rocks
used as coarse aggregates in the concrete.

For limestone aggregates, concrete initial sorptivity and chloride content (measured from
the salt ponding tests) increased non-linearly with the critical and threshold pore sizes of
the rocks used as coarse aggregates in the concrete. However, the effects of the critical
and threshold pore sizes of the rocks on concrete chloride content are very small.
Different from the limestone aggregates, the dolostone aggregates showed a decreased
trend in initial sorptivity and chloride content with increasing critical and threshold pore
sizes of their rocks.

Other important relationships that were identified included the following:
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There is a close relationship between coarse aggregate absorption and specific gravity.
There is a close relationship between coarse aggregate absorption and helium porosity.
There is a strong linear relationship between coarse aggregate helium and MIP porosity.
The surface resistivity of concrete made with limestone coarse aggregate increased
linearly while the surface resistivity of concrete made with dolostone coarse aggregate
decreased with the surface resistivity of the corresponding rocks.

For the limestone aggregates, concrete chloride content (measured from the ponding
tests) decreased with increasing concrete surface resistivity values. For the dolostone
aggregates, concrete chloride content decreased with increasing concrete surface
resistivity values.

For either coarse aggregate lithology (limestone or dolostone), concrete chloride content
increased with concrete initial sorptivity.

The following recommendations are proposed for further study:

1. Recommendations for aggregate pore structure characterization:

Coarse aggregate absorption is a key parameter related to many other aggregate and
concrete properties. However, the effects of aggregate absorption on concrete sorptivity
and chloride intrusion also depend upon coarse aggregate type because of the difference
in surface physics between the two lithologies with respect to the wetting fluid (water).
Therefore, coarse aggregate absorption should not be used as a sole criterion for concrete
durability control.

Helium porosity provides an easy, non-destructive, and dry test for the total porosity of a
rock or concrete’s connected pore network. If the sample has a simple geometry (e.g., a
cylinder or prism), the test is also quick (less than 30 minutes).

The critical and threshold pore sizes of aggregate obtained from MIP testing can be used
to provide guantitative information on the pore connectivity of aggregate, mortar, and
concrete as needed. Because mercury is a non-wetting fluid with respect to mineral
surfaces, it will provide more accurate results.

Thin-section tests provide detailed information on coarse aggregate quality (e.g., coarse
aggregate grain size, pore characteristics). These tests also provide visual, spatial
relationships between concrete components (e.g., coarse aggregate’s bond with mortar).
More thin-section tests should be conducted on a variety of lowa aggregates in the near
future.

2. Recommendations for concrete permeability and chloride intrusion tests:

When a surface resistivity test is used, it is important to know the concrete’s coarse
aggregate type (i.e., limestone or dolostone), because the relationship between concrete
surface resistivity is negatively correlated to concrete initial sorptivity and chloride
content in limestones but positively correlated in dolostones.

The initial sorptivity test (which takes six hours) can be performed instead of a 90-day
salt ponding test for a quick evaluation of chloride intrusion in concrete because for any
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given coarse aggregate type, the chloride content measured from the salt ponding tests
always increased with the initial sorptivity of the concrete.

3. Recommendations for future study:

Only aggregates from three limestone sources and two dolostone sources were examined
in the present study. More lowa aggregate sources, especially those of mixed lithology
(“intermediates” in the terminology of the Iowa DOT), should be studied to verify the
trends observed in the present study.

The mortar had the highest chloride content after 90 days of the ponding test, and fluids
and chemicals can penetrate into aggregate through the mortar. In the future, concrete
mixes with a lower water-to-binder ratio (w/b) should also be studied. As the mortar
becomes less permeable with a lower w/b, it can encase and seal the permeable aggregate
particles, thus preventing chloride penetration into the aggregate and improving the
chloride resistance of the HPC.

Many test results in the present study showed opposite trends between the limestone
aggregate concrete and dolostone aggregate concrete. For example, initial sorptivity and
chloride measurements increased with the absorption of limestone aggregates but
decreased with the absorption of dolostone aggregates. This behavior is probably due to a
potential cement reaction with the surface of the dolostone and the internal curing ability
provided by the stored water in the more porous aggregates. High-porosity dolostone
aggregates should be studied further due to the potential cement reaction with the surface
of the dolostone and the internal curing ability.

A comparison study should be conducted involving the construction of two field HPC
overlays, one made with a low-absorption and low-sorptivity aggregate and the other
made with a high-absorption and especially high-sorptivity aggregate. The aggregates can
be selected from the limestone series or the dolostone series. The overlays can be
monitored for surface resistivity and chloride penetration over time. The results can be
used to verify the findings from the present study.
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1 INTRODUCTION
1.1 Problem Statement

Permeability is a key parameter controling concrete durability. In reinforced concrete structures
such as bridge decks, the ingress of chloride ions from applied deicing chemicals often results in
corrosion of reinforcing steel, leading to concrete expansion, cracking, and failure. Significant
efforts have been made to reduce the permeability of concrete. One approach has been to utilize
low-permeability high-performance concrete (HPC).

The lowa Department of Transportation (DOT) has been using low-permeability HPC for the
decks and substructures of bridges on higher traffic roadways over the past several years. Most
of the development work on low-permeability HPC has focused on the paste portion of concrete
mixes. Concrete research and practice in lowa have proven that combinations of blended cement
(Type IS or IP), or slag with Type I/1l cement, and fly ash significantly reduce the permeability
of concrete and the potential for critical chloride intrusion at the steel level.

Because the permeability of HPC paste is substantially reduced, the permeability of the HPC’s
aggregate then becomes a critical component of the overall permeability of the HPC. Hence, it is
important to investigate the role of aggregate, especially coarse aggregate, on chloride intrusion
in HPC bridge decks.

In lowa, some high-quality carbonate aggregates have a relatively high water absorption (greater
than 3%). Because chemical fluids generally penetrate concrete via advection through pores,
creating an HPC mix without considering the porosity of the coarse aggregate in the concrete
poses risks. If low-permeability aggregates are locally available, the use of these aggregates for
HPC is the most cost-effect approach to ensuring durable bridge decks; otherwise, selection of
aggregates for HPC with low permeability is challenging. Ideally, a lower permeability paste
may be designed and produced to isolate the permeable aggregate particles in the concrete and
thereby reduce the bulk concrete permeability. Unfortunately, few systematic studies have been
conducted to evaluate the effects of aggregate pore system properties (e.g., porosity,
permeability) on concrete, especially HPC. As HPC is increasingly used in the decks and
substructures of US bridges, detailed research on this subject is necessary.

In recent years, the lowa DOT has found that the chloride permeability values of HPC in some
lowa projects were not as low as expected (RFP IHRB-17-05). These permeability values were
often measured using electrical test methods, such as AASHTO T 277, Standard Method of Test
for Rapid Determination of the Chloride Permeability of Concrete, and AASHTO T 538,
Standard Method of Test for Surface Resistivity Indication of Concrete’s Ability to Resist
Chloride lon Penetration. According to the lowa DOT’s specifications, HPC should have a
maximum 28-day permeability of 2,000 coulombs for the substructure (or greater than 20 K
ohm-cm surface resistivity [SR]) and 1,500 coulombs for the deck (or greater than 30 K ohm-cm
SR) as a target.



It has also been observed that HPC with high permeability measured by rapid electrical methods
was associated with highly absorptive coarse aggregate. However, it is not clear whether this
trend would still exist when a non-electrical test method (such as AASHTO T 259, Standard
Method of Test for Resistance of Concrete to Chloride lon Penetration) is used to measure
concrete permeability.

The study reported herein was intended to bridge the abovementioned knowledge gaps using an
experimental program based on standard aggregate characterization and chloride permeability
testing of rocks, mortar, and cement concrete.

1.2 Objectives and Approach

The overall goal of this research was to identify an effective test method to reduce uncertainty
concerning the use of certain lowa aggregate sources for manufacturing HPC for bridge decks.
The approach was to investigate lowa HPC coarse aggregates with a range of water absorbances
and study the relationships between the aggregate properties, especially the pore system
properties, and concrete permeability. The specific objectives of the study included the
following:

1. Examine the relationship between coarse aggregate pore properties and concrete
permeability/chloride ingress measured using different methods (e.g., natural chloride
penetration and electrical methods)

2. Identify the properties (e.g., porosity or median pore throat diameter) that describe the main
features of the aggregate pore structure

3. Evaluate the test methods for quantifying the key pore system properties of coarse aggregates

4. Provide recommendations for characterizing lowa coarse aggregates and testing low-
permeability HPC

1.3 Scope of the Study
The following tasks were conducted during this project to fulfill the abovementioned objectives:

1. A literature review was conducted on aggregates used in HPC and their effects on concrete
properties.

2. Rock and coarse aggregates from five different sources as well as other concrete materials
were collected for concrete preparation.

3. The collected materials were characterized, especially the aggregates and corresponding rock
cores.



Concrete specimens were prepared from five concrete mixes, all of which were made with a
given HPC mix proportion but different coarse aggregates.

Two electrical and two non-electrical permeability/chloride penetration tests were performed
on rock, mortar, and concrete specimens.

The potential relationships between the parameters describing the aggregate pore structure
and the chloride penetration resistance of concrete were examined.

All related information was analyzed and conclusions and recommendations were provided
for testing lowa coarse aggregates and HPC concrete permeability.



2 LITERATURE REVIEW

Various attempts have been made to identify better aggregate characterization methods and to
modify specifications to extend the use of available aggregate sources to improve the service life
of pavements (e.g., Bektas et al. 2015, Ridzuanet al. 2016).

Concrete permeability is determined by the characteristics of its air void system, cement paste,
coarse and fine aggregates, and the interfacial transition zones (ITZ) between the aggregate and
cement paste. Generally, the porosity of most natural aggregates used for durable concrete is
much lower than the capillary porosity of a cement paste in normal strength concrete (NSC),
which is approximately 30% to 40% depending on the water-to-binder ratio (w/b) and degree of
binder hydration (Mehta and Monteiro 2014). It has been previously suggested that aggregate
porosity could influence the chloride diffusivity of concrete but that the effect is negligible
compared to the effect of the porosity of the cement matrix (Nilsson et al. 1996). Consequently,
the effects of aggregate pore structure on concrete permeability and chloride diffusivity have not
been widely studied.

However, the aggregate properties that affect the quality, quantity, and tortuosity of the ITZs
(such as aggregate type, size, shape, surface texture, etc.) are well known to affect concrete
permeability. This is because the ITZs in NSC are more porous than the cement paste and are
interconnected with pores in the cement paste. It is this interconnectivity that facilitates fluid
permeation through NSC. As a result, one way to reduce concrete permeability is to alter the
ITZs in NSC to reduce their porosity. This can be simply achieved by use of a low w/b and
supplementary cementitious materials (SCMs), like what is used in HPC, where permeability of
both the cement paste and ITZs is reduced. Research has also indicated that the use of high-
porosity aggregate, like lightweight aggregate, can also reduce porosity in the ITZs in NSC
because little to no bleeding water could accumulate underneath porous aggregate particles that
would lead to the formation of porous ITZs. In addition, the water stored in porous aggregate
particles, which functions as an internal curing agent, can contribute to hydration of the
surrounding cement paste and further reduce porosity in 1TZs. Therefore, in normal weight NSC,
water penetration generally occurs through the paste and ITZs, whereas in well-designed and
well-produced lightweight concrete, the water penetration mainly occurs through the paste due to
the low porosity of the ITZs (Vaysburd 1992).

The penetration of chloride into concrete can be carried out by various mechanisms, commonly
advection and diffusion (Wattanapornprom and Ishida 2017), convection (Nilsson et al. 1996),
permeation (Basheer et al. 2001, Zhutovsky and Hooton 2019), and fluid absorption (Wei et al.
2017). However, because most fluid penetration into concrete occurs via advection, many DOTSs
specify a limit on the maximum absorption of aggregates. For instance, for bridge
superstructures, the Minnesota DOT (MnDOT) has specified a maximum absorption of 1.75%
for Class B aggregate, which includes crushed quarry or mine rock such as carbonates, rhyolite,
and schist (MnDOT 2018, Bektas et al. 2015). A water absorption test (as a proxy for porosity) is
often used to provide insight into the pore structure or permeability of aggregate. Low absorption
is often considered as a sign of low permeability because numerous geological and porous media
studies have shown the correlation between porosity and permeability. However, few studies in



the civil engineering literature have related the petrophysical (e.g., absorption, pore size
distribution) and petrographic (e.g., pore type, rock type) properties of aggregates to subsequent
concrete permeability and choloride intrution.

2.1 Specifications/Properties of Coarse Aggregate for Use in HPC for Bridge Deck
Concrete

The following sections summarize various DOT specifications regarding aggregate type
selection and the absorption limit for aggregates.

2.1.1 Indiana DOT (INDOT)

The maximum allowable absorption for coarse aggregate class AP (the highest classification) is
5%. Coarse aggregates having absorption values between 5.0 and 6.0 that pass AP testing can be
used in portland cement concrete (PCC).

2.1.2 Kansas DOT (KDQOT)

Coarse aggregate consisting of crushed or uncrushed gravel, chat (siliceous carbonate rock), or
crushed stone (limestone, calcite-cemented sandstone, rhyolite, quartzite, basalt, and granite are
considered to be crushed stone) can be used for structural concrete construction. For coarse
aggregate used for wear and absorption, the absorption limit is 2%. For coarse aggregate used in
prestressed concrete beams, the absorption limit is 3% (KDOT 2007).

For bridge decks in Kansas, the predominant coarse aggregate is limestone. However, the Kansas
City Metro Materials Board limits the maximum absorption to 0.5%, thus necessitating the use of
imported aggregates, typically granite or quartzite (McLeod 2009). The city of Overland Park,
Kansas, requires the coarse aggregate to be granite, with a maximum absorption of 0.5% and an
average specific gravity of 2.62.

2.1.3 Michigan DOT (MDOT)

Coarse aggregate meeting the requirements of Class 6AA or 17A is used for bridge structures,
and the maximum absorption limit is 2.5% (MDOT 2012).

2.1.4 MnDOT

Coarse aggregate for bridge superstructures should meet the requirements of Class B (crushed
quarry or mine rock types including carbonates, rhyolite, and schist) and have an absorption limit
of 1.75%. For concrete bridge decks and bridge barriers, the absorption limit is 1.10% (MnDOT
2018).



2.1.5 New Jersey DOT (NJDOT)

For coarse aggregate used in concrete, NJDOT specification 901.06.01 mandates the following:
“use coarse aggregate that is broken stone or washed gravel [...], except do not use carbonate
rock for concrete surface courses, bridge approach[es], or bridge decks.” The maximum
allowable percentage absorption for fine aggregate is 2% and for coarse aggregate (#9 and
larger) is 1.8%, and the maximum allowable chloride content is 0.06% (NJDOT 2007).

2.1.6 Pennsylvania DOT (PennDOT)

Different quality specifications exist for different types of coarse aggregate used in concrete
(with the type of structure not specified). The aggregate types include Type A, Type B, and Type
C, with Type A being the highest quality and Type C being the lowest. The maximum absorption
limit is 3% for Type A coarse aggregate and 3.5% for Type B, with no absorption limit specified
for Type C (PennDOT 2003).

The requirements used by various DOTS to select coarse aggregates for use in HPC or bridge
deck concrete are summarized in Table 2.1.

Table 2.1. DOT requirements for coarse aggregates in HPC or bridge deck concrete

Max. Allowable

State DOT  Absorption (%0) Aggregate Structure
Indiana 5.00 - -
Kansas 0.50 Limestone, granite, or quartzite Bridge decks
Michigan 2.50 - Bridge structures
1.75 Crushed quarry or mine rock types Bridge superstructures
Minnesota including carbonates, rhyolite, and Bridge decks and
1.10 schist bridge barriers
New Jersey 1.80 Broken stone or washed gravel

For highest quality

Pennsylvania 3.00 - Type A aggregates

2.2 Test Methods for Rock/Aggregate Characterization
2.2.1 Characterization of Pores in Rock/Aggregate

Pores in rocks can be classified in numerous manners. The International Union of Pure and
Applied Chemists has established the following classification system for pores based on the
behavior of gas sorption in porous materials: micropores (less than 2 nm in diameter), mesopores
(2 to 50 nm), macropores (greater than 50 nm) (Rouquerol et al. 1994). This classification is not
useful to geologists, where pores can range from the nanometer scale all the way up to cave size,
since caves are, by definition, pores that a person can fit into (Choquette and Pray 1970).



A more pragmatic attempt by Zhang et al. (2016) to classify pore sizes includes the following
ranges: nanopores (less than 0.1 um), micropores (0.1 to 0.5 um), mesopores (0.5 t0 2.5 pm),
macropores (2.5 to 10 um), and megapores (greater than 10 um). Choquette and Pray (1970)
classify pores by their genetic origin. Lucia (1995) classifies pores by their effect on flow,
resulting in only four major pore types: interparticle pores, micropores, separate vugs, and
touching vugs.

Pore structure refers to the sizes of the pores and their geometry, distribution, connectivity, etc.
Total porosity is the volume fraction of all pores in the rock, regardless of their connectivity,
whereas effective porosity quantifies only the volume fraction of the pores that are
interconnected to form a flow system (Rouquerol et al. 2012). The characterization of pore
structures includes parameters such as porosity, pore and pore throat size distribution, tortuosity,
and specific surface area. The test method chosen for analyzing pore structure can have a
significant influence on the interpretation of the test results obtained (YYan et al. 2015).
Techniques that are available for characterizing rock/aggregate pore structure are summarized
below.

Helium Porosimetry/Pycnometry

Helium porosimetry combines measurement of grain volume with measurement of bulk volume
to determine porosity. The technique is based on the gas expansion method, where helium gas is
used as the saturating gas because of its small molecular size (Richards and Bouazza 2007). The
testing process consists of four steps: determining the sample’s weight, obtaining its grain
volume via helium pycnometry, obtaining the bulk volume, and calculating porosity as well as
bulk and grain density. The calculation of grain volume is based on Boyle’s Law (P1V1= P2V2),
where a known volume of helium gas at a fixed pressure is isothermally expanded into an
unknown void volume (Ridzuan 2016, Oliveira et al. 2016). Post expansion, the resultant
pressure is measured and the grain volume (sometimes also referred to as the skeletal volume) is
determined. Using the grain density obtained through helium pycnometry, the porosity of the
sample is determined using the following equation (Ridzuan 2016):

¢(%)=%xloo

where, @ is helium porosity in %, p. is envelope density, and pq is grain density.
lowa Pore Index (IPI) Test

The IPI test utilizes water intrusion for determining the volume ratio of macropores to
micropores present in a rock/aggregate (Myers and Dubberke 1980, Bektas et al. 2016). In this
test, water is intruded progressively into 4.5 kg of oven-dried crushed aggregate at a pressure of
240 kPa. The intruded water volume is recorded at time intervals of 1 and 15 minutes. The
recorded values correspond to macropore and micropore volumes, respectively, and are also
respectively termed as the primary and secondary indices. This method has several advantages



over conventional petrophysical test methods that are used to determine porosity and pore size
distribution in rocks. These advantages are summarized by Ridzuan (2016) as follows:

e The test requires only water and air for the analysis of samples. No chemicals or other
hazardous materials such as mercury or alcohol are required. Hence, the test poses a low
environmental hazard, making the test relatively inexpensive.

e The test is non-destructive. The samples tested using the IPI largely maintain their integrity
in terms of their shape, weight, and volume after each test. As a result, the same samples can
be retested (or further subsampled) for any further analysis, such as for petrographic thin
sections.

e The test is relatively fast, with each test taking only 30 minutes.

e The test investigates a reasonably significant amount of rock (4.5 kg). This improves the
comparability of the test results to the quarry scale relative to other test methods, which use
smaller sized samples like core plugs (e.g., for the mercury intrusion porosimetry [MIP] test).

e The IPI test uses crushed rock instead of a whole rock core. As a result of using crushed rock,
the intruding liquid used in the test penetrates the sample’s pore system at a faster rate due to
the higher surface area.

e This test method can be used in conjunction with techniques such as x-ray diffraction and x-
ray fluorescence for effectively predicting aggregate performance in PCC.

Mercury Intrusion Porosimetry (MIP)

MIP involves intruding mercury into an evacuated sample at increasing pressures to measure the
volume fraction of increasingly smaller pore throats (Ridzuan 2016). Mercury is a non-wetting
fluid and thus will not penetrate the pores through capillary action. It requires external pressure
to penetrate into the pores (Yao and Liu 2012). The larger pore spaces are saturated initially, and
the smaller pores are progressively invaded by mercury as the external pressure increases. Due to
the high pressure that can be achieved, nearly the entire connected pore system, including even
the smallest pore throats, can be completely saturated (Giesche 2006). The volume of mercury
intruded at each pressure step determines the non-wetting mercury saturation and hence the
porosity in the sample at the pore throat size that corresponds to that pressure step (Ridzuan
2016). The method is governed by the Washburn equation for non-wetting liquid penetration
(Giesche 2006, Rouquerol et al. 2011, Dong et al. 2018, Ridzuan 2016). Two assumptions that
are made to convert the pressure, P, to the pore throat size, dc, are that (1) the pores are
cylindrical and (2) the pores are entirely and equally accessible to the outer surface of the
specimen (Dong et al. 2018).

MIP can directly measure pore volumes per given pore sizes, pore throat size distribution
(PTSD), total porosity, and the bulk and grain density of a material, from which other pore
characteristics can be calculated, such as critical pore throat size (i.e., the pore diameter at which
hydraulic conductance is maximum), total pore surface area, and median pore diameter (i.e., the
diameter corresponding to 50% of the total area on the plot of cumulative pore area versus
diameter). The method has many advantages, and it is the most commonly used method for pore
structure characterization (Gane et al. 2004). The advantages of the method are as follows:



e Thetest is quick, usually taking about 1 to 2 hours per sample (Zhang et al. 2016).

e The test uses a high measuring pressure (up to 60,000 psi), which makes it suitable for cores
with high, medium, or low permeability, and a complete capillary pressure curve can be
obtained for further analysis.

e The test can analyze irregularly shaped samples.

e The test can evaluate pore throat sizes across a large size range (Li et al. 2018), from
approximately 3 nm to 500 pum (Zhang et al. 2016).

The primary limitations of the technique are as follows:

e Mercury is toxic to humans and so strict laboratory procedures must be followed to work with
and dispose of the mercury used in the test as well as samples contaminated during the test.

e MIP is a considered a destructive test because samples are irreversibly contaminated with
mercury during the analysis.

e Only the features of effective pores are reflected in the test results.

e The general model of cylindrical pores used for analysis might cause errors if the actual
measured pore shape is not cylindrical. Errors can also be caused by the contact angle
between the mercury and the pores’ surfaces (Li et al. 2018).

e The determined pore throat size can be influenced by damage to the sample caused by
crushing or pressurized mercury during MIP measurement, the amount of drying the sample
undergoes before MIP measurement, or the sample size used for testing (Dong et al. 2018). It
is worth noting that there are contradictory findings regarding the effect of sample size on
PTSD, and a detailed discussion on the issue is still not present (Dong et al. 2018).

e Measurement errors may occur due to the “ink bottle” effect. In the interpretation of MIP
measurements, one assumption is that pores in the tested material are connected either to the
sample surfaces directly or through large pores. Pores not meeting this assumption are called
ink bottle pores. Natural rocks may have pores of different sizes and shapes, and some large
pores (referred to as the bottom of an ink bottle) are connected through small pore throats or
narrow openings (referred to as the neck of an ink bottle) and thus do not meet the
abovementioned assumption. Intrusion of mercury into the large pores may not occur during
the MIP test unless a higher pressure is applied to force the mercury into the narrow
openings. As a result, MIP measurement in some cases overestimates the smaller pore sizes
(Dong et al. 2018).

In order to overcome the shortcomings of conventional (i.e., pressure-controlled) MIP due to the
ink bottle effect, a constant rate-controlled MIP (CMP) method has been developed. The
principle of CMP is to maintain quasi-static mercury intrusion at a very low intrusion speed, i.e.,
the injection rate is kept the same and the mercury capillary pressure is monitored (Yao and Liu
2012). The main pore throat size is determined by the pressure of the breaking point, and the
value of the porosity is determined by the intruded mercury volume. As a result, the size and
number of throats can be clearly reflected in the mercury intrusion pressure curve (Yan et al.
2015).



Gas Adsorption

For the range of pore sizes that cannot be measured by MIP, in particular pores with a diameter
less than 0.01 um, the gas adsorption method can be used (Yao and Liu 2012). The procedure
uses nitrogen (N2), carbon dioxide (COz), or noble gasses as an adsorbate. In this test, the gas
pressure is increased gradually at a constant temperature, and then the amount of the gas that the
sample adsorbs is measured. The partial pressure can also be gradually reduced to measure the
corresponding desorption amount. The pore volume is determined by the amount of adsorbate at
the boiling temperature. Under low temperatures and pressures (i.e., less than -196° and 0.127
MPa), N2 isothermal adsorption can reflect pore size distribution in the range of approximately 2
to 50 nm, and CO; isothermal adsorption can reflect pore size distributions in the range of
approximately 0.35 to 2 nm. The gas adsorption method is an effective means for characterizing
pores with sizes smaller than 50 nm, but the application of the test is restricted by the narrow
testing range (Yan et al. 2015).

X-ray CT / Micro-CT Scan

X-ray computed tomography (CT) / micro-CT scanning is one of the most useful and powerful
tools among the non-destructive imaging techniques. When used on rocks, it can provide
information about the relative abundance of components, component size, shape and distribution,
pore connectivity, particle surface structure, and other characteristics. It is the only semi-
quantitative method that is capable of imaging both open and closed pores inside rock samples
non-destructively. It allows for an excellent three-dimensional visualization of porous structures
(Gane et al. 2004) with a spatial resolution of several microns (Yao and Liu 2012).

However, due to its resolution, CT scanning can only identify porosity above the micron scale.
Concrete has a large range of pore sizes, and the volume of pores with a diameter greater than a
micron is only a portion of the total pore volume. Based on the above understanding, pore data
obtained through CT scanning should be considered with care (Yan et al. 2015).

The limitations of CT scanning are as follows (Yan et al. 2015):

e The cost associated with CT analysis is very high (about 20 times as high as MIP).

e The detection range is limited by the method’s poor resolution. At present, the best resolution
that CT instruments can obtain is in the micron range, and the maximum horizon is about
1,000 to 2,000 times larger than the resolution, which implies that only pores within
approximately two to three orders of magnitude can be detected.

e Artificial image processing is needed after CT imaging, and the artificial threshold affects the
results to some extent because it is difficult to identify the boundaries between pores and
other entities.

e High-resolution analysis requires smaller samples, and the process of machining can easily
produce secondary cracks that might cause deviations in the test results.
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Scanning Electron Microscopy (SEM)

SEM analysis can evaluate and visualize the pore network in rocks, as well as the degree of
connectivity among the pores (Gane et al. 2004, Rushing et al. 2008). The method can
qualitatively characterize pore images, but quantitative data on pore size distribution requires
laborious measurement of individual particles. In addition, SEM requires processed rock
samples, and to some extent the processing might destroy the internal structure and external
morphology of the pores in the rock samples and cause a distortion in the observations.
Moreover, the greater the magnification, the smaller the field of view; as a result, it is easy to
overgeneralize the observations and miss important information. Because nanoscale pores are
difficult to observe clearly through SEM, field emission SEM (FESEM) can be used to observe
the samples after argon ion polishing (Li et al. 2018).

Notes on the Use of Different Test Methods

To visualize the applicable ranges and limits of different test methods for characterizing pores in
concrete materials, the chart shown in Figure. 2.1 was developed by Kejin Wang and Gilson
Lomboy.
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Air Void Size (um)
Wang and Lomboy, National Concrete Pavement Technology Center 2016
Figure 2.1. Air void size measurement capabilities of various testing methods

The figure illustrates that no single test method can capture the entire size range of pores or pore
throats in concrete materials. As a result, multiple methods have been used to characterize the
pore structure of concrete materials in order to capture the entire spectrum of pores. It should be
noted that different test methods differ and sometimes overlap in terms of the sizes of pores
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identified, and proper analyses of the test results is essential when making comparisons across
orders of magnitude in size.

2.2.2 Petrographic Analysis

In petrographic analysis, a thin-section sample is often prepared. Because different minerals in
the sample have different optical properties, they alter the color and intensity of light. Therefore,
most rock-forming minerals can easily be identified. Thin sections are typically constructed of
ultra-thin slices (30 um thick) of rock in which the pore volume is impregnated under vacuum
conditions with a low-viscosity blue or red fluorescent epoxy resin. Most rock minerals transmit
light at a thickness of 30 um. Therefore, it is possible to evaluate the pore structure, grain
framework and texture, and matrix material from transmitted polarized light microscopy (Scholle
and Ulmer-Scholle 2003, Ulmer-Scholle et al. 2015). It should be noted that since pores larger
than 5 um can also be seen in MIP, there is an overlap between the MIP and thin-section
methods (Ridzuan 2016). Thin-section analysis allows for void space size to be determined at a
much greater range of identification than the IPI test. However, thin-section analyses provide a
two-dimensional view of a three-dimensional system, and therefore it is not possible to view all
of the complexities in the pore structure (Scholle and Ulmer-Scholle 2003). Future research
combining mercury porosimetry with thin-section analysis would help to obtain the most
accurate pore size distribution data (Gustafson et al. 2015).

2.3 Test Methods for Chloride Penetration of Concrete
2.3.1 Surface Resistivity

Electrical resistivity can be an indicator of fluid transport in concrete. The Wenner four-probe
surface resistivity technique is a resistivity measurement technique that can be used both in the
laboratory and for on-site assessment. It is a non-destructive, quick, and simple test that assesses
the resistance of concrete to corrosion (Andrade 1993, Andrade and Alonso 1996). In this
method, four equally spaced point electrodes are pressed onto the concrete surface. The two
outer electrodes induce a current flow, whereas the two inner electrodes measure the potential
drop. The resistivity of the concrete, p, is calculated from the resistance, which is the ratio of the
potential difference to the current. Resistivity, p, is dependent on the quantity and conductivity of
the pore solution and the size, interconnectivity, and tortuosity of the pores (Andrade et al.
2007). According to Andrade et al. (2013), the major factors affecting the resistivity of concrete
are age, water saturation, and temperature. In terms of resistivity, many classification criteria for
concrete quality have been proposed by different researchers. Some researchers have tried to link
resistivity and corrosion risk (Andrade et al. 2004, Andrade and Alonso 1996), and they have
found that a certain inverse relationship between both variables appears to exist.

2.3.2 Nord NT Build492

The Nord test (also called the rapid migration test) is an accelerated test that is an alternative to
ASTM C1202. This test is based on the procedure initially developed by Luping and Nilsson
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(1992). The American Association of State Highway and Transportation Officials (AASHTO)
version of this test (TP 164-03, Predicting Chloride Penetration of Hydraulic Cement Concrete)
is based on further development by Stanish et al. (1997). The result of the Nord test, known as
the diffusion non-steady state migration (DNSSM) coefficient, is an indicator of chloride
permeability. The main advantage of this test over ASTM C1202 is that the test results are not
affected by the conductivity of the pore fluid. Therefore, the test is applicable to concrete with
calcium nitrite corrosion inhibitor.

2.3.3 Water Sorptivity

Sorptivity is an index of moisture transport into an unsaturated porous material, and it is
determined from a simple test that measures the unidirectional water uptake capability of
unsaturated concrete through capillary action (Hall and Tse 1986). Since the moisture content (or
degree of saturation) of the tested sample and its uniformity have a considerable effect on the
rate of water absorption, it is very important to condition test samples (Wei et al. 2017). In
addition, the temperature of the tested samples is also very important because fluid properties
(e.g., viscosity) vary with temperature. In order to prevent decomposition of hydration products
(e.g., ettringite) and reduce microcracking due to heating and drying, ASTM C1585 requires that
samples be conditioned by drying for 3 days at 50°C followed by 15 days in a sealed container at
85% relative humidity (RH).

During a sorptivity test, the driving force for water ingress into a tested sample is capillary
suction within the pore spaces of the sample. Therefore, sorptivity helps the tester understand the
pore characteristics of porous materials such as concrete, rocks, and bricks (Hall and Tse 1986).
In a recent study, Zhutovsky and Hooton (2019) found that compared with ASTM C1585, DIN
52617, which requires more rigorous drying at 60°C until a constant mass is obtained, provided a
better correlation between concrete sorptivity and pore structure parameters.

The sorptivity test involves recording incremental mass change measurements at relatively
frequent intervals during the first six hours after the sample comes in contact with water and
subsequently taking one measurement every day for the next eight days. The amount of absorbed
water is normalized by the cross-section area of the specimen exposed to the fluid:

My
axp

where i is the normalized absorbed fluid volume, M is the change in specimen mass at time t, a
is the area of the specimen exposed to the fluid (i.e., that of the bottom face), and p is the density
of the absorbed fluid (taken to be 1,000 kg/m?® at 23°C for water).

These absorbed fluid volumes are then plotted as a function of the square root of time. The initial
sorptivity is determined as the slope of the curve during the first six hours, while secondary
sorptivity is determined using the slope of the same measurements between one and eight days,
according to ASTM C1585.
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Sorptivity is positively correlated to porosity by the following equation:

Masssampie+water XSOTptivity

PwaterxVolumesample

= Porositysampie

2.3.4 Salt Ponding

This is a long-term test for measuring the penetration of chloride into concrete. A 3% NacCl
solution is ponded over the test specimens (i.e., test slabs) for a period of 90 days (as per
AASHTO T 259). Since the bottoms of the test specimens are exposed to a 50% RH atmosphere
during ponding, there is water vapor transmission from the wetted side of the concrete to the
drier surrounding atmosphere at the external surface for the duration of the ponding. This causes
more water to penetrate into the concrete, bringing chloride ions with it (Qiao et al. 2018, Stanish
et al. 1997). At the end of the ponding, the penetration of chloride in terms of chloride content is
determined at various depths to obtain the chloride profile over depth in the specimen. The 90-
day ponding duration might still be too short to develop a sufficient chloride profile when higher
quality concrete (e.g., HPC) is considered for evaluation.
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3 EXPERIMENTAL MATERIALS AND METHODS
3.1 Materials and Mix Proportions

3.1.1 Aggregates

Coarse aggregates with varying absorption values obtained from five different sources were
selected and collected with the help of the technical advisory committee (TAC) members at the
lowa DOT. The details of the sources, lithologies, and ranges of absorptions of the coarse
aggregates are provided in Table 3.1, where LS denotes a limestone rock and DM denotes a
dolostone rock, which is composed primarily of the mineral dolomite.

Table 3.1. Coarse aggregate sources, lithologies and range of absorptions

Aggregate/ Absorption
Rock ID Source Lithology Range (%)
LS1 Ames (Lime Creek Fm) Limestone <1
LS2 Alden (Gilmore City Fm) Limestone 3
LS3 Durham (Bed 101, North Hill Grp) Limestone 34
DM1 Douds (Spergen Fm) Dolostone 5-6
DM2 Bowser Dolostone 59

The fine aggregate used for the mixes was river sand obtained from Hallett Materials in Ames,

lowa. The gradation of fine and coarse aggregate used, along with the specified upper and lower
limits, is shown in Figure 3.1.
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Figure 3.1. Aggregate gradation
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3.1.2 Cementitious Materials

Type IS 20 cement (80% by weight of binder) and class C fly ash (20% by weight of binder)
were used as cementitious materials. The chemical composition of the cement and fly ash as
provided by X-ray fluorescence is given in Table 3.2.

Table 3.2. Chemical composition of the cementitious materials

Chemical Composition 1S20 Cement C-Fly ash

CsA 11.91 -

Si02 (Wt %) 2351 36.22
AlLLOs (Wt %) 6.02 18.50
Fe203 (wt %) 2.39 6.01
Ca0 (Wt %) 56.17 26.44
MgO (wt %) 4.05 5.27
SOz (wt %) 3.18 1.13
NazO (wt %) 0.15 1.69
K20 (Wt %) 0.65 0.52
Na20. Equiv. (wt %) 0.58 2.03
LOI (wt %) 3.00 0.77

3.1.3 Chemical Admixtures

An air entraining agent (AEA), Euclid AEA 92, and a mid-range water reducer (MRWR), Euclid
WRO91, were used to achieve the target air content of 6.5% (by concrete volume) and the required
workability in terms of a slump value of 4 inches (as per the lowa DOT specifications for
concrete bridge decks).

3.1.4 Mix Proportions and Test Samples

A total of six mixes, five HPC mixes and one high-performance mortar mix, were cast for the
study with constant volume proportions of materials. The mix proportions and details of the test
specimens (prepared per mix) for all mixes are given in Table 3.3 and Table 3.4, respectively.
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Table 3.3. Mix proportions for all mixes

Coarse Fine
Cement Fly ash Water Aggregate  Aggregate

Mix ID Mix (Ibs/cy)  (Ibs/cy) (Ibs/cy) (Ibs/cy) (Ibs/cy)
C-LS1 Ames 501 125 251 1,507 1,479
C-LS2 Alden 501 125 251 1,434 1,479
C-LS3 Durham 501 125 251 1,405 1,479
C-DM1 Douds 501 125 251 1,417 1,479
C-DM2 Bowser 501 125 251 1,338 1,479
Mortar* - 501 125 251 1,507 1,479

*Mortar was sieved using the #4 sieve from the concrete mix prepared using Ames coarse aggregate at the Portland
Cement Concrete Laboratory (PCC lab) at lowa State University (ISU).

Table 3.4. Test methods and number of samples

No. of
Specimen Specimens per Test Age
Test Name Dimensions Mix (days)
Salt Ponding 14”x 10.5” x 3.5” 5 28 days (total duration
(AASHTO T 259) Slab = 132 days)
Nord Test 47 x 8 3 28 days
(NT Build 492) Cylinder
Surface Resistivity 47 % 8 SR — 1 to 120 days
(AASHTO T 358) / Cylinder 6 Strength — 28 days
Compressive Strength y 9 y
Water Sorptivity 47 x 8”
(ASTM C1585) Cylinder 2 28 days

3.1.5 Preparation and Mixing

Different sized coarse aggregates were soaked in water separately overnight and then brought to
their saturated surface dry (SSD) condition. The SSD-conditioned coarse aggregates were then
combined to achieve the gradation specified by the lowa DOT, as indicated in Figure 3.1 and
then used in preparing mixes according to the mix proportions specified in Table 3.3. Fine
aggregate was also soaked overnight in water in a similar way and then brought to SSD condition
before being used for mixing. Thus, all aggregates were used in their SSD condition for mixing.

3.1.6 Concrete Mixing

All five concrete mixes were prepared in a rotating drum mixer with a capacity of 3 cubic feet
Mixing was done according to ASTM C192. For the mortar mix, concrete was mixed initially
using Ames coarse aggregate from the PCC lab at ISU, and then the mortar was sieved from the
prepared concrete mix using a #4 sieve, as shown in Figure 3.2.
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Figure 3.2. Sieving concrete using the #4 siev (left) to obtain the mortar (right)
3.2 Tests and Methods
3.2.1 Tests on Aggregate
Specific Gravity and Water Absorption

The specific gravity and water absorption values of the aggregates were determined using three
different methods:

1. For the coarse aggregates, specific gravity and water absorption were determined according
to ASTM C127, Standard Test Method for Relative Density (Specific Gravity) and
Absorption of Coarse Aggregate, and AASHTO T 354, Standard Method of Test for Specific
Gravity and Absorption of Aggregate by Volumetric Immersion Method. The Phunque flask
used for AASHTO T 354 is shown in Figure 3.3.

2. For the fine aggregates, specific gravity and water absorption were determined according to
ASTM C128, Standard Test Method for Relative Density (Specific Gravity) and Absorption
of Fine Aggregate.

&

© Humboldt Manufacturing Company
Figure 3.3. Phunque flasks
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Aggregate Correction Factor

Because the coarse aggregates had varying porosities, an aggregate correction factor test was
performed on all of the aggregates to correct and control the concrete air content. The test was
performed in accordance with AASHTO T 152 using a Type B Washington-type air meter.
Calibration of the air meter was checked according to the standard before testing (Figure 3.4).

(b) Water removed (c) Air meter reading 6.5% after removing
water during calibration (429.5 g) during calibration 429.5 g water during calibration

Figure 3.4. Calibration check of air meter

The correction factor test on the coarse aggregate was performed by removing a measured
quantity of water (429.5 g), the equivalent of 6.5% air (targeted air) in concrete, from the
aggregate. The inside calibration tube was cut short (Figure 3.5) to prevent drawing sand into the
water during water removal. The water used for the test was left to stand in a bucket for two days
before the test to make sure that the water being used did not contain air bubbles that would
affect the test measurements.

Shortened
tube

(a) Shortened calibration tube  (b) Shortened calibration tube
attached to the air meter

Figure 3.5. Calibration tube shortened for aggregate correction factor test
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3.2.2 Tests on Rock Cores
Petrophysical and Petrographic Analysis

Sample Preparation. Blockstones were collected from each source that were approximately
cubic with 50 cm sides. From these blockstones, four-inch-diameter cores were drilled using a
water-cooled, trailer-mounted concrete coring rig provided by the lowa DOT. From each
blockstone, a vertical and a horizontal core were collected. Permeability is usually at its
maximum parallel to bedding (horizontal, Kn) and at its minimum perpendicular to bedding
(vertical, Ky). From each four-inch-diameter core, one-inch-diameter cores were drilled using a
water-cooled drill coring bit on a standard shop drill press and a water-cooled coring bit. The
one-inch-diameter cores were then cut to one inch long using a water-cooled tile saw and stored
in a desiccator. When each core plug had dried for several days, digital calipers (Mitutoyo,
precision £0.01 mm) were used to measure the diameter and height six times. The average of
each property was used to compute the bulk volume of each core plug geometrically. Each core
plug was then weighed on an analytical balance (Mettler Toledo Me204e, precision £0.1 mg).

Thin-Section Petrography. The trimmed ends resulting from cutting the one-inch-diameter core
plugs to one inch long were used to prepare petrographic thin sections. The thin sections were
approximately 30 um thick and prepared with blue-dyed epoxy to better highlight the pores.
Thin-section samples were prepared by TPS Enterprises (Houston, Texas) and analyzed and
imaged with an Olympus BX53 petrographic microscope.

SEM Petrography. The core plug samples were analyzed via scanning electron microscope

(JEOL ITS-100) at 20 kV, at a 12 mm working distance, at a 60 nA probe current, and under
high vacuum. Integrated JEOL electron dispersive spectroscopy (EDS, 30 mm? detector) was
employed to qualitatively identify the elemental compositions of the materials.

Porosity and Pore Structure

Helium Pycnometry. A helium pycnometer (Micrometrics AccuPyc 11 1460) was used to
measure the grain volume of each core plug (i.e., the volume of the solid material). The method
uses Boyle’s Law:

PV, = PRV,

where P1 is the pressure at t1, V1 is the known volume of the device, P: is the pressure at t, and
V2 is the known volume less the sample volume. This measurement samples all pore spaces that
are (1) larger than a helium atom (approximately 0.1 nm) and (2) connected to the outer surface
of the sample. Any fully isolated pores (i.e., “blind” pores) are not sampled and are counted as
part of the volume of the solid phase. Petrographic methods like thin-section petrography, SEM,
or CT scanning can identify these voids. From the grain volume, grain density (in g/cm®) and
porosity (pore volume per bulk volume expressed as a percentage) were computed. Helium
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pycnometry was performed at the Petrographic Industrial Research Laboratory operated by the
Geology Program at ISU. The background pressure of the helium was 19.5 psi.

MIP. A mercury intrusion porosimeter (Quantachrome Poremaster 33) was used to measure the
PTSD of the one-inch by one-inch core plugs obtained from the four-inch by eight-inch cores
using the Washburn equation:

2ycosf
P, = £ycoso

T

where P is the capillary pressure, yis the interfacial tension, @is the contact angle, and r is the
pore throat radius. PSD is often mistaken for a measurement of pore size distribution, but the
measurement is actually of the connections between the pore bodies. Measuring PSD would be
analogous to measuring the sizes of doors that connect rooms, where the volume of the room is
assigned to the width of the door. The analysis was performed at the Petrographic Industrial
Research Laboratory operated by the Geology Program at ISU. Intrusion was performed over a
range from 2 to 33 kpsi (approximately 210 MPa). The intrusion and extrusion mercury contact
angles were 140°. The mercury’s temperature was approximately 22°C.

Surface Resistivity

Surface resistivity measurements were made on the four-inch by eight-inch rock cores obtained
from the blockstones (Figure 3.6). The cores were immersed in a lime bath for 48 hours before
the measurements were taken. For each aggregate source except for the Ames and Bowser
sources, the measurements were taken on both the horizontal (marked with “H”) and vertical
(marked with “V”) rock cores. The blockstones from the Ames and Bowser sources had only one
core.

Figure 3.6. Rock cores for resistivity measurement

Water Sorptivity

The water sorptivity test was conducted on four-inch by two-inch rock slices obtained from the
four-inch by eight-inch cylindrical cores obtained from the field in accordance with ASTM
C1585. The cores were first saturated in accordance with the vacuum saturation procedure
specified in ASTM C1202 (Figure 3.7) to ensure uniform moisture conditions across all cores.
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While doing so, the step for coating the side surfaces of the specimens was omitted, as
recommended in ASTM C1585.

! (b) Vacuum saturating (d) Slices left immersed in
desiccator core slices for 3 hours desiccator water for 18 + 2 hours

Figure 3.7. Vacuum saturation of rock cores
3.2.3 Tests on Fresh Concrete

Fresh concrete properties were measured according to ASTM C143 (for slump), AASHTO T 152
(for air content), and ASTM C138 (for unit weight).

3.2.4 Tests on Hardened Concrete
Compressive Strength

Compressive strength was tested on standard four-inch by eight-inch cylindrical concrete
specimens at the age of 28 days according to ASTM C39. Three cylinders from each mix were
used to determine the average strength of each mix.

MIP

Analysis of pore throat size distribution was performed on one-inch by one-inch core plugs
(Figure 3.8) obtained from the four-inch by eight-inch concrete cylinders used for compressive
strength testing. The MIP test was similar to that used to measure the porosity of the rock plug
samples.

Figure 3.8. Concrete plugs used for MIP analysis
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Surface Resistivity

Surface resistivity values were measured on standard four-inch by eight-inch cylinder specimens
according to AASHTO T 358. Three cylinders were examined at the ages of 1, 3, 7, 14, 28, 56,
90, and 120 days to determine the average SR of a particular mix at each respective age. The SR
measurements were made using a commercially available resipod (Wenner four-probe resistivity
meter) with a probe spacing of 38 mm. See Figure 3.9.

© Proceq
Figure 3.9. Resipod used for SR measurement

Salt Ponding Test

For each mix, two slabs of dimensions 14 inches by 10.5 inches by 3.5 inches were prepared in
accordance with the minimum dimension requirements of AASHTO T 259. The slabs were cast
in plastic pan molds, as shown in Figure 3.10.

Figure 3.10. Slab preparation and ponding

The base of each pan was cut out and temporarily taped back in place before pouring the
concrete/mortar, as shown in the figure. Once the slabs were cast, they were left undisturbed
until the bleed water (if any) evaporated from the surface. Then the surface of the slabs was
finished using a soft paint brush to provide an even texture. A mortar wall (to hold the NaCl
solution in place) of approximately 1 inch in height was made around the perimeter of the slab
surface when the concrete surface was still fresh to ensure a proper bond between the concrete
surface and the mortar wall to prevent leaking of salt solution.

The cast specimens in the pans were cured in a moist room at 95 + 3% RH and 23 + 2°C for 14
days. The slabs were then shifted to a room with a RH of 50%. Here the cut portions of the
plastic pans that were temporarily taped to the bases of pans were removed to expose the base of
the cast samples to the 50% RH of the room. In this conditioning environment, the slabs were
left to dry for 28 days (until a total sample age of 42 days). After 28 days of conditioning in this
environment, the inner sides of the mortar walls were coated with paraffin wax prior to salt
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solution ponding. This was to prevent the salt solution from leaking. Then a 3% NaCl solution
was poured on the top surface of the slabs to an approximate depth of 13 mm (0.5 inch). The slab
surfaces were then covered with polythene sheets to prevent evaporation of the salt solution. The
depth of the salt solution was maintained at 13 mm by pouring fresh 3% NaCl solution as and
when required for a period of 90 days (until total sample age of 132 days). After 90 days of
ponding, the salt solution was removed from the slabs and the surfaces were allowed to dry. The
surfaces were later wire-brushed until all salt crystal buildup was completely removed.

Chloride content was determined using powdered samples extracted from the coring slab
samples at two different depths (1/16 to 1/2 inch and 1/2 to 1 inch). The test for chloride content
was done according to AASHTO T 260 using the titration method (Figure 3.11). The test was
performed at the lowa DOT Construction and Materials Bureau’s chemical laboratory.

(a) 3 g of powdered (b) Boiling with 1:12 (c) Filtering using #40  (d) Titration against std.
sample HNO3 Whatman filter paper AgNQO; solution using
ion-specific electrode

Figure 3.11. AASHTO T 260 procedure for chloride content determination

The titration endpoint was when a value of about 225 mv was obtained on the meter (display).
The chloride content was determined using the following equation:

. 35453 NV
% Chloride= W

where N is the normality of a standard silver nitrate solution, V is the volume of titrant obtained
at the given endpoint (ml), W is the original weight of the sample (g), 35.453 is the atomic
weight of CI°, and 10 is a factor.

Rapid Migration Test (Nord Test)

One four-inch by two-inch test slice was cut off from each four-inch by eight-inch cylinder
specimen belonging to same mix. The test slice was cut off from the four-inch by eight-inch
cylinder after the top two inches of the cylinder were discarded (Figure 3.12).

24



(a) Slicing test sample (b) Rings to separate (c) Sample conditioning with vacuum and saturated
test slices Ca(OH); solution

Figure 3.12. Nord test sample preparation and conditioning

The Nord test was performed according to Nord NT BUILD 492 at the sample age of 29 days.
The test slices were wiped to remove excess water from their surfaces. Surface-dry samples were
then placed in a vacuum container (desiccator). Rubber rings were used to separate the slices
from each other and to prevent the slices from touching the bottom of the container. The slices
inside the desiccator were vacuum saturated (similar to vacuum saturation in ASTM C1202)
using Ca(OH)2 solution, with the pressure inside the desiccator reduced to below 700 mm
mercury. The conditioned slices were then used for chloride penetration depth determination
using a ProovelT cell assembly and the ProovePC computer program to adjust the voltage (set to
30 V) and test time (usually 24 hours). The initial temperature and current were noted before
beginning the test. Once the test was complete, the samples were removed from the cells and
then rinsed, sawed, and sprayed with 0.1 M silver nitrate to determine the chloride depth (Figure
3.13). Nine depth readings with a spacing of 10 mm were taken on the tested split samples.

(b) Connecting cells to power supply and ProovePC
computer program for adjusting voltage and test time

(c) Splitting tested samples and determining chloride penetration depth
after 15 minutes of spraying with 0.1 M of silver nitrate

Figure 3.13. Nord test procedure for determining chloride penetration depth
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Rate of Water Absorption

A rate of water absorption (water sorptivity) test was conducted at a sample age of 28 days on
four-inch by two-inch slices cut from standard four-inch by eight-inch cylindrical specimens
according to ASTM C1585. Two cylinders (a total of six slices, three from each cylinder) were
used to perform the test. The sample conditioning was done in two stages. First, slices were cut
from the cylinders and then conditioned at 50 + 2°C and an RH of 80 = 3% for 3 days. The
required RH conditioning was maintained using a saturated solution of potassium bromide
(KBr). For this, the cut slices were placed in air-tight containers with the saturated KBr solution
poured into the bottom of the containers. The slices were placed over plastic grids (Figure 3.14)
to make sure that there was no contact between the solution and the test samples.

e R
s - ’\;
—_— L A%

(b) Samples in () Samples kept for 15 (d) Water absorption by

separate containers days for conditioning at samples
room temperature

(a) Sample conditioning using
saturated KBr solution

Figure 3.14. ASTM C1585 water sorptivity test procedure

The containers were then placed in oven at 50 + 2°C for 3 days. After 3 days, the slices were
removed from the containers and placed in different air-tight boxes over the supports to make
sure that they did not touch the inner sides of the boxes. These air-tight boxes were placed at
room temperature for a period of 15 days. After 15 days, the slices were sealed by first coating
their sides using epoxy paint and then placing aluminum tape over it. The top surfaces of the
samples (opposite to the side exposed to water) were covered using a plastic sheet loosely held in
place with elastic bands. The water absorption test was then conducted with the samples
supported over L-shaped aluminum bars such that the water was 3 mm above the bottom of the
samples.
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4 RESULTS AND DISCUSSION

Table 4.1 summarizes the tests performed for the various materials studied in the present project.
The discussions of the test results are given in the following sections.

Table 4.1. Tests performed in the present study

Aggregate Rock Cores Concrete/Mortar
1. Specific gravity 1. Helium porosimetry 1. Air content
2. Water absorption 2. MIP 2. Unit weight
3. Correction factor for 3. Thin-section petrography 3. Compressive strength
aggregate air void 4. CT petrography 4. Surface resistivity
5. Surface resistivity 5. Nord NT Build 492
6. Water sorptivity 6. Water sorptivity
7. Salt ponding

4.1 Aggregate Properties

4.1.1 Absorption, Specific Gravity, and Correction Factor

The water absorption, specific gravity, and correction factor test results for all coarse aggregates
are given in Table 4.2.

Table 4.2. Coarse aggregate properties

Coarse ASTM C127 AASHTO T 354
Aggregate Aggregate Specific ~ Absorption Phunque Correction
ID Source Gravity (%0) Absorption (%) Factor (%)
LS1 Ames 2.67 0.7 0.47 0.29
LS2 Alden 2.54 2.9 1.39 0.39
LS3 Durham 2.49 35 2.18 0.50
DM1 Douds 251 4.1 2.88 0.70
DM2 Bowser 2.37 6.8 4.48 1.90

The variation of coarse aggregate correction factor with coarse aggregate absorption is shown in
Figure 4.1, and the relationship between Phunque absorption and ASTM C127 absorption is
shown in Figure 4.2.
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As Figure 4.1 shows, the coarse aggregate correction factor values increased exponentially with
an increase in the coarse aggregate water absorption values. A very good correlation is observed
between the correction factor and water absorption values determined by both the ASTM C127
and Phunque test methods. The coarse aggregate absorption values obtained from the Phunque
test were relatively lower than those obtained from the ASTM C127 method. Nonetheless, a very

good linear relationship exists between the absorption values obtained by both methods, as
indicated in Figure 4.2.

4.2 Properties of Rock Cores
4.2.1 Thin-Section Imaging

Thin-section images of all rock samples indicating different porosities are shown in Figure 4.3.
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(@ Ames—LS1 (D) Alden-LS2 () Durham - LS3  (d) Douds— DML (€) Bowser — DM2

Figure 4.3. Thin-section images of all rock samples (500 um scale)

In these images, the porosity of each rock is shown in blue due to the blue-dyed epoxy used
during sample preparation to better highlight the pores. The reference bar (scale) shown at the
bottom left of each picture represents 500 um. In Image (a), very few permeable pores, indicated
by a blue color, are seen in the aggregate from Ames. This rock is a fine-grained peloid skeletal
lime grainstone that is well cemented. In Image (b), small inter-grain pores (mostly 10 to 50 pm)
are visible in the aggregate from Alden, and a small percentage of these pores are visibly
connected. This rock is similar in composition to the Ames aggregate, a fine-grained skeletal
lime grainstone that is well cemented. In Image (c), many more large pores (mostly 100 um and
some up to 500 pum) between or along the edges of the grains of the aggregate from Durham are
observed. The rock texture is much coarser than that of the rocks in samples LS1 and LS2. It is
classified as a coarse-grained skeletal lime grainstone. In Image (d), a large amount of very fine
pores (about 10 um) are visible and are uniformly distributed in the aggregate from Douds, and
very few pores are larger than 100 um. This is a fine-grained dolostone. In Image (e), many large
pores (mostly larger than 100 um) are visible in the aggregate from Bowser. Many of them are
clustered and interconnected. This is a coarse-grained dolostone. These observations are
consistent with the absorption values observed for the aggregates.

4.2.2 Helium Porosimetry

Figure 4.4 shows the relationship between the helium porosity values obtained from the one-inch
by one-inch rock plugs and the four-inch by eight-inch rock cores.
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Figure 4.4. Helium porosity from rock plugs versus helium porosity from rock cores

A very good linear correlation is seen to exist between the porosity values obtained using the two
methods. The helium porosity values of the small samples are all slightly higher than those of the
large samples, except for the sample with the highest porosity.

Good linear correlations also exist between the absorption values of the coarse aggregates and
the helium porosity values of the corresponding rock cores (Figure 4.5).

8%
7% | [ OASTM C127
S @ Phunque y=023x+001 O
*é‘_ . 6% - R2=0.84 ..
Q85%4 e
S e
L=y QO y=0.11x+0.01
.1 @ R2=0.71
=237 @ Q0 o _ -
5 2% .2 oo - °
o T S _ _
< 106 | g . ®-00
O% T T T T
0% 5% 10% 15% 20% 25%

Core Helium Porosity (%BV)

Figure 4.5. Aggregate absorption versus rock core helium porosity

The correlation between the helium porosity of the rock cores and the absorption of the coarse
aggregate obtained using ASTM C127 is better than that between the helium porosity values of
the rock cores and the absorption values obtained from the Phunque test. For both aggregate
absorption test methods, the helium porosity of a rock core is positively correlated with
aggregate absorption values.
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Figure 4.6. MIP test results for rocks
4.2.3 MIP

MIP measures the pore throat (entry) size and should not be confused with the pore diameter.
The differential, DV (dv/dlogD), and the cumulative pore volume, CV (cc/g), curves for the LS
rock plugs are given in Figures 4.6 (a) through (c), while those for the DM rock plugs are given
in Figures 4.6 (d) through (e). Only pores with a size less than 100 um were considered in the
MIP data analysis.
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As seen in Figure 4.6 (f), the trend of the total intruded volumes of the rocks is similar to that of
the corresponding aggregate absorption, where LS1 had the lowest while DM2 had the highest
intruded volumes. For rock LS1, according to Figure 4.6 (a), most pores had a size ranging from
0.008 to 0.100 um. For rock LS2, according to Figures 4.6 (b) and (f), over 50% of the total
pores had a size ranging from 0.03 to 0.15 um, and about 25% of the total pores had a size
ranging from greater than 45 um. For rock LS3, according to Figures 4.6 (c) and (f), the pore
sizes were well distributed in the range of 0.02 to 45 um. For the DM rocks, their total porosity,
reflected by the total intruded volume, was much higher than that of the LS rocks. However, for
rock DM1, according to Figures 4.6 (d) and (), most sizes were around 1.5 um, and very few
pores had a size greater than 5 um. For rock DM2, according to Figures 4.6 (e) and (f), the sizes
of about 95% of the total pores were well distributed in a range of 4 to 80um.

A summary of the MIP characteristics is given in Table 4.3, where the critical and threshold pore
throat diameters are determined according to Figure 4.7. The critical pore throat diameter is
obtained from the steepest part of the cumulative curve, and the threshold pore throat diameter is
defined as the diameter obtained at the intersection of two tangents of the cumulative curve. The
critical pore throat diameter is considered to be the pore size at which hydraulic conductance is
maximum. The threshold pore throat size is understood to be the smallest pore throat size that is
continuous throughout the entire sample.

Table 4.3. Pore characteristics of rock plugs

Threshold pore Cumulative
ASTM C127  Critical pore throat  throat diameter intruded volume
Rock  Absorption (%0) diameter (um) (um) (cclg)
LS1 0.7 0.02 0.04 0.05
LS2 2.9 0.15 0.40 0.49
LS3 35 3.63 11.0 0.75
DM1 4.1 1.49 2.10 0.97
DM2 6.8 20.4 25.0 1.14
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Figure 4.8 shows a strong linear relationship between the MIP and the helium porosity of the
rocks studied. Figure 4.9 shows a polynomial relationship between the cumulative mercury
intrusion volume and the water absorption value of the aggregate.
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Figure 4.8. Relationship between MIP porosity and helium porosity of rocks
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4.2.4 Water Sorptivity

The rock cores’ water sorptivity results obtained in this study are shown in Figure 4.10. From the
figure, among the limestone rocks LS1 showed the lowest initial sorptivity value, 8x10™
(mm/s)”, and LS3 showed the highest initial sorptivity, 152x10 (mm/s)”. Among the dolostone
rocks, DM1 and DM2 showed initial sorptivity values of 77x10* (mm/s)” and 230x10™
(mm/s)”, respectively. Therefore, it could be concluded that DM2 had the largest pores and thus
could absorb the most amount of water and that LS1 had the smallest pores among all rocks and
thus could absorb the least amount of water.
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Figure 4.10. Rock core water sorptivity versus absorption
Figure 4.11 shows that the initial sorptivity values had a power correlation with both the
threshold and critical pore throat diameters obtained from MIP tests. That is, initial sorptivity

values of the rocks generally increased with their threshold and critical pore throat diameters,
and the increase was more significant when the threshold or critical pore throat diameters were
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small (less than 5um). Although having a higher absorption and higher porosity, rock DM1
showed a lower initial sorptivity than LS3.
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Figure 4.11. Relationship between rock pore size and initial sorptivity
4.2.5 Surface Resistivity

SR was measured on the four-inch by eight-inch rock cores after immersing the cores for 48
hours in a lime bath. The values obtained are shown in Figure 4.12, and the variation in rock
resistivity with the rocks’ water absorption values is shown in Figure 4.13.

800
701.0

600 -

n

o

o
|

N

o

o
|

173.7 1585

67.8

Resistivity (kQ-cm)

352.3-1

LS1
LS2-H
LS2-V
LS2-H
LS2-V
LS3-H ;
LS3-V
LS3-V

DM1-H §
DM1-V §
DM2

Rock Source

H or V following the sample number indicates the horizontal or vertical rock core
obtained from the blockstone for that sample, respectively.

Figure 4.12. Resistivity of rock cores
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Figure 4.13. Rock resistivity versus aggregate absorption

LS1 had the highest resistivity and DM1 had the lowest resistivity. Though DM2 had a higher
porosity than DM1, DM1 showed the lowest resistivity. This might be attributed to the
significant variation in the resistivity values among the rock cores even within the same group.
For example, the resistivity values of the LS2 rock cores vary in the range of 158.5 to 352.3 kQ-
cm. Overall, the resistivity of the rock cores decreased with an increase in the rocks’ water
absorption (i.e., porosity) values. The reduction was observed to be sudden and significant as the
aggregate water absorption (ASTM C127) increased from 0.7% to 2.9% (LS1 to LS2) and from
2.9% to 3.5% (LS2 to LS3). The change in the resistivity values was relatively smaller when the
absorption increased from 3.5% to 4.1% (LS2 to DM1) and from 4.1% to 6.8% (DM1 to DM2).
Because SR provides an indication of matrix permeability, a reduction in SR values is an
indication of the increased pore connectivity that resulted from a high rock core porosity.

4.2.6 CT Scan

CT scanning, a non-destructive technique, utilizes high-energy x-rays to obtain images of the
object under study. The highly energetic rays have a strong capability to penetrate objects and
thereby provide insights into the object’s interior. Different materials in the test samples have
different X-ray absorption rates, and hence the different materials can be distinguished.

Recently, the technique has been used to understand the dynamic fluid uptake behavior of porous
materials such as rocks (Derluyn et al. 2013), paste (Zeng et al. 2019), mortar, and cement
concrete (Yang et al. 2019) through running continuous x-ray scans to monitor and visualize the
movement and path of fluids. Studies have reported the use of water, salt solution such as cesium
chloride (Yang et al. 2019), and ethanol (Zeng et al. 2019) as absorbate fluids. Figure 4.14 and
Figure 4.15 provide images from one such study (Yang et al. 2019), showing the absorption of
CsCl solution (5% by weight) in mortar (as manifested by the rise in the height of the liquid in
the system) and the path of the water around the aggregates in the concrete (with the waterfront
marked with a red line in Figure 4.15).
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Figure 4.14. Dynamic uptake of CsCl solution by mortar
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Figure 4.15. Path of CsCl salt solution movement

Recently, in addition to tomography, neutron radiography has also been explored to achieve a
detailed quantitative analysis of fluid uptake and transport in porous media (Derluyn et al. 2013,
Khanzadeh Moradllo et al. 2019). In the present study, an attempt was made to visualize the path
of chloride ions as they were absorbed by the rock and concrete samples using a CT scanning
facility at the Center for Non-Destructive Evaluation (CNDE) at ISU (Figure 4.16).
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Figure 4.16. CT sample and scanning facility at the CNDE at I1SU

A salt solution consisting of 5% CsCI with tap water was used as an absorbate. Attempts were
made with varying scanning parameters, including applied voltage, source current, and exposure
time. Initial tests were conducted on 4 cm x 2.5 cm x 0.4 cm sample slices sealed with duct tape
on the outside surface. The top surface was covered with loosely held plastic, whereas the
bottom surface in contact with the fluid was left unsealed to ensure the unidirectional flow of the
absorbate.

The sample was CT-scanned before the beginning of the absorption test to visualize the initial
condition of the sample. Later, the sample was placed in the salt solution such that the bottom of
the sample was 5 mm inside the solution (Figure 4.16). The depth of the solution was maintained
at 5 mm throughout the test by pouring in additional solution as and when required to maintain
the depth of the solution. The sample was taken out of the solution for scanning at different time
intervals, after which the sample was returned to the solution. This procedure was continued, and
the scanning was done at different time intervals ranging from few minutes to days. Some of the
representative images obtained during the trials with the key parameters set at 80kV, 800pA, and
an exposure time of 6500 ms are shown in Figure 4.17. The waterfront is indicated by a dashed
line. No visible differences were seen in the samples before (0 minutes) and after (20 minutes)
being placed in 5 mm of water.
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Figure 4.17. CT scan images of DM1 and DM2 rock slices

However, different from the results presented in Yang et al. (2019), the uptake of liquid could
not be visualized, even after the sample was made to absorb the salt solution for few days. A
probable reason for this is that the age of the concrete and mortar samples was more than 1.5
years old, while the samples used in the literature were tested at early ages (3 to 28 days). The
samples were not tested earlier in the present study because of the unavailability of the testing
equipment. The sorptivity of the 1.5-year-old samples might have been very low, and the amount
of the water absorbed by these samples might not have been sufficient to be visualized by CT
scanning. Nevertheless, liquid uptake was also not observed in the rock samples, which would
not have been affected by age. Therefore, it is not clear why the testing conducted for this project
did not yield similar results to those presented in literature. Another possibility is that the raw CT
scan images were not post-processed sufficiently because access to and operation of the scanning
equipment was restricted. Therefore, the CT scan study was terminated due to the project’s
timeframe and because it had only been proposed as an optional exploration for the project.

4.3 Fresh Concrete Properties

The fresh concrete properties of all mixes are given in Table 4.4. As mentioned above, the
concrete mix proportions were the same for all mixes (by volume). The slumps of all concrete
mixes made with different aggregates were controlled at 4 inches by the use of a mid-range
water-reducing agent.

Table 4.4. Fresh concrete properties

Coarse Unit Measured Corrected

Aggregate  Slump  Weight  Concrete Air  Concrete Air
Mix ID Source (in.) (pcf) Content (%)  Content (%)
C-LS1 Ames 4 142 7.6 7.3
C-LS2 Alden 4 139 8.4 8.0
C-LS3 Durham 4 138 8.5 8.0
C-DM1 Douds 4 140 8.2 7.5
C-DM2 Bowser 4 138 9.0 7.1
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4.4 Hardened Concrete Properties
4.4.1 Thin-Section Imaging

Figures 4.18 to 4.26 show the images of different thin-section specimens. Each sample was
impregnated with blue-dyed epoxy before sectioning to accentuate the air voids.

In Figure 4.18, a thin-section photomicrograph shows three phases: fine aggregate (fa), paste (p),
and entrained air voids (v). Two kinds of fine aggregate were used, quartz (fa-q) and chert (fa-
ch). Some areas of the paste were microporous (mp), as evidenced by a blue-tinge. However,
some voids were either partially (v2) or not (v3) intruded.

Figure 4.18. Thin-section micrograph of a concrete specimen

Figure 4.19 presents a thin-section photomicrograph showing extreme deterioration of a fine
aggregate grain, likely a shale particle. Other fine aggregates present include quartz (fa-q) and an
igneous rock fragment (fa-ig), which are more resistant to deterioration. The paste includes
entrained air voids (v), many of which have not been intruded by the blue-dyed epoxy used to
make the thin section.
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Figure 4.19. Thin-section micrograph highlighting deterioration of a fine aggregate grain

Figure 4.20 shows a thin-section photomicrograph showing a rounded fine aggregate grain of
plagioclase feldspar (fa-p) that exhibits characteristic tartan twinning of the crystal in cross-
polarized transmitted light. This plagioclase grain has inclusions of other minerals in it that may
weather at a different rate than the plagioclase crystal itself.

s 2 N ‘ g 200 um

Figure 4.20. Thin-section micrograph highlighting a fine aggregate grain

Figure 4.21 shows a thin-section photomicrograph showing rounded fine aggregate grains of
porous dolostone of two different types (d1, d1), as well as quartz (g). Entrained air voids are
also present.
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Figure 4.21. Thin-section micrograph of fine aggregate grains in porous dolostone

Figure 4.22 shows five thin-section photomicrographs (all at the same scale) of concrete samples
made with different coarse aggregates. In addition to the features of the aggregates, the features
of the cement pastes and the aggregate-paste interfacial transition zones can also be observed. In
Image A, some air voids are clustered in the area close to the Ames aggregate surface. The high
porosity of the interfacial transition zone between the paste and the coarse aggregate can be
clearly distinguished in all of the images, identified by either a blue or dark color and indicated
by an arrow in each image.

A. Ames B. Alden C. Durham D. Douds E. Bowser

Figure 4.22. Thin-section micrographs of paste-coarse aggregate interface in all concrete
mixes
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Figure 4.23 shows a thin-section photomicrograph of a sample impregnated with blue-dyed
epoxy. The porosity of the paste differs across the section. Lighter colored areas (pl) are less
porous, while darker colored areas are more porous (pd). The fine aggregate is mostly quartz (fa-
q). Most of the air voids (v1) were not intruded (v2) by the blue dye, possibly due to the low
porosity of the paste, which restricted epoxy flow into those voids.

R

Figure 4.23. Thin-section micrograph of low-porosity paste

Figure 4.24 shows a thin-section photomicrograph of a sample impregnated with blue-dyed
epoxy that possibly shows the interaction between a quartz grain (fine aggregate, fa-q) and paste
at the margin of the grain indicated by the arrow.

P B o
Figure 4.24. Thin-section micrograph of fine aggregate-paste interface

2§

Figure 4.25 shows a thin-section photomicrograph of an Alden sample impregnated with blue-
dyed epoxy that shows a range in porosity from highly porous (php) to less porous (plp) areas.
The paste is so low in porosity that the air voids (v) were unable to be intruded by the blue-dyed
epoxy used to make the thin section. The coarse aggregate grains are limestone (ca-Is).
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Figure 4.25. Thin-section micrograph of Alden sample

Figure 4.26 shows four thin-section photomicrographs of samples impregnated with blue-dyed
epoxy that show the variation among the sample in terms of the amount of mineral growth into
the air voids. The sample made with Alden aggregate (A) shows a mesh of acicular crystals. The
sample made with Douds aggregate (B) shows a matrix of microcrystals. The sample made with
Bowser (C) shows both acicular minerals and a microcrystalline matrix in the air voids. The
sample made with Durham aggregate (D) shows a void-lining matrix of microcrystals.

‘ A. Alden (Needles) §
SN

Figure 4.26. Thin-section micrographs of concrete mixes showing mineral growth in air
voids
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4.4.2 Compressive Strength

The 28-day compressive strength test results for the concretes are shown in Figure 4.27.
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Figure 4.27. Compressive strengths of the concrete mixes

All concretes mixes had similar compressive strength values. This implies that the properties of
the coarse aggregate (e.g., absorption and porosity) had a very limited influence on concrete
compressive strength and that the compressive strength of the concrete mixes was primarily
controlled by the strength of the mortar.

4.4.3 Surface Resistivity

Figure 4.28 shows the development of SR with sample age for all of the mixes studied. As
expected, the SR values of the mixes increase as the sample age increases. Up to the age of 28
days, the SR values of the mixes with limestone aggregates (C-LS1 through C-LS3) were higher
than those of the mixes with dolostone aggregates (C-DM1 and C-DM2). C-LS1 showed the
highest and C-DM2 showed the lowest SR values up to 28 days. However, the mixes with
dolostone aggregates exhibited higher SR values after 28 days. Overall, the SR values of all
mixes increased after a sample age of 28 days up to 120 days of SR measurement.
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Figure 4.28. SR development with specimen age

The difference between the SR values of the mortar mix and the concrete mixes containing
coarse aggregates of different porosities (Figure 4.28) indicates the influence of aggregate
porosity on the properties of concrete. From the figure, comparing C-LS1 (the mix containing the
aggregate with the lowest absorption, 0.7%) with the mortar mix, it is evident that C-LS1 showed
relatively better performance in terms of higher SR values at all ages than the mortar mix. This
superior behavior exhibited by C-LS1 compared to the mortar mix might be attributed to the
higher resistance offered by the LS1 aggregates present in the mix.

However, as the coarse aggregate absorption increased, it was observed that the SR values of the
mixes generally decreased, indicating an inverse relationship between aggregate absorption (i.e.,
porosity) and concrete SR at all sample ages (up to 120 days). A similar decrease in SR due to
the presence of aggregates with higher absorption values was also observed by Bentz et al.
(2017) for a variety of sedimentary, igneous, and metamorphic rock types form around the US.

Figure 4.29 shows the relationship between rock pore parameters and 28-day concrete SR, and
Figure 4.30 shows the relationship between rock SR and 28-day concrete SR.
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Figure 4.30. Rock SR versus 28-day concrete SR

In Figure 4.29, a power relationship was fitted between the rock pore parameters (threshold and
critical pore throat diameters) and the 28-day concrete SR. The 28-day concrete SR was
observed to correlate better with the critical pore throat diameter than with the threshold pore
throat diameter. An increase in the critical pore throat diameter resulted in a decrease in the 28-
day concrete SR.
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In Figure 4.30, a linear relationship exists between the rock SR and the 28-day concrete SR when
evaluating the rock samples by rock type (i.e., limestone versus dolostone). The correlation was
found to be strong, aside from DM2’s 28-day concrete SR value, which fell below the trend for
the rest of the samples. In any case, it is more reasonable to consider the limestone and dolostone
samples’ SR results separately for reasons that will be explained below. Figure 4.31 shows the
variation of the concrete SR values with the aggregate ASTM C127 absorption values.
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Figure 4.31. Variation of concrete SR values with aggregate absorption values

Figure 4.31 indicates that an increase in the coarse aggregate absorption possibly resulted in an
increase in the number of connected pores and thereby an increase in permeability and a decrease
in SR. However, this trend was seen among all mixes only up to a sample age of 28 day (Figure
4.31), as mentioned above. Up to 28 days, the decrease in the SR values was linear with very
strong correlation coefficients (greater than 0.91). After a sample age of 28 days, there was a
change in the trend. Despite dolostone coarse aggregates DM1 and DM2 having absorption
values higher than limestone coarse aggregates LS2 and LS3, the concretes containing dolostone
DM1 and DM2 developed higher SR values after an age of 90 days than the concretes with
limestone LS2 and LS3. This indicates a possible interaction between the cementitious matrix
and the surfaces of the dolostone aggregate particles, which might have densified the interfacial
transition zone and isolated highly porous coarse aggregates.

It is also highly possible that, at later ages, the highly absorptive dolomitic aggregates improved
the microstructure of the bulk concrete through internal curing because the aggregates were used
in their SSD condition after being soaked in water for 24 hours prior to mixing. Pores in such
highly absorptive aggregates can act as water reservoirs that store water and eventually release it
into the interior of the system. However, the effectiveness of this process varies significantly
depending on the aggregates’ rate of absorption and desorption (Castro et al. 2011, Savva and
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Petrou 2018, Zou et al. 2015). Such an observation was also made by Savva and Petrou (2018),
who demonstrated the feasibility of achieving internal curing using highly absorptive normal
weight coarse aggregates (with a water absorption of 5.2%), resulting in reduced autogenous
shrinkage. In addition to improved restrained shrinkage behavior, rapid chloride permeability
and compressive strength test results improved.

In the present study, the absorption values of the dolomitic coarse aggregates were in a similar
absorption range (4.1% to 6.8%) to the aggregates studied by Savva and Petrou (2018), which
supports the speculation that these aggregates might be used to achieve internal curing.
Moreover, the 24-hour water absorption of the DM2 coarse aggregate, 6.8%, overlaps with the
24-hour water absorption range of lightweight aggregates (6% to 30%) (Castro et al. 2011).
Another recent study (Zou et al. 2015) showed that incorporating artificial normal-weight highly
porous fine aggregate (with a water absorption of 23.6%) into a mix enhanced the mortar
properties, which also substantiates the claim made in the present study regarding effects of
using highly absorptive dolomitic coarse aggregates.

However, in the present research, details regarding any actual cement reaction with the surfaces
of dolostone aggregate particles or internal curing in the samples were beyond the scope of the
study. Nonetheless, it could be concluded that, as a result of different possible mechanisms
operating in the samples containing either limestone or dolomitic coarse aggregates, the SR
comparison could only be made among the mixes containing coarse aggregates of same type.
Hence, SR trends at different ages were more apparent in the LS and DM series when the two
aggregate types were considered separately, as shown in Figure 4.32.
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Figure 4.32. Concrete SR versus rock SR considered separately for the limestone (a) and
dolostone (b) series

4.4.4 Nord Test

Figure 4.33 shows the variation in the DNSSM values obtained in this study with the aggregates’
ASTM C127 absorption values. Since, the variation in the DNSSM values with the aggregates’
Phunque absorption values follow the same trend, the variation is shown here with respect to the
ASTM C127 absorption values only.

50



30

LS Series DM Series
25 - C-DM2

20

C-LS2
15 - o <}
C-LS1

O 1

Diffusion Non-Steady State Migration
Coefficient, X 1012 (m?/s)

ASTM C127 Absorption (%)

Figure 4.33. Concrete DNSSM values versus aggregate ASTM C127 absorption values

From Figure 4.33, it is clear that the DNSSM coefficients (measured at a sample age of 28 days)
of the mixes increased with an increase in the absorption values of the coarse aggregates. Even
though this was the overall trend, the variation needs to be compared and viewed independently
for the mixes containing the LS and DM series aggregates. This is because of the change in the
SR values of the DM samples that was observed after a sample age of 28 days.

Among the LS series mixes, C-LS1 exhibited the lowest DNSSM coefficient of 10.89x102
m?/s. C-LS2 exhibited a slightly higher DNSSM coefficient value compared to C-LS3, even
though the latter was expected to exhibit the highest DNSSM coefficient value among LS series.
However, this finding might be because of the variation in the experimental values, as indicated
by the error bars. Among the DM series mixes, C-DM2 showed a higher DNSSM coefficient
value, 24.17x10"12 m?/s, compared to that of C-DM1, which had a coefficient value of 19.47x10°
12 m?/s, indicating a higher chloride intrusion in the C-DM2 mix than in the C-DM1 mix.

All concrete mixes showed a higher DNSSM coefficient than that of the mortar mix (indicated
by the dashed line in Figure 4.33, with the DNSSM value for the mortar mix indicated on the Y-
axis). This indicates that the bulk chloride permeability of the concrete mixes increased due to
the presence of porous aggregates and that the chloride permeability of the concrete mixes
increased with an increase in coarse aggregate porosity. Even though C-LS1 showed a slightly
higher DNSSM than the mortar mix, the values were very close to each other.

Figure 4.34 shows the variation in the concrete DNSSM coefficients with the rock pore throat
diameter. Though not very strong, the correlation between the concrete DNSSM coefficients was
relatively better with the critical rock pore throat diameter than with the threshold rock pore
throat diameter.
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Figure 4.34. Concrete DNSSM values versus rock pore throat diameter values

Figure 4.35 shows the relationship between the accelerated tests (i.e., SR and DNSSM) at a
sample age of 28 days. This is an important relationship because lately there has been an
emphasis on using SR as an indicator for the transport properties in cementitious systems
because it is an easy and a rapid non-destructive test with advantages over other electrical tests.

It is known that a mix with a higher SR value exhibits a lower chloride intrusion susceptibility
and hence a lower DNSSM coefficient. Accordingly, overall, C-LS1 indicated the highest 28-day
SR value of 10.7 kQ-cm with the lowest 28-day DNSSM coefficient of 10.89%10*2 m?/s, and C-
DM2 showed the lowest 28-day SR value of 4.4 kQ-cm with the highest 28-day DNSSM
coefficient of 24.17x1072 m?/s. Thus, the test results confirm the trends observed in this study.
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Figure 4.35. Relationship between SR values and DNSSM

52



4.4.5 Water Sorptivity

Figure 4.36 shows the variation in the 28-day water sorptivity of the mixes with the coarse
aggregate ASTM C127 absorption values. Since the variation in the 28-day water sorptivity of
the mixes versus coarse aggregate Phunque absorption values follows the same trend, the
variation is shown with respect to the ASTM C127 absorption values only.
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Figure 4.36. 28-day water sorptivity of concrete mixes versus ASTM C127 aggregate
absorption values

The sorptivity values of the mortar mix are presented on the y-axis of Figure 4.36. The figure
indicates that the initial rate of water absorption (or initial sorptivity) of mixes belonging to the
LS series increased with an increase in the aggregate absorption values, whereas the DM series
mixtures show the opposite trend. The secondary rate of absorption (or secondary sorptivity) of
mixtures belonging to both the LS and DM series did not vary significantly and was similar to
that of the mortar mix, which had a secondary sorptivity value of 4.83x10-4 (mm/s)”.

Among the LS series mixes, mix C-LS1 showed the lowest initial sorptivity of 11.17x10-4
(mm/s)”, and mix C-LS3 showed the highest of 18.20x10-4 (mm/s)”. Mixes belonging to the
DM series did not exhibit this trend. It should be noted that the initial sorptivity of mix C-DM2
in Figure 4.36 is a reliable value because the R? value of the linear regression of the test data (I
versus s*) is not higher than 0.98, as required by ASTM C1585. This can be attributed to the lack
of bilinear behavior (i.e., two fitting lines with clearly different slopes), and such instances are
not uncommon; this was also observed by Zhutovsky and Hooton (2019).

In Figure 4.36, the initial sorptivity value for mix C-DM2 is indicated just for completeness. Mix
C-DM1 showed an initial sorptivity value of 21.00x10-4 (mm/s)*, which was greater than that of

53



all mixes in the LS series. Overall, all of the concrete mixes showed an initial sorptivity value
greater than that of the mortar mix, indicating increased chloride intrusion in the concrete
mixtures. It should be re-emphasized that initial sorptivity can be related to permeability, and a
higher initial sorptivity value indicates a higher permeability to deleterious ions is likely
(Zhutovsky and Hooton 2019). Thus, concrete mixes containing more highly absorptive
aggregates exhibit a higher permeability with respect to chloride intrusion than mixes containing
aggregates of a relatively lower absorption.

The variation in the initial sorptivity of the concrete mixes with the initial sorptivity of the
corresponding rock cores and their threshold and critical pore throat diameters are shown in
Figures 4.37 and 4.38, respectively.
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Figure 4.37. 28-day initial sorptivity in concrete versus initial sorptivity in LS rocks
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Figure 4.38. 28-day initial sorptivity of concrete versus pore throat diameter of rocks
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From Figure 4.37, it can be observed that rocks having a higher sorptivity resulted in concrete
mixes with a higher initial sorptivity. Thus, a very good linear relationship was seen among the
rock and concrete specimens that belonged to the LS series. It can be observed from Figure 4.38
that the 28-day initial sorptivity of the concrete mixes was very well related to both the threshold
and critical pore diameters in their rocks. LS1 rock, which had the smallest critical pore throat
diameter of 0.02 um, exhibited the lowest initial sorptivity of 11.17 x10** mm/s*? in mix C-LS1,
and LS3 rock, which had the largest critical pore throat diameter of 3.63 um, exhibited the
highest initial sorptivity of 18.2 x10 mm/s¥? in mix C-LS3.

4.4.6 Salt Ponding Test

The chloride concrete of the concrete mixes, shown in Figure 4.39, was calculated as the
difference between the chloride content determined from the ponded slab samples and the
chloride content present in the base cylinder samples of the respective mixes. The chloride
content was determined using slab samples taken at two different depths, i.e., one sample
collected from the top 1/16 to 1/2 inch of the slab and one sample collected from the bottom 1/2
to 1 inch of the ponded slab surface.
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Figure 4.39. Chloride content in concrete versus ASTM C127 absorption values

Figure 4.39 shows the variation in the mixes’ chloride content values with the aggregates’
ASTM C127 absorption values. In Figure 4.39, the concrete chloride content represents the
average of six samples from two slabs made with the same batch of concrete (three samples per
slab). However, the mortar chloride content was the average of three samples obtained from one
mortar slab specimen.

Figure 4.39 also shows that the chloride content was higher in the top layer (1/16 to 1/2 inch)
than in the bottom layer (1/2 to 1 inch), as expected. The variation in the chloride content was
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visually obvious in the top layer, whereas that in the bottom layer was not very apparent. On
comparing the chloride content in the top layers of the different specimens, the DM concrete
mixes, which contained highly porous dolostone aggregates (DM1 and DM2), were found to
have a higher chloride content than the mixes containing low-absorption limestone aggregates
(i.e., LS1, LS2, and LS3). It should be noted that it was not the concrete with the highest
aggregate absorption value (C-DM2) but the one with the largest amount of fine, connected
pores (C-DM1) that had the highest chloride content in the top layer of the concrete slab. Apart
from mix C-DM2, the chloride content values in the top layer of the mixes increased with an
increase in the aggregate ASTM C127 absorption values.

Among the LS series mixes, mix C-LS1 showed the lowest chloride content in both the top and
bottom layers, with chloride content values of 0.20% and 0.02%, respectively, and mix C-LS3
showed the highest chloride content values of 0.23% and 0.04% in the top and bottom layers,
respectively. In mixes belonging to the DM series, mix C-DM2 unexpectedly exhibited a lower
chloride content value than mix C-DM1. However, mix C-DM2 exhibited a higher chloride
content value of 0.06% in the bottom layer than mix C-DM1, which had a chloride content value
of 0.02%. This indicates that mix C-DM2 had a higher chloride permeability than mix C-DML1. It
should also be noted that the chloride content value in the bottom layer of mix C-DM2 was the
highest among all the mixes.

Figure 4.40 shows the variation in the chloride content with the rock critical and threshold pore
throat diameters for the LS series mixes. The variation is shown only for the LS series since a
clear trend in the chloride content values versus the aggregate ASTM C127 absorption values
was obtained only for the LS series mixes.
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Figure 4.40. Concrete chloride content versus the critical and threshold pore throat
diameters of the corresponding rocks in the concrete
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A power function was fitted to the data points (Figure 4.40), and it was found that the chloride
content values in both the top and bottom layers correlate well with both the threshold and
critical rock pore throat diameters. LS1, which had the smallest critical and threshold pore throat
sizes, showed the lowest chloride content, whereas LS3, which had the largest critical and
threshold pore throat sizes, showed the highest chloride content in both the top and bottom
layers.

Figure 4.41 shows the relationship between 28-day concrete sorptivity and 28-day concrete SR
for the LS series mixes.
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Figure 4.41. 28-day concrete sorptivity versus 28-day concrete SR

No variation in the secondary sorptivity values was observed as concrete SR varied. However, a
clear variation was seen in the initial sorptivity as concrete SR varied. In the LS series, concrete
mixes with higher SR showed lower initial sorptivity, while concrete mixes with lower SR
showed higher initial sorptivity. Accordingly, mix C-LS1, which had the highest 28-day SR of
10.7 kQ-cm, exhibited the lowest 28-day initial sorptivity, 11.17x10™* (mm/s)*, and mix C-LS3,
which had the lowest SR of 6.7 kQ-cm, exhibited the highest 28-day initial sorptivity, 18.20x10"
4 (mm/s)”.

Figure 4.42 shows the variation in chloride content with concrete SR for sample ages of 28 days
and 56 days.
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Figure 4.42. Concrete chloride content versus concrete SR at 28 days and 56 days

The trends observed in Figure 4.42 are similar in both the top and bottom layers of the tested slab
samples at both ages. Overall, there was a fairly good relationship between chloride content and
concrete SR, with SR and chloride content being positively correlated. In both layers, this
relationship was clearer in the LS series mixes than in the DM series mixes. Accordingly, in both
layers of the LS series mixes, mix C-LS1 exhibited the highest SR and the lowest chloride
content, whereas mix C-LS3 exhibited the lowest SR and the highest chloride content.

Figure 4.43 shows the relationship between chloride content and concrete initial sorptivity.
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Overall, it can be seen in Figure 4.43 that for concrete made with a given type of aggregate
(either limestone or dolostone), the chloride content in the top layer of the concrete increased
with an increasing rate of sorption for the concrete.

Figure 4.43 also shows that for both aggregate types studied (limestone and dolostone), the
chloride content measured from the salt ponding tests increased with the initial sorptivity of the
aggregate. Consequently, the short-term sorptivity test (which takes 6 hours based on ASTM
C1585) can be used instead of the 90-day salt ponding test (as specified in AASHTO T 259) for
a quick evaluation of chloride intrusion in concrete.
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5 CONCLUSIONS AND RECOMMENDATIONS

This study evaluated the influence of coarse aggregate porosity and pore throat size distribution
on chloride penetration in HPC mixes. The coarse aggregates utilized were limestone and
dolostone aggregates that had different water absorption capacities. The aggregates and their
corresponding rock samples were analyzed for pore characteristics, and the mortar and HPC
specimens were evaluated for chloride intrusion using electrical and non-electrical tests.
Relationships were determined between the various properties of the aggregates/rocks and the
results obtained from the concrete tests.

The major findings of this study are as follows:

1. The coarse aggregate correction factor increased exponentially with aggregate absorption.
This factor must be considered in concrete air void measurements.

2. Concrete compressive strength did not significantly vary for the carbonate coarse aggregate
absorption values ranging from 0.7% to 6.8% used in the present study.

3. The main features of the pore structure of the aggregates studied are summarized in Table
5.1.

Table 5.1. Main features of the pore structure of the aggregates studied

Mean Mean Critical  Threshold
Mean He MIP pore pore pore
Absorption  porosity porosity throat throat throat
Rock ID (%) (%) (%) size (mm) size (mm) size (mm)
LS1 0.7 1.0 3.2 0.02 0.02 0.04
LS2 2.9 6.7 8.4 0.29 0.15 0.4
LS3 35 12.5 15.9 1.94 3.63 11
DM1 4.1 15.0 18.4 1.25 1.49 2.1
DM2 6.8 21.0 25.8 5.34 20.4 25

4. The following observations were made regarding the test methods for quantifying the pore
system of coarse aggregates:

e Absorption test — Simple, quick, and easy to run, but not directly related to concrete
chloride penetration

e Sorptivity test — Related to concrete chloride penetration (ponding test results); rock
plugs and knowing coring orientation are required

e Helium test — Measures the total porosity of samples and has a good relationship with the
total porosity measured from MIP tests
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11.

e MIP test — Provides more information on pore structure, but equipment and operational
skills are required

e Thin section test - Provides more information on mineralogy, grain size, and visualized
pore structures (for relatively larger pores).

Variation was observed in the results of the electrical and non-electrical tests on concrete
made with limestone and dolostone coarse aggregates:

e In the electrical tests, concrete surface resistivity decreased with increasing aggregate
absorption, while the Nord chloride migration coefficient (DNSSM) increased with
increasing aggregate absorption.

¢ Inthe non-electrical tests, the same trends were obtained from the sorptivity and ponding
tests. Concrete initial sorptivity and chloride content in the top surface layer (top 1/16 to
1/2 inch) increased with limestone aggregate absorption, but they decreased with
dolostone aggregate absorption.

There are close relationships between aggregate absorption and specific gravity and between
aggregate absorption and helium porosity. There is a strong linear relationship between
aggregate helium and MIP porosity.

The critical and threshold throat pore sizes determined from MIP testing of the rock samples
had a strong exponential relationship with concrete SR and initial sorptivity. However, the
effects of the critical and threshold pore throat sizes seemed not to be significant on the
chloride penetration values resulting from the salt ponding tests.

Concrete made with a higher absorption limestone aggregate had higher chloride content
after the salt ponding tests. This is probably because more fluids/chloride can penetrate from
the mortar into more porous coarse aggregate.

Concrete made with dolostone aggregate had reduced chloride content with increasing
aggregate absorption. This is probably due to a potential cement reaction with the surfaces of
dolostone aggregate particles and the internal curing ability provided by the stored water in
the more porous aggregates.

The mortar samples sieved from the C-LS1 Ames mix had a higher chloride content than all
of the five concrete mixes made. This result is related to the high porosity and the critical and
threshold pore throat diameters of the mortar.

Before the age of 28 days, the surface resistivity of the concrete mixes decreased linearly
with the absorption values of the coarse aggregates. After 28 days, the surface resistivity of
the concrete mixes made with dolostone coarse aggregate increased significantly, implying
potential cement reactions with the surface of the dolostone aggregate particles and/or
internal curing effects provided by water in the highly porous dolostone aggregate.
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13.

14.

15.

16.

17.

The surface resistivity of concrete made with limestone coarse aggregate increased linearly
and the surface resistivity of concrete made with dolostone coarse aggregate decreased
linearly with surface resistivity of the corresponding rocks.

The chloride content in the top layer of the concrete slabs measured during the salt ponding
tests noticeably increased with the limestone aggregate absorption values but decreased with
the dolostone absorption values measured through ASTM C127.

The surface resistivity, DNSSM, and initial rate of water absorption of the concretes were all
higher than those of the mortar mix. However, the chloride content in the top layer of the five
concrete mixes were all lower than that of the mortar mix. This suggests that all aggregates,
even those with high porosity or high absorption, helped reduce chloride penetration in the
HPC compared to the corresponding mortar mix.

In the present study, it was not the concrete with the highest aggregate absorption values
(Bowser) but the one with the largest amount of fine, connected pores (Douds) that had the
highest chloride content in the top layer of the concrete slab subjected to a salt ponding test.
The chloride content in the top layer obtained from the salt ponding tests was 0.36% for the
mortar mix, 0.32% for the concrete made with Douds aggregate (absorption of 4.1%), 0.28%
for the concrete made with Bowser aggregate (absorption of 6.8%), and 0.2% for the
concrete made with Ames aggregate (absorption of 0.7%).

For a given aggregate type, the concrete chloride content measured from salt ponding tests
noticeably increased with the initial sorptivity (or initial rate of water sorption) of the
aggregate. This reinforces that sorptivity provides a good indication of the pore structure and
connectivity (capillary network) that governs the penetration of aggressive ions into concrete
in severe environments.

Because thin section petrography, helium porosity, and mercury pore throat sizes were shown
to be effective in predicting rock sorption and resistivity values, the numerous reports of
these properties in the geological literature can be used to predict the performance of rocks in
engineering tests and guide aggregate exploration programs.

The following recommendations are proposed for further study:

1.

Recommendations for aggregate pore structure characterization:

e Aggregate absorption is a key parameter related to many other aggregate and concrete
properties. However, the effects of aggregate absorption on concrete sorptivity and
chloride intrusion also depend upon aggregate type. Therefore, aggregate absorption
should not be used as a sole criterion for concrete durability control.

e The critical and threshold pore sizes of aggregate obtained from MIP testing can be used
to provide gquantitative information on the pore connectivity of aggregates, mortar, and
concrete as needed.
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Thin-section tests can provide detailed information on aggregate quality, e.g., aggregate
grain size, pore characteristics, and bond with mortar. Thin-section tests should be
conducted more regularly on lowa aggregates.

2. Recommendations for concrete permeability and chloride intrusion tests:

Concrete surface resistivity was shown to be related to concrete initial sorptivity and
chloride content. However, opposite trends for this relationship were found for the
limestone aggregate concrete and the dolostone aggregate concrete. Therefore, when the
surface resistivity test is used, one should know the coarse aggregate type in the concrete
tested.

For all aggregate types, the chloride content measured from the salt ponding tests always
increased with the initial sorptivity of the concrete. The initial sorptivity test (which takes
six hours) can be performed instead of a 90-day salt ponding test for a quicker evaluation
of chloride intrusion in concrete.

3. Recommendations for future study:

Only aggregates from three limestone sources and two dolostone sources were examined
in this study. There are currently 720 crushed rock sources in the lowa DOT’s T203 list
of approved sources. More lowa aggregates should be studied to verify the trends
observed in the present study.

In the present study, mortar had the highest chloride content after 90 days of the ponding
test, and fluids and chemicals can penetrate into aggregate through the mortar. In the
future, concrete mixes with a lower w/b should also be studied. As the mortar becomes
less permeable with a lower w/b, it can wrap and seal the permeable aggregate particles,
thus preventing chloride penetration into the aggregate and improving the chloride
resistance of the concrete.

Most tests in the present study showed opposite trends between the limestone aggregate
concrete and dolostone aggregate concrete. These results are probably due to a potential
cement reaction with surfaces of dolostone aggregate particles and the internal curing
ability provided by the stored water in the more porous dolostone aggregates. High-
porosity dolostone aggregates should be further studied. In addition, high-resolution
imaging (e.g., scanning electron microscopy) of the cement-aggregate interface could
reveal more detail about the processes and products in this vital zone of interaction.

A comparison study can be conducted involving the construction of two field HPC
overlays, one made with a low-absorption and low-sorptivity aggregate and the other
made with a high-absorption and especially high-sorptivity aggregate. The aggregates
could be either limestone or dolostone. The overlays can be monitored for surface
resistivity and chloride penetration over time. The results can be used to verify the
findings from the present study.
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