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ABSTRACT
The experiments, observations, and recommendations contained in this report began as a
formal field document, investigating existing deterioration mechanisms in the Cornwall
Iron Furnace: a historic building in Lebanon, Pennsylvania.
The building is the focal point of an iron-producing complex of buildings, as it was
largely responsible for the early economic success of the American colonies. Due to its
historical significance, the Pennsylvania Historical and Museum Commission decided to
make forward-looking efforts to preserve this structure. This task was performed by the
Pennsylvania State University, Department of Architectural Engineering.
The scope of the Cornwall Iron Furnace preservation project entailed an investigation
into the following main topics:
o Corrosion in Embedded Iron Members
o Efflorescence and Organic Growth
o Masonry
As the project evolved with building preservation as a primary goal, it acquired
additional, notable intellectual content. By using basic engineering principles to apply a
variety of less frequently employed tests to a structure, the effectiveness of the project’s
solutions was increased. The motivation, investigation, and application of this project to
future endeavors is described in the following pages, as a master’s thesis document.
This thesis is sectioned into three main parts, titled ‘Motivation and Thesis Scope,’
‘Study of the Cornwall Iron Furnace Condition and Conservation Report,’ and
‘Application,’ as Parts I, II, and III:
• Part I – Motivation and Thesis Scope: The Motivation section introduces a study
involving the historical preservation of the Cornwall Iron Furnace, and outlines the
academic content that developed throughout the course of the project. Using other
published sources, this section provides necessary background information, as the
motivation to this study, prior to the presentation of the detailed Cornwall Iron
Furnace investigation. These published studies describe similar deterioration
mechanisms to those found in the Cornwall Iron Furnace, and are necessary to
understand the development Cornwall Iron Furnace investigation.
• Part II – Study of the Cornwall Iron Furnace Condition and Conservation
Report: The Study section presents the investigation into each deterioration
mechanism found in the Cornwall Iron Furnace in depth. This section comprises the
bulk of this document, and presents information pertaining to the intricacies of each
scope item within the case study. In the final pages of Part II, recommendations to
resolve each deterioration mechanism within the building are established.
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• Part III – Application: The Application section relates the information presented in
Part I and Part II of this report by explaining the significance in the development and
findings of the Cornwall Iron Furnace case study in relation to other similar projects.
By employing less frequently used investigative techniques, the current state of the
building was determined and corrective measures were proposed. In general, it was
found that moisture intrusion is the primary cause of most of the problems observed in
Cornwall Iron Furnace. As it interacts with the structural systems of the Furnace,
moisture acts as a partial catalyst that corrodes iron members, supports efflorescence and
organic growth, and continues masonry deterioration. Because a complete elimination
of moisture within the building envelope is impractical, the proposed solutions to the
problems within the Cornwall Iron Furnace incorporate a balanced look at each
interdependent deterioration mechanism. The proposed solutions were then offered as
efficient corrective measures.
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Part I
Motivation and Thesis Scope
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1.0 MOTIVATION AND SCOPE OF THESIS
1.1 PERTINENT STUDIES
1.1.1

Corrosion in Embedded Iron Members

In the Cornwall Iron Furnace, large masonry units are supplemented with primitive iron
structural members. They are too few to refer to as a primary structural frame, but the
embedded iron carried an important role in the daily operation of the furnace: to reduce
uncontrolled movements associated with extreme temperature fluctuations. Although the
iron furnace is no longer in operation, the preservation of these original bands is an
essential component of the building’s historical integrity.
Although the purpose and use of this structure is unique, there have been many
documented cases in which corrosive reactions deteriorate structural iron. Because these
reactions are most common in reinforced concrete, subgrade, maritime, and caustic
industrial structures, less attention has been dedicated to typical iron-framed buildings.
After all, the deterioration of iron in buildings usually occurs slower than these reactions,
due to more favorable local conditions. As they deteriorate, however, the opportunity for
corrosive reactions increases quickly.
A large number of historic structures that incorporate wrought iron or early steel
components show signs of visible corrosion. The identification of the “Regent Street
Disease” in the United Kingdom in the late 1970’s highlighted the problems of the
corrosion of iron and steel frames and other structural components in historically
sensitive buildings [1]. “Regent Street Disease,” a nickname for the corrosion of metal
structural elements beneath or embedded within masonry cladding, is famous because of
the significant stature of the affected buildings.
In these buildings, water infiltrated the exterior envelope of the building, and carried
electrolytes to the internal iron members. When embedded in masonry, the corrosion
products can cause cracking and spalling of the surrounding masonry. The traditional
method of dealing with such problems has been to remove the affected masonry and treat
or replace the corroded metalwork prior to reinstatement. This is not only expensive but
involves the removal of large amounts of the original masonry, which may have to be
replaced with modern equivalents [1], [2].
In the published documentation of this study, the methods by which corrosion is assessed
were not revealed in detail. The outcomes, however, were. In several of the Regent
Street buildings, entire facades were reconstructed. Others were retrofitted with
impressed current cathodic protection systems.
In a similar historic project, the effects of corrosion were studied in a 1910 railroad
building in Chihuahua City, Mexico [3]. In this building, historical iron rails were
investigated under the suspicion of extreme corrosion. The façade of the building,
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composed of light masonry construction, and was beginning to crack and spall as the
members oxidized. The building also displayed significant efflorescence at the building
perimeter.
Although the city’s climatic environment does not sustain the high moisture content
typically found within the Cornwall Iron Furnace, sulfur and calcium sulfate discovered
in close proximity to iron constituents, providing large deposits of ions. These ions have
the ability to act as chlorides do in steel-reinforced concrete, and can be quite destructive
if allowed to migrate to an iron member’s surface.
The concentrated sulfur and calcium sulfate were attributed to poor combustion in the
steam engines of the era [3]. As they passed through the building, large amounts of
pollutants were deposited on interior surfaces, and these deposits collected with time.
Afterwards, it was determined that moisture facilitated the migration of these chemicals
throughout the building. This solution served as a proper electrolyte for corrosive
reactions to occur.
Primarily using LPR (Linear Polarization Resistance) and SEM (Scanning Electron
Microscopy) laboratory tests, information regarding the current condition of the iron
members was collected. After concluding the tests, it was determined that high rates of
corrosion were active throughout the structure, specifically in damp areas with
concentrations of the visible pollutants.
Corrective measures were administered by mechanically cleaning pollutants, replacing
severe sections of iron, and painting all exposed iron members with anti-corrosive agents.
Portions of the façade were updated with modern materials, and unsalvageable areas were
replaced completely [3]. Although this is not an ideal remediation method, the updated
use of the building held a higher importance to the local community than preserving its
original members.
In the case of the Cape Hatteras lighthouse, however, the preservation of original
members was very important. This lighthouse experienced a myriad of problems in
masonry, iron, and structural wood, and was in dire need of repair. Due to an eroding
shoreline, the North Atlantic crept 1400 feet to the edge of the lighthouse, affecting the
structural integrity of its foundations. Additionally, the increased moisture content
saturated the mass walls, and increased the rates of corrosion in its iron constituents. As
a recognized symbol of the state of North Carolina, its preservation is an important part
of local heritage. Thus, corrective options were explored.
In the investigation leading up to its renovation, moisture was determined to be the
primary source of deterioration within the building. Much like the Cornwall Iron
Furnace, prolonged exposure to moisture sources have portions of the building, and drew
a need for remediation. In 1999, the entire building was relocated several hundred feet
from the water edge. The further protect the building, mortars, cast iron ornaments, and
some timber sections were repaired.
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Corrosion does not only affect historic structures; it is widely known for its prevalence in
wet marine, industrial, and moist reinforced concrete structures [5]. The United States
Department of Transportation estimates that approximately $121 billion is spent annually
on corrosion control and monitoring services in the road and marine systems [4]. The
gross cost of corrosion is approximately $300 billion annually (4% of the United States
GDP) in the infrastructure of this country.
As such a large liability, new road transportation systems are closely monitored for
corrosion potential. In many road applications, linear polarization resistance probes have
been developed as an attachment to steel reinforcement. These probes are embedded in
concrete and are designed to continuously monitor corrosion rates of connected steel
reinforcement.
In existing concrete applications, high moisture content and chloride infiltration
commonly increase the propensity for corrosion in reinforced concrete. The test best
suited for testing the opportunity for corrosive reactions to occur is the half-cell potential
test.
Many corrosion testing equipment, like the linear polarization resistance and half-cell
potential tests, have become specialized in particular applications. The modern half-cell
potential testing apparatus, for example, was designed specifically for concrete in the late
1970’s, and continues to be used extensively today. Linear polarization resistance
equipment manufacturers have also developed field probes that, when embedded in fresh
concrete, report real time corrosion rates [1].
Although this equipment is highly specialized toward this application, the Cornwall Iron
Furnace investigation shifts its successful use to another application: historic masonry.
By slightly modifying the typical testing procedures, the corrosion testing equipment was
configured to supply important data in a variety of settings.
In Part 2 of this report, the articles outlined above serve as motivation to develop the
investigation of the Cornwall Iron Furnace.

1.1.2

Efflorescence and Organic Growth

In the Cornwall Iron Furnace, large deposits of efflorescence have collected on building
faces. Additionally, there is evidence of organic colony growth in several locations.
Efflorescence, the deposit of soluble minerals on a building surface, and organic growth,
the colonization of microorganisms on a building surface, are common deterioration
mechanisms in buildings, and have been documented widely throughout the industry.
Because of the vast collective occurrence of these issues, the presentation of individual
case studies is inessential to this document. There are far too many cases to designate a
few to be representative.
Due to the regularity in which efflorescence and organics appear on buildings, the source
of each deterioration mechanism has been studied and documented extensively. A
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compilation of data was used in this study, from articles, journals, and other publications,
rather than individual case studies. More information regarding these mechanisms
appears in Part 2 of this document.

1.1.3

Masonry

In the Cornwall Iron Furnace, masonry units are in a state of disrepair. After years of
structural movement, thermal effects, and other catalysts, many joints are currently void
of all mortar, and require a major repointing effort. In other locations, incompatible
mortars have caused the sandstone block to crack, spall, and disintegrate. To improve the
functionality of this structure, removal of existing mortars, followed by a repointing
effort is recommended.
When repointing historic mortars, general guidelines have been established to preserve
historic function and aesthetic quality. Among many suggestions, publications tend to
agree with the following four guidelines [Z]:
• The new mortar must match the historic mortar in color, texture, and tooling.
• The sand must match the sand in the historic mortar.
• The new mortar must have greater vapor permeability and be softer (measured in
compression strength) than the masonry units
• The new mortar must be as vapor permeable and as soft or softer (measured in
compression strength) than the historic mortar.
The Noble Preservation Services group, a local company specializing in servicing historic
preservation projects, provided spectrographic qualitative analysis in this project, by
providing modern equivalent materials to match the historic quality of the building. After
their responsibilities were complete, they supplied a recipe of mortar repointing options
for testing.
According to modified ASTM procedures (described in Part 2), tests were developed
specifically for the mortars advised by Noble Preservation Services. At the conclusion of
this study, the suggested mortar sets were fabricated and tested for compression, freezethaw cyclic effects, conductivity, and moisture migration.

1.2 THESIS SCOPE
The publications outlined above have distinct similarities that guided the development of
the Cornwall Iron Furnace study. Due to the unique nature of the Cornwall Iron Furnace,
a combination of the studies was necessary to formulate a general analysis procedure.
There are few documented recommended procedures to guide the rehabilitation of a
building like this, so the approach to its investigation was created specifically for it.
This project was not initially designed with an academic intent, but the natural
progression of the investigation became intellectually stimulating as it evolved; and the
findings represent important lessons that can be applied to a broad range of engineering.
5

Additionally, it is particularly interesting because it accentuates the importance of a
multidisciplinary approach to engineering.
As typical research topics explore new methods in engineering, this document uses
established experimental analyses in new ways. Although case studies display some
similarities to the Cornwall Iron Furnace, they were approached with predetermined,
biased solutions, and simple resolutions to major problems may have been overlooked.
By applying individual studies in electrochemistry, the building’s history and
renovations, materials, structural engineering, electrical circuit analysis, microbiology,
and forensic science, this study incorporates each, and consolidates to further the
preservation efforts of a historic structure.
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Part II
Cornwall Iron Furnace Condition and Conservation Report

7

2.0 INTRODUCTION
This report documents a survey, assessment, and development of historic preservation
strategies in the Cornwall Iron Furnace, Cornwall Borough, Lebanon County,
Pennsylvania. Cornwall Iron Furnace is located in the Triassic Lowland Section of the
Piedmont Physiographic Province [A]. The study area encompasses the grounds of the
Cornwall Iron Furnace, with special consideration for the historical structural constituents
of the Furnace building.
The investigation of this structure was undertaken at the request of the Pennsylvania
Historic and Museum Commission (PHMC), by Pennsylvania State Facilities
Engineering Institute (PSFEI) in conjunction with the Pennsylvania State University’s
Architectural Engineering Department from August 2006 through December 2007.
The attached report began as a formal field document, investigating current deterioration
mechanisms in the Cornwall Iron Furnace, a historic building in Lebanon, Pennsylvania.
This building is the focal point of an iron-producing complex of buildings, as it was
largely responsible for the early economic success of the American colonies. Due to the
building’s historical significance, the Pennsylvania Historical and Museum Commission
has decided to make forward-looking efforts to preserve this structure.
The scope of the project entailed an investigation of the following main topics:
o State of mortars within the building envelope
o State of iron structural members in the principal furnace
o Efflorescence and masonry cleaning
Before making any decisions regarding serious conservation/implementation
recommendations, major efforts were applied toward determining the state of the
building, and establishing target areas for monitoring. From August 2006 through
December 2007, the building was closely monitored. Because the building is a distance
away, site visits occurred approximately monthly through this period, or when
specifically required. In the interim, samples were collected, produced, and tested in the
Penn State University CATO Park laboratories to establish as much information as
possible from a remote location.
Initially, the requested tasks seemed simple. Each problem the building experiences
seemed to present challenges easily resolvable by individual solutions. On further
inspection, I came to believe the contrary. By studying each deterioration mechanism in
depth, I found them to be codependent; a majority of the deterioration mechanisms were
caused by, and contributed to, other mechanisms.
The attached document is presented as a thesis, and is particularly interesting because it
accentuates the importance of a multidisciplinary approach to engineering. While many
research topics explore new methods in engineering, this document uses established
experimental analyses in new ways. By applying individual studies in the building’s
8

history and renovations, electrochemistry, materials, structural engineering, electrical
circuit analysis, microbiology, and forensic science, the paper combines experiments that
are usually considered unrelated to each other and this field, and applies all of them to
further the preservation effort within a historic structure.
Because the Cornwall Iron Furnace is a historic building, unusual constraints restricted
the feasibility of some experiments. While many modern buildings can sustain intrusive
testing for investigative purposes, any alteration of building elements was impermissible
in this application. Thus, all testing was designed to be noninvasive. Due to this
constraint, the application of some field studies was constricted. Furthermore, the
removal of any part of this building was highly discouraged, so the amount of removable
test samples (for laboratory testing) was limited.
Fortunately, some representative test samples were approved for removal from the site.
This test set included three iron tokens, with one sample having particularly similar
characteristics to interior Furnace bands, and one sandstone block, similar to the vast
majority of those used in the building. These samples served as the laboratory sample
set, and were tested accordingly. In the mortar investigation, additional samples were
built as advised by a third-party preservation group, Noble Preservation.
Upon completion of the topical studies, recommendations for were formulated to remedy
the rapid deterioration within the building. The solutions incorporate a variety of
economical options, and present them as such.
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3.0 BRIEF HISTORY OF THE CORNWALL IRON
FURNACE
The Cornwall Iron Furnace (1742-1883, Figure 2) was integral to the early disassociation
movements in the Colonies. As a major producer of 18th century weapons, stoves, and
pig iron, the Cornwall furnace is partially responsible for the initial success of the
American Revolution and early economy [A].
The Cornwall Iron Furnace is a
complex, its original structure predating the establishment of the United
States. Constructed by Peter Grubb ca.
1742, the Iron Furnace originally stood
at the edge of colonial exploration.
The Furnace smelted iron for
approximately 141 years, spanning
several generations, and closed in the
fall of 1883 (See Figure 1). Aside
from being a unique historic structure,
the Cornwall Iron Furnace is
significant as the only intact charcoal
cold-blast furnace in the Western
Hemisphere today. Most of the current
structure was built in the 1800’s [A], Figure 1 The Cornwall Iron Furnace, ca. early
1800’s. Historical photograph courtesy of the
[F], [P].
Pennsylvania Historic and Museum Commission.

In the 1730’s Peter Grubb, founder of the Cornwall Iron Furnace, discovered large
amounts of hematite (Fe2O3), a source of iron, in the wooded hills of present day
Lebanon County. The agricultural-based colonial economy needed iron that could be
fashioned into implements, tools, nails, and weapons. Although Great Britain's imperial
policy discouraged manufacturing in the colonies, necessity protected early American
metallurgy. The near exhaustion of forests in England had forced ironmasters to adopt
the more complicated production of coke for fueling furnaces by the late eighteenth
century. Most of England’s need for pig iron and bar iron had to be imported from the
colonies [P].
Thus, iron production was quite profitable [A]. Grubb, a stonemason, began mining
immediately after discovering the hematite. Several years later, he built a small furnace
near the mining site and named it after the place his family emigrated from: Cornwall,
England [P].
Peter Grubb’s location was ideal for iron production. Sloping hills and fast-moving
streams provided necessary mechanical energy to turn the large waterwheel that, in turn,
powered the billows and supplied compressed air for smelting. The dense surrounding
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forest allowed large amounts of wood to be cultivated into coke for fuel. Limestone,
another key ingredient in the cold-blast process, was plentiful.
According to several sources, the
furnace building and supporting
complex sustained a series of
major renovations in response to
technological and environmental
changes over the course of its
life [A]. In its initial phases, the
Cornwall Iron Furnace was a
fraction of its current size, and
was powered by a large water
wheel. Although the sequence
Figure 2 The Cornwall Iron Furnace, 2007.
of structural renovations is not
well documented, the present-day structure (See Figure 2) shows evidence of several
major changes. The largest changes, pertinent to this report, in today’s Cornwall Iron
Furnace are:
• Changes to the mechanical driving systems. When a steam engine was installed, the
large waterwheel was no longer needed to drive the billows, and became obsolete.
• The diversion of the water source from the site.
• Stack renovations. As the iron production needs increased, the size of the furnace
stack increased. Evidenced by several different types of stone block, the furnace
went through several major renovations and configurations.
• Furnace orientation. The waterwheel, as well as the furnace orientation, changed in
the early 1800’s. As the building changed, the subgrade surrounding the building was
modified.
• Inclusion of embedded iron as structural members. As building technology evolved,
iron members were introduced as tensile reinforcement for the stack’s masonry.
• The recent repointing of the structure using modern, Portland cement-based mortars.
Due to the length of service, harsh interior conditions, and evolving technology, the
Cornwall Iron Furnace went through a series of renovations and periodic maintenance
schedules that modified the structure significantly from its inception. Although this
allowed the Cornwall Furnace to refine iron for over a century, site modifications created
abrasive interior and exterior environments that continue to challenge preservation
efforts. Moisture intrusion continues to be present within the building’s structure, and to
accelerate the deterioration of its components. It is evident that this deterioration will not
slow or cease under current environmental conditions.
In response to this deterioration, an investigation was undertaken to provide assistance in
preservation efforts. This investigation aims to examine the sources of structural
deterioration and suggest corrective actions that reduce its rate. Additional topics will be
covered in the scope section. The primary significance of this project is to maintain the
Cornwall Iron Furnace’s historic associations with the development of the iron industry
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in Pennsylvania during the eighteenth and nineteenth centuries and to preserve its
structural integrity. Due to the importance of historic material preservation, invasive
testing was avoided when possible.
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4.0 PROJECT SCOPE
As a concern for the preservation of the Cornwall Iron Furnace, the investigations,
findings, and recommended solutions documented within this report address the
following:
• Gain familiarity with the building, and document existing site conditions through an
initial site visit.
• Examine efflorescence and vegetation growth on the furnace stack; information about
moisture migration will be attained through this examination.
• Survey suitable mortar types for conservation of the furnace stack. Stone specimen
similar to those found on the stack will be collected and analyzed. The suitability of
various repair mortar formulations for stack conservation will be determined based on
color, strength, durability, and historical accuracy, if possible.
• Investigate suitable mortar types for repair of brick chimney. Bricks will be extracted
from inconspicuous locations and tested per ASTM C67 for durability characteristics.
• Research means of cleaning masonry in the furnace stack. Based on a literature
review, review of manufacturer’s specifications, and staff experience, cleaning agents
for the masonry in the stack will be tested in inconspicuous locations.
• Investigate the drying protocol for the furnace.
• Determine the corrosion characteristics of embedded metals, and investigate possible
remedial measures.
• Document elevations of embedded metal location, corrosion potential, condition, and
conservation measures.
• Generate a final report giving recommendations for at least the following items:
o Embedded metals – general recommendations for conservation treatment
of embedded metals.
o Installation of subgrade drainage.
o Inhibiting capillary action – rising damp.
o Installation of mechanical heating/ventilation to promote drying.
o Addition of elements to resist water and moisture penetration.
o Repair mortars for the furnace stack and brick chimney.
o Cleaning treatments for the furnace stack.
o Measures for reducing efflorescence in the furnace stack.
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5.0 PROBLEM DISCUSSIONS
5.1 CORROSION IN EMBEDDED METALS
5.1.1

Background

Cold-blast smelting, a process that produces pure metals directly from ores, requires high
temperatures. A series of chemical reactions, resulting in liquid iron, can only occur at
temperatures in excess of 1300°F. Under working conditions, the furnace stack operated
in a consistently hot and dry environment. The extreme heat of the process caused the
structure to swell. Without reinforcement, the furnace could expand, uncontrollably, to
the point of failure.
In one of the stack’s major renovations, it was fitted with iron structural members,
including tie bands and lintels. Corrosion is present in much of the iron. The tie bands
were configured to control the lateral
swelling of the furnace as tension
members, while the lintels replaced bulky
stone arches. The iron bands limited
expansion by constraining structural
movement and, consequently, prevented
premature mortar deterioration within the
furnace stack. For adjustment, the tie
bands are equipped with triangular slotted
connections. See Figure 3 for a typical tie
band and adjustment connection.
Figure 3 Tie Band and Tension Adjustment
Connection

In order to preserve the remainder of these
iron members, part of the scope of this project is to investigate means of decreasing the
rate of corrosion of the iron members within the furnace stack. This investigation,
however, is limited significantly by historical preservation constraints and other
difficulties. The rate of uniform corrosion in iron is dependent on its boundary
conditions, and is constantly changing with the local environment. Moreover, due to the
historical significance of the Cornwall Furnace, invasive testing is undesirable. Sample
iron is scarce, and the removal of such important artifacts is undesirable. These criteria
complicate direct corrosion rate measurement. However, through electrochemical tests
on available pieces, the corrosive tendencies of the structural iron in the Cornwall Iron
Furnace can be established.

5.1.2

Corrosion Mechanism

Corrosion, an electrochemical process, is responsible for the deterioration by oxidation of
the metal bands within the Cornwall Iron Furnace.
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Solid iron atoms are apt to transfer, or share, electrons with adjacent iron atoms by
conduction.
Certain atoms,
whether due to their placement
within the lattice or electron
state at any given time, tend to
disassociate from the solid in
the
presence
of
a
solution/electrolyte,
leaving
electrons behind. An electrolyte
is necessary for disassociation
movement and mass transfer.
The
disassociated
atom,
positively charged, is called a
cation. Because a cation leaves
its lattice, the abandoned free
electron shifts the mass’s charge
negatively.
As that cation Figure 4 Simple “Polarized” Corrosion Cell
interacts with negative anions at Modified figure based on figure from Morgan, et al. [S]
the metal surface, it ‘oxidizes,’ forming corrosion. Rust is created at that interface, as
iron cations bond with oxygen in this fashion, and is considered a product of
electrochemical corrosion [H], [G], [S], [U], [V].
When this process repeats, the removal of many positive cations leaves negative charges
to accumulate within the metal [S]. A vast number of these reactions occur, shifting the
iron’s net charge negatively. When the negative charge is coupled with a more-positive
connected site, polarization occurs. The negative site is the anode; the positive is the
cathode.
At each node in Figure 4, atoms disassociate as ions. However, at the anodic site, they do
so much more freely. In reference to the cathode, the anode is naturally a more active
metal. Here, the disassociated Fe++ cations bond with dissolved oxygen to produce rust at
anodic sites. Electrons, and negative charge, collect in the anode, creating a surplus.
This surplus, in relation to the cathodic site, creates a driving voltage, or potential
difference, and electrons are transferred. The electron surplus magnetically pushes
electrons toward a more positive site (cathode), and creates a ‘DC’ current.
As the system attempts to reach electroneutrality, electrons accrue in the cathodic site as
well.
Although cathodic atoms would disassociate into cations as anodic atoms do, the negative
surplus does not allow the atom to move; the magnetic pull of the cathode’s electron
surplus exceeds that of the solution. Eventually, in a system like that shown in Figure 4,
the anode will oxidize at a rapid rate that creates a vast surplus of electrons in the
cathode. When this occurs, reactions occur at the surface of the cathode. Rather than
losing molecules as ions (as the anode does), the cathode loses electrons to the
electrolytic solution, which is also vying for electroneutrality. In water solutions, stray
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hydrogen ions and water molecules relieve the cathode of its electron surplus. This
reaction is called reduction. Some typical reduction equations are listed at the right of
Figure 4 [H], [S], [U], [V]. In Figure 5, similar reduction
reactions occur at the counter electrode during a linear
polarization test.
The typical sign convention is as follows: when a node
provides electrons (and oxidizes), it is experiencing a
positive current. When a node gains electrons (and
reduces), the current is considered negative [U].
As the anode corrodes, it creates a feed of electrons; the
electron feed essentially protects the cathode’s atoms
from disassociating. This process is defined as cathodic
protection. When an expendable anodic material is
electrically connected to cathodic sites, and is
encouraged to oxidize, it is called a “sacrificial anode.”
See Figure 31 to see a linear polarization test, used in this
project, which differentiates a sample iron member from Figure 5 Reactions at Cathode LPR
an iron member connected to a sacrificial anode.
In the Cornwall Iron Furnace, a proper design of such a system may shift its iron from its
current anodic state towards cathodic, essentially manipulating the effects of galvanic
corrosion. By coupling an active metal to the iron, the active metal replaces iron as the
system anode, and becomes anodic. By corroding, it eliminates the opportunity for
corrosion within the iron. In marine and concrete applications, a typical metal to be
coupled with iron is zinc. Zinc, an active metal, protects iron by oxidizing and providing
it with an electron supply. Figure 6, below, describes the interaction of a simple cathodic
protection system in which an iron bar is simply connected to a similar zinc bar. Note the
relationship between the electrochemical reactions and distance to connection, as it
eliminates several otherwise feasible resolutions, such as impressed current protection.
These solutions are described in later chapters.
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Figure 6 Responses to Cathodic Protection as a Function of Distance
Courtesy of Lectures on Electrochemical Corrosion, Pourbaix Fig. 84

5.1.2.1 Half-Cell
Each reaction, occurring at the anode and cathode, are referred to as “half-cell reactions.”
Because a magnetic driving force exists, so does an electrical voltage. Although we
cannot determine the absolute value of a half-cell potential, we can measure its value in
relation to the potentials of other half-cells. The fact that individual half-cell potentials
are not directly measurable does not prevent us from defining and working with them. In
particular, if we adopt a reference half-cell whose potential is arbitrarily defined as zero,
and measure the potentials of various other electrode systems against this reference cell,
we are measuring the half-cell potentials on a scale relative to the potential of the
reference cell (and measuring the “individual” half-cell potential) [G], [H].
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Half-Cell potential measurements were applied to the Cornwall Iron Furnace as a
corrosion study, to determine the tendencies for oxidation at particular points. Each
metal’s tendency to corrode is ranked relative to other metals in galvanic tables. A
reference metal/metal solution that many reinforcing steel measurements have been
compared to is copper/copper sulfate (Cu/CuSO4) [G]. This particular reference
electrode is relatively safe to work with, easy to produce, inexpensive, and accurate.
Half-cell equipment, described later in this report, typically utilizes this electrode; this
study utilizes the copper/copper sulfate reference cell as well.
After examining the half-cell potentials vs. the copper/copper sulfate cell, the metal’s
propensity to corrosion can be indicated. These half-cell tests do not give rate-specific
information; rather, they indicate the relative potential for oxidation at particular
intervals.

5.1.3

Key Points

The uniform oxidation rate of iron, in the case of the structural iron within the Furnace, is
affected by the following [H], [G], [S], [U], [V]:
• Water content, containing salts and other impurities, moving through the furnace
stack. Any area of the furnace stack containing water, common ground water salts,
and oxygen encourage iron deterioration. Stagnant or moving, this aerated water
provides the electrolytes, reagents, and electrical continuity necessary for corrosion to
occur.
• The pH of the water. As the pH level is increased or decreased within a solution, the
oxidation rate of any metal can be significantly changed. The pH levels at Cornwall
are approximately 6±0.5, which coincides to neutral levels, but can vary locally.
• The humidity within the surrounding areas. Humidity, simply a measurement of the
amount of water vapor per unit mass of air, transports charge, electrolytes, and
oxygen as standing water does. However, instead of providing a distinct path of mass
and electrical transport, humid air can create small conductive films of water at the
surface of the iron. These films also have the ability to support corrosive processes.
• Electrical continuity within the furnace stack’s substructure. If a substantial amount
of electrically continuous iron exists within the furnace stack, the dynamics of
corrosive processes are significantly different from that of small, segregated sections.
Large, continuous iron structures have tendencies to develop local anodic and
cathodic sites internally, creating destructive internal circuits. If a substantial number
local circuits exist, variations in internal voltages complicate protection efforts.
• The number of exposed iron items. Similar to the effects of large, electrically
continuous substructure, many discontinuous iron sections complicate protection
efforts as well. Due to the historical significance of this building, invasive procedures
or unnatural coatings are not practical preservation techniques. Therefore, it is
preferable to apply corrosion mitigation equipment to the exterior of the stack. If
many discontinuous iron sections exist, wires and other mechanical devices would
negatively affect the appearance of the stack.
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• Amount of corrosion currently existing on the structure. Although the exposed iron
sections display significant amounts of oxidized iron, this information only proves
that these reactions occurred in the past; the structure may not be corroding. In some
cases, thick oxidation layers are impermeable to dissolved ions, and create passive
layers. Under these circumstances, the rate of ionic charge transport (and uniform
corrosion) is greatly limited.
• The proximity of the iron band to the face of the furnace stack.
• Existence of biological processes, as they introduce foreign reactions to the local
environment of the iron.

5.2 EFFLORESCENCE AND ORGANIC GROWTH
5.2.1

Efflorescence

Efflorescence is the accumulation of a white, chalky deposit on the faces of masonry and
concrete. Although it is unsightly and is often mistaken for mold, efflorescence is
typically harmless [K] to the structural integrity of masonry units. However, longstanding efflorescence may discolor them, or create differences in appearance from
unaffected sections. Efflorescence is caused by a combination of [J]:
• Soluble salts in the material
• Moisture to dissolve the salts
• Vapor transmission or hydrostatic pressure that moves the solution toward the surface
In masonry units, water and soluble salts are forced to coexist in pores and other internal
cavities. The salts can enter the masonry internally, from mortar or block ingredients, or
be carried into the masonry in a water solution. Water, from external sources, naturally
migrates through the masonry, dissolving granular soluble salts as it moves. As surface
moisture evaporates, any dissolved salts are left behind. This salt-water solution
migrates to the surface by vapor transmission or hydraulic pressure and evaporates,
leaving the salt to deposit at the surface [J].

5.2.2

Organic Growth

It is evident that organic growth exists within the Cornwall Iron Furnace. Although the
exact type of growth cannot be determined without biological testing, it is common for
two types of organics to exist on masonry faces: mold and algae.
Mold is a type of fungus that grows into colonies, and is most often associated with
damp, musty locations. Mold travels through the air as spores, and tends to breed in wet
areas. Despite the green, plant-like appearance, it is not photosynthetic; it has the
capability to grow in completely dark places.
Molds are part of the natural environment and are present everywhere. Medical
communities seem to agree that some people with allergies are sensitive to mold and that
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in sensitive individuals mold can lead to respiratory diseases, over extended exposures
[E]. Due to the natural abundance of mold, it is nearly impossible to eliminate it within a
damp building.
To grow, or to establish itself in colonies, mold requires at least four elements: mold
spores, organic matter, moisture, and warmth [L], [M], [E]. Carried by air currents, mold
spores can reach all surfaces and cavities of buildings. If these surfaces and/or cavities
are warm, and contain the right nutrients and moisture content, the mold spores will
grow, form colonies, and gradually deplete the nutrient sources.
Algae are plantlike, microscopic organisms that are typically photosynthetic. Algae are
also associated with damp conditions, as they tend to grow in areas with a high water-tonutrient ratio. It is also the most common masonry façade organic growth. Algae
colonize in a fashion similar to molds, but tend to be less harmful than molds or fungi.
Algae often grow on or within masonry pores, and need very few nutrients to thrive. An
algae colony, for example, can sustain life by feeding on dust and other airborne
particulates [T].
Algae and mold can be eliminated by biocide treatments. However, if the environments
of the problematic areas are left unchanged, biocide treatments will not stop the
opportunity for growths to occur in the future. Algae and mold are common airborne
microorganisms, and can colonize areas quickly. Therefore, biocide treatment should be
considered a final step toward organic growth problem resolution, after the environmental
factors encouraging growth have been eliminated.

5.3 MASONRY
5.3.1

Moisture Intrusion and Masonry Deterioration

Mass walls comprise the majority of the Cornwall Iron Furnace’s interior and exterior
wall system. While most modern wall systems rely on a combination of intricate intrawall layered systems for protection, mass walls are much simpler.
Like those found at Cornwall, mass walls rely on intrinsic properties of its two
constituents, units and mortar, to regulate interior conditions. Although such mass walls
may absorb moisture and dry with variations in exterior conditions; this is only
acceptable under the condition that moisture seldom reaches the interior before the wall
dries. If it does, interior environmental conditions quickly deteriorate (See Figure 7).
The masonry unit’s natural resilience to temperature changes (high specific heat)
regulates interior temperatures as exterior conditions fluctuate, creating a stable interior
environment.
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Typically, the deterioration of mass walls occurs under adverse temperature and moisture
conditions. At the Cornwall Furnace site, moisture is problematic. Stone foundation
walls with soft lime mortar can be very durable, although the lime mortar does not hold
up well to water erosion, especially under large temperature swings. As water migrates
through masonry systems, it tends to dissolve and erode lime mortars. It is likely that
some sandstone block found at the Cornwall Iron Furnace has been standing since the
mid 18th century, while the mortars have been replaced on many occasions.

Figure 7 Moisture Migration through Mass Walls

When high-moisture conditions are coupled with extreme temperatures, problems tend to
occur in mass walls. For example, if a saturated wall is exposed to many freeze-thaw
cycles, the rate of degradation is increased. Freezing water, contained in the small pores
of the stone masonry units, creates large internal stresses as it expands. If the masonry
cannot support this load, cracks the surrounding masonry form. As the system thaws,
these new cracks introduce new entrances for water. After repeated cycles, the mass wall
is considerably weakened and more porous.
Saturated mass walls introduce additional problems, aside from mass wall deterioration.
Water, a polar molecule, dissolves salts within the masonry units and propels them to the
surface. As the water evaporates, salts are deposited at the surface, creating efflorescence
[E]. When this moisture migration occurs (Figure 7), it also creates unfavorable interior
conditions. Water enters the building. As a result, relative humidity levels rise and
provide ideal conditions for microorganism growth. Algae, and other resilient
microorganisms, feed on organic material and develop colonies. When certain types of
colonies develop, they can present significant health risks to human inhabitants [D] who
experience prolonged exposures. Additionally, moisture is a major constituent to
corrosion in iron. Thus, saturated mass walls and bulk moisture transport create
undesirable conditions.

5.3.2

Cleaning Techniques

The Cornwall Iron Furnace is constructed from a collection of materials, originally found
in the surrounding terrain. The stone most often used in the building is sandstone.
Sandstone is relatively porous and permeable. As moisture evaporates from the stone,
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this fluid, containing material dissolved from within the stone, is drawn towards the
surface where it evaporates. As water leaves the surface, any soluble materials are
deposited at the surface. Such movements from within the sandstone can result in
staining at the stone’s surface [T], and other problems.
With time, the surface quality of masonry changes. Typically, this degradation is caused
by biological and non-biological soiling. Biological soiling is the result of organic
growth on and within the stone. Microorganisms, such as algae, mold, and fungi can
oxidize or reduce chemical pollutants. They can also significantly influence the inherent
pH of the stone. Non-biological soiling is the collection of dirt, dust, or smudges incident
to the environments surrounding the masonry units. Each type of soiling is a detriment to
the appearance of masonry, and must be periodically removed by cleaning.
Due to the historic nature of the Cornwall Iron Furnace, great care must be taken in
cleaning the structure. Inappropriate cleaning can irreparably damage masonry, and
cause significant structural issues. In this type of building, it is preferable to solve all
cleaning needs by using the mildest methods possible. When cleaning historic structures,
the primary objective when cleaning is to preserve all elements. If the wrong procedures
are used, irreplaceable historic elements may be damaged. Therefore, great care must be
exercised when cleaning this building, and proper preparations must be completed prior
to performing any cleaning procedure.
Although the scope of this project was designed address the furnace stack, similar
cleaning techniques could be applied to clean the rest of the structure. See Section 6.1.2
for more information.
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6.0 OBSERVATIONS AND FINDINGS
6.1 SITE OBSERVATIONS
The following sections document observations pertinent to this report. The locations
described are titled as shown in Figure 43. Please note that project directions are used
throughout the report, rather than true cardinal directions.

6.1.1

Moisture Migration and Masonry Deterioration

6.1.1.1 Overview
The site of the Cornwall Iron Furnace experienced significant changes since its inception
in the middle 1730’s and 1740’s. As the site aged, it was modified by changing
environmental surroundings (e.g. weather changes and water table fluctuations), civil
improvements (e.g. surrounding road, town, and infrastructure construction), structural
renovations (e.g. evolution from the first furnace stack to the current structure, water
wheel orientation change, and
water wheel elimination), and
smelting practices (e.g. on-site
byproduct deposits). Originally,
the movement of water through
the site was not only preferred;
it was necessary.
Although the stream used
hundreds of years ago has been
diverted, water continues to
flow freely through the site of
the Cornwall Iron Furnace.
According to grade evaluation
and documented observations, Figure 8 Low Roof
site water flows from project
north (at the Visitor Center) to the south (Casting Room). It is inferred that subgrade
moisture moves in the same nominal direction. As the ground water migrates through the
site, it diffuses throughout surrounding soils and seeps into the structural walls, greatly
increasing moisture content within the building and promoting deterioration.
6.1.1.2 General Exteriors
• Site soils retain moisture and are often in saturated conditions between the Wheel
Room and Visitor Center, specifically near the low roof of the Wheel Room. The
soils at this location are often wet and give a muddy appearance.
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• The gutters are too small for roof surface. The gutters often overflow, spilling within
feet of the building. See Figure 8.
• Charcoal-based soil does not drain well, and can retain moisture. Dense layers have
been formed in the surrounding areas. This may affect subgrade water movement.
• The exterior retaining wall, extending west of the furnace stack, displays signs of
mortar deterioration and significant
organic growth. Plant roots extend
through empty mortar joints and
organic
growth
exists
at
the
wall/building interface. The organic
growth resembles that found on the
furnace stack and exterior wall
perimeter. See Figure 9.
• At the same interface, moisture lines on
the building indicate that water enters
the building from behind the retaining
wall, and shows that ground water does
flow in this direction.
• Window wells on the west Casting
Room wall are not equipped to drain
water. Any snow or water entering
these pits will collect, and slowly enter
the building through window openings.
See Section 6.1.1.5.1 for interior
conditions.
• The exterior perimeter of the Casting
Room is covered with green and yellow
organic colonies, especially within 2’ of
Figure 9 Organics at Retaining Wall
exterior grade (See Figure 10).
• Drain, located at the southeast exterior corner of the casting room, is ineffective
below street level; it sits on impermeable asphalt.
• In several locations within the building, mortars remain intact where the stone
masonry units have spalled.

24

Figure 10 Organics at Building Perimeter

6.1.1.3 Charging Room
• The charging room walls are in better condition than most found in the lower levels.
• Near the charging hole, four notably different mortars exist, overlapping. It is
apparent that each mortar was applied at different times. Mortars found elsewhere
within the room have uniform consistency, and seem to be applied at the same time.
• In the wall adjacent to the charging hole, extensive spalling of the stone is
observable, especially in locations where repair mortars have been used.
• Weathering near doors and windows is evident by embrittled local mortars. When
brushed lightly, dirt and sand are easily removed.
• Interior sandstone block is not displaying adverse signs of deterioration.
6.1.1.4 Wheel Room
• Masonry in the Wheel Room displays serious signs of degradation and water
intrusion into the building.
• Serious degradation and vegetation growth consistently observed on the north wall;
subgrade soil penetrates the void joints and permeates through them. Root structures
extend into the wall from the exterior.
• The north wall is in a retaining condition with a 15'-25' fill height. Lateral earth
pressure is visibly affecting some areas, creating rifts.
• After several days of heavy precipitation, masonry becomes visibly saturated and
subgrade soil flows freely into the building. Small pieces of mortar have collected at
the interior base of the wall, as evidence of erosion.
• Standing water exists year round in the trench beneath the wheel. Measurements,
taken from an attached ditch, support the inference that the standing water represents
the current water table. When an increase in the water level was observed, it
appeared that the interior conditions seemed to saturate proportionally. Throughout
the length of the project, the depth of the standing water fluctuated, but never
completely receded.
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• Standing water exists year round in the trench beneath the wheel. Measurements,
taken from an attached ditch, support the inference that the standing water represents
the current water table. The water level was measured using a dipstick over the first
month of the study, with only small variations in the water level observed—
subsequently, the water level was found to be almost constant by visual observation.
When an increase in the water level was observed, it appeared that the interior
conditions seemed to saturate proportionally.
6.1.1.5 Casting Room
6.1.1.5.1

General Room

• Mortars found throughout most of the casting room are in poor condition, showing
signs of deterioration on each wall.
• After heavy precipitation, a significant amount of standing water collects, primarily
along the southern interior wall. As this water drains, it erodes pathways in the sand.
Large drainage holes have formed along the perimeter of this room.
• Water lines exist on the east, south, and west interior wall faces, approximately 2-2½’
above the interior ground. Patterned efflorescence indicates that bulk water continues
to infiltrate the walls repeatedly from the ground, upwards into the wall.
• On the interior and exterior faces of the perimeter wall, green organic growth is
evident, especially within 2’ of grade.
• Severe deterioration, marked by mortar sand deposits, exists around window and door
openings. The collections display characteristics of erosion, rather than spalling.
• Window openings, primarily along the west wall interior face, are saturated due to the
pits outside.
• At the interior perimeter of the Casting Room, water lines appear at approximately 12 ½’ above interior grade.

Figure 11 Condensation on Interior Members
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6.1.1.5.2

Furnace Stack

• Water lines, marking saturated masonry units, continually exist within two feet of the
bottom of the stack. This indicates water intrusion from the bottom of the stack,
upward.
• Frequent condensation is noted on exposed iron members.
• Rust deposits, originating at protruding iron members, show drip and sweat patterns
on the face of the stack. See Figure 11.
• Efflorescence, primarily on the south face, has accumulated, creating a white, chalky
film (approximately ¼” thick, in some places). This accumulation seems to be
centered about the tapping hearth, and covers a large portion of the face.
• Organics, distinctly visible as a forest-green shade, stands out from the masonry it
grows on. This organic growth is concentrated in well-lit areas, especially adjacent to
large, nearby windows.
Although this implies that the colonies rely on
photosynthesis, this cannot be verified by inspection; the windows may only provide
the radiant warmth necessary to sustain life. Due to its resilience to extreme
temperature, and lighting conditions, the growth can be deduced to be algae.
• Mortar conditions vary with location. Areas that experience consistent wet conditions
tend to display deteriorating mortars.
6.1.1.6 Copper Room
• Water lines, similar to those visible in the Casting Room, exist at the perimeter of this
room and at similar heights.
• Streamlines, created by standing and draining water, are apparent; these are similar to
those in the Casting Room.
• Organic growth, similar to that in the Casting Room, is noticeable in localized areas.
6.1.1.7 Roof & Drainage Conditions
• At the north exterior face of the Wheel Room, a bent gutter is ineffective for water
collection. Due to the roof pitch and smooth shingles, water reaches the gutter system
with enough velocity to pour over the gutter, instead of being collected by it. Water
frequently spills onto the ground, directly above the north wall of the Wheel Room.
Spilling is intensified with leaf blockages, melting snow, or heavy rainfall. See
Section 6.1.1.4 for interior conditions.
• Gutter systems on the Casting Room roof are displaced in a similar fashion to those at
the Wheel Room’s low roof (Figure 8). Consistently spilling water is evidenced by
splash marks and organic growth at the exterior perimeter walls.
• As discussed below, downspout collection points at the base of the building may be,
or have been, improperly connected (as evidenced by water lines and organic
growth).
• In several locations, particularly at the boiler vents and Casting Room roofline,
flashing needs to be detailed and installed or repaired.
• Flashing at interface locations is in need of repair; some slate shingles are cracking.
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• Low points at the east exterior face of the Casting Room, including window cutouts,
commonly collect standing water.
6.1.1.8 Rexmont Road Drain
• Rexmont Road, passing the Cornwall Iron Furnace at the southern exterior, is graded
to shed water north towards the Furnace. Although a drain exists on its northern
edge, its attached collection basin is shallow. During heavy rains and snow, water
observably spills over the basin, and into the site.
• The collection channel, mentioned above, is located several feet above the Casting
Room floor, offset approximately 1’ from the southeast exterior corner.

6.1.2

Efflorescence and Organic Growth

• Organic growth is concentrated near areas that experience increased moisture content,
at the interior and exterior faces. In the interior, this includes the furnace stack,
Casting Room and Copper Room building perimeters, and at interface conditions in
the Wheel Room. At the exterior, it is concentrated at roofline discontinuities, wall
faces near the Rexmont Road drain, drainage downspouts, and indented
ground/building interfaces.
• Layers of white chalky substrate, combined with green organic growth, are easily
located, especially concentrated at locations in the lower levels of the Furnace. Most
visible efflorescence is located on the stack, but some white deposits indicate
efflorescence at areas that commonly experience high saturation levels. The Wheel
Room pit, beneath the wheel, is one such area. At the Casting Room and Copper
Room perimeters, efflorescence is apparent in varying degrees of severity.
• Salts exist within the furnace stack.
• Organic growth is visibly severe on the furnace stack, but also exists on the interior
perimeter wall faces of the Casting Room.
• Organic growth is visible at the exterior perimeter of the lower levels of the building,
and at the retaining wall/Wheel Room interface.
• Efflorescence is apparent in the Wheel Room pit, and is particularly severe at the
south face of the furnace stack.
• At interior perimeter faces, water lines exist at consistent elevations.
• At the east exterior face, water collects and dries slower than other sections of the
building; large amounts of organic growth appear at this face. The increased standing
water/moisture collection risk is evidenced by snowdrifts, melting well into the
spring, and spongy, soft soil throughout the year.

6.1.3

Survey of Embedded Metals

6.1.3.1 Historical Significance
Throughout the life of the Cornwall Furnace, the building was continually updated and
renovated. With each renovation, older, outdated structures were incorporated into the
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new additions. This approach has produced a building with a conglomerate of building
styles. The construction theme of each seems to reference a different point in time,
mainly utilizing wooden post-and-lintel and Gothic Revival masonry techniques
throughout the bulk of the building. Roman masonry arches were also used in a later
renovation, to support the heavy north side of the furnace stack.
The use of iron in buildings was a relatively new procedure in the industry when this
structure was built. Ancient civilizations had limited success with iron due to its brittle
nature, and did not have the technology necessary to produce it effectively. In the years
preceding the Cornwall Furnace’s erection, ironworkers began to use charcoal, instead of
wood, as a heating fuel. As the iron melted, carbon was naturally injected into the mix,
resulting in iron with workable qualities and enabling the industrial success of early
ironworkers.
In the early 18th century, iron was expensive. The new iron smelting procedures were not
streamlined for mass production, and the demand for iron was high. Therefore, the use of
iron as structural building members was quite limited. For example, the first iron-framed
building was not constructed until 1797; over forty years after the Cornwall Iron Furnace
was started.
Tie bands, members wrapping the body of
the furnace, were implemented to
counteract the stack’s tendency to swell.
Each band has a rectangular cross section,
measures approximately ½” wide by 3”
tall, and would be able to support a tensile
load of several thousand pounds. As the
stack’s volume increases (with heat),
outward pressures force the tie bands to
develop tensile stresses, counteracting the
masonry’s expansion. In doing so, the tie
bands prevent the stack from expanding to
failure. See Figure 12.

Figure 12 Typical Lintel

At the corners, each external tie band is
connected by a limited slip adjustable
slotted connection. At other splice points,
connections were installed as shown at in

Due to the consistent elevation of anchoring members, it is possible to suspect that
internal iron structure exists within the stack by visual inspection. See Figure 48 and
Figure 49 for iron band locations in the furnace stack. If it does, the condition of this
substructure is unknown.
The visible amount of corrosion varies as a function of elevation; bands located at lower
levels display more oxidation product than those at higher levels.
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The embedded lintels, acting as
beams
rather
than
tensile
members, are found in two distinct
locations: in each tapping hearth
(L1) and at elevations noted L2
and L3 in Figure 14). The lintels
in the tapping hearth have Figure 13 Typical Tie Band
substantially larger cross sections
than the tie bands, estimated at 8” wide by 8” tall. At elevations L2 and L3, the
embedded lintels are considerably smaller, and visibly span a large portion of the stack’s
width. These lintels only exist at the project north and south faces, which were
reportedly constructed several years after the east and west faces [A]. See Figure 13 for a
typical L1 lintel.
Although the hearth lintels are anchored within the structure, it cannot be visibly deduced
whether they are linked electrically or mechanically.

Figure 14 Iron Concentrations in the Cornwall Iron Furnace stack.
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6.2 FINDINGS
6.2.1

Moisture Migration and Masonry Deterioration

6.2.1.1 Moisture
Based on visual observation, moisture is easily moving through the mortars of the
Furnace. This tendency promotes an accelerated degradation of mortars, accumulation of
efflorescence, organic material growth, spalling, and deterioration of iron elements.
Moisture consistently wicks upward into the furnace stack, but this is not the only source
of moisture. Figure 15b) shows visible moisture over 20’ above grade. As this sort of
rise is not usually associated with capillary action, so the roof is apparently also a source
for bulk water intrusion.

Figure a)
Figure c)
Figure b)
Figure 15 Mortar Deterioration and Moisture Movement
a) Deteriorated mortar joints, b) moisture moving through the stack, c) spalled sandstone block

6.2.1.2 Mortar Deterioration through Movement
The Cornwall Iron Furnace, with mass masonry walls as a primary construction, has been
renovated and updated multiple times over hundreds of years. Today, the Furnace is not
a uniformly constructed building; rather, it is a conglomerate of building styles and
materials. Some methods have worked well with the building, and others have promoted
premature deterioration.
By visual observation, it is often possible to distinguish between previously used mortar
types (See Section 6.1.1). Throughout the building, vacant joints mark the voids where
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soft mortars have vanished. Sand and dust deposits, collecting in piles beneath empty
joints, are all that remains of these mortars. Cyclic movement is responsible for this
deterioration (often as thermal expansion and contraction); due to attrition as the masonry
units undergo relative cyclic movements. In addition, lime mortars can be easily washed
out by water in some locations. The mortars, being the softest element, are weakened. In
Figure 15a), notice the light-colored mortar remnants at the bottom right of the
photograph. This mortar degeneration is likely due to a combination of thermal
movements, freeze/thaw cycles, and moisture.
Although it is not desirable to allow the mortars to deteriorate to this extent, this response
mechanism is preferable to the response of masonry units confined by hard mortars. By
allowing mortars to act as expansion joints, the stone masonry units are preserved at the
expense of the mortars. Mortars can be replaced, repaired, or replicated; historic masonry
stone cannot. When masonry units are strictly confined to exist within a grid of strong
mortar, its natural tendency to move, expand, or contract is restricted. As the stones are
confined in their movement, internal stresses are generated by boundary conditions.
When they exceed the strength of the sandstone, the unit is damaged. The sandstone
fragments and spalls. See Figure 15c) for an example.
In several locations within the building, the stones have spalled significantly. In most of
these cases, excessively strong mortars, once framing the sandstone units, still maintain
the shape of the spalled sandstone after it fell. Although it is important to maintain a stiff
exterior wall system, the strength of any repointing mortar must be regulated to coexist
with the sandstone. The selection of mortars for repair is described in Section 9.3 based
on the experiments described in Section 7.0.
6.2.1.3 Interior Water Sources
6.2.1.3.1

Wheel Room

In the 18th and 19th centuries, mountain streams once provided the furnace with hydraulic
power necessary to compress its large blowing tubs. Although this process has been
updated to the steam engine, the mechanical systems of the original water wheel still
stand as evidence of what used to be. When the Cornwall Iron Furnace was constructed,
it was designed to incorporate a millrace; remnants of the original ductwork parallel the
public driveway today. The flowing water that once drove the furnace is now at the root
of many of the observed problems.
One possible explanation lies within the building’s sequence of renovations. The current
wheel is aligned perpendicularly to the highest exterior elevation gradient, but this has
not always been the case [A]. In the early 1800’s, the wheel was updated to this
configuration in conjunction with some stack renovations. As it was updated, the
orientation of the overshot wheel changed, resulting in the need to change site water
management.

32

Based on current site elevations [A] water flows in a southern direction, and intersects the
north wall of the Wheel Room. As mentioned in Section 6.1.1.4, this wall is very deep
and susceptible to water/soil intrusion, and seems to be impacted significantly by water
movement. Based on observations of water lines, organics, and the appearance of bulk
moisture (near the exterior retaining wall pictured in Figure 9) the north retaining walls
experience a significant amount of water flow. Therefore, subgrade water does appear to
be infiltrating the structure through this wall.
6.2.1.3.2

Water Table - Water Wheel Pit / Tailrace

The Wheel Room, built to accommodate its 24’ diameter water wheel (Figure 16),
blowing tubs, and air transport systems, has been retrofitted as a slave to the steam
engine. As the structure was updated for the steam engine, much of the original
configuration was left intact, including the depressed raceway beneath the wheel. This
channel, once used to transport water away from the
turning wheel, is approximately 5-10’ beneath interior
grade. Although the water wheel has not been used for
over one hundred years, the channel floor is still
submerged. A grated drain, used to transport water from
the trench, is still operational (but also submerged).

Figure 16 Water Wheel

Aside from the drain, there are no directed sources of
water into the channel. The supply raceway, currently
located north of the visitors’ driveway, has been
disconnected for over one hundred years. Additionally,
according to sedimentation patterns, it is unlikely that the
drain has positive slope for drainage. Therefore, the
water collection beneath the wheel most likely
accumulates from below grade as a primary source.

According to fluid dynamics, water pressures tend to equalize surface elevations in an
open system. This elevation likely represents the local water table. The water table,
defined as the upper limit of ground saturation zones [Q], fluctuates from 6” to over 2’
above the channel bed. The pooled water’s consistency, appearance, and elevation
(relative to surrounding natural grade) indicate that this represents the local water table.
If this is the case, the lower rooms of the Cornwall Iron Furnace appear to be very close
to this water table; and flow rate mitigation would require substantial local rerouting
efforts at the building or site perimeter.
6.2.1.3.3

Capillary Rise

Water lines throughout the building, especially in the furnace stack, suggest that capillary
rise of water exists within the building. Salts, deposited as the ground water evaporates,
collect on masonry faces, indicating saturation elevations.
After repeated
saturation/drying cycles, distinct lines form, as water lines. By continually monitoring
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residual water lines in the Casting Room, furnace stack, and surrounding areas with
consistent elevations, it is evident that bulk moisture is entering the structure through the
floor. See Section 6.1.1.5 for observations.
Photographs and observable data indicate that the base of the structure is being saturated
from capillary action. Capillary action, as defined by the American Ground Water Trust,
is “the natural occurrence of water in contact with, but rising above the water table.
Caused by surface tension forces in the pore spaces in the rock, soil, or vegetation layers
that are not fully saturated. In permeable formations with fine pore spaces, capillary rise
of water can be as much as 6 feet above the water table. This is known as the ‘capillary
fringe’ of an aquifer [Q].”
Although detailed mapping of the aquifer beneath the Casting Room is unavailable, all
evidence indicates that the water table, located several feet below interior grade, acts as a
moisture source. From this source, water creeps through the pores of the masonry,
furthering moisture levels and corrosive deterioration.
6.2.1.4 Exterior Water Sources
6.2.1.4.1

Subgrade Water Routes

As iron is smelted, a substantial amount of slag is produced and separated from the iron.
Slag, a combination of unwanted impurities of the smelting process, hardens and
becomes impermeable as it cools. Although modern technology allows slag to be
recycled, this was not always the case. When the Cornwall Iron Furnace was in
operation, it was discarded into the surrounding areas.
Over decades of operation, a significant amount of slag and other smelting byproducts
have accumulated on the site [A]. As the water management system changes, the
hardened deposits of slag may (have) become an integral part of this system,
complicating the aquifer’s water movement. Before deciding upon any acute solutions to
address underground water infiltration, it is important to determine if slag plays a role in
the underground water network.
Subgrade water routes are a major source of water entry.
6.2.1.4.2

Air Movement

The internal environment of the Cornwall Iron Furnace changes very slowly
(characteristic of buildings with mass walls). It tends to maintain temperatures lower
than the outside temperatures, and to have higher relative moisture content.
As warm outside air enters the building, it brings moisture with it. Because the interior
conditions are generally cooler than the outside, this air is cooled, approaching the dew
point inside the furnace facility. As it reaches the cold furnace, water condenses.
Although this certainly occurs on the masonry, it is more noticeable at each iron
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interface. As shown in Figure 11, the members display a significant amount of surface
moisture. Any increased moisture content affects the structure, and contributes to its
deterioration. This particular type of condensation, however, is particularly detrimental
to iron preservation.
Due to photographic and observational evidence, the condensation of water is considered
a major source of moisture entry.
6.2.1.4.3

Site Drainage

During the siting and layout of the furnace, a site with a direct water source was selected
to accommodate the water wheel. This site is terraced to an approximately level
condition, but surrounded by high slope gradients [A]. It was possibly landscaped this
way to accommodate movement of iron and raw materials. Due to the relative flatness of
each terrace (one at the Visitor’s Center, another at the Casting Room), water probably
runs through the site very slowly. Ground water is likely to run from the north to south,
collecting at the creek below.
In some locations surrounding the building, surface water tends to collect
building (See Figure 44). This is due to flat or negative grading, toward the
When water puddles at the building envelope, it has a greater opportunity to
building. When placed in water, mass walls act as sponges, soaking any
moisture. When windy, water is driven into the Furnace by exterior
differentials.

near the
building.
enter the
available
pressure

Due to consistent wall saturation, drips, water lines, and sediment collections, the site
drainage into the building is considered a major point of moisture entry.
6.2.1.4.4

Roof and Drainage

As described above, the roof is another significant point of bulk moisture entry. Due to
the condition of the flashing, gutters, and shingles, the roof is allowing water into the
building. Based on the observations above, the roof is considered a major point of entry.

6.2.2

Efflorescence and Organic Growth

Locations of efflorescence and organic growth are clearly marked within the building by
flaky salt formations, water lines, and large green colonies. Simple observations provide
evidence that most of these formations exist in or around areas that experience heavy
moisture. Efflorescence is visibly heavy at the furnace stack and Wheel Room pit; the
organic growth is found throughout, usually in damp areas with indirect sunlight.
It appears that efflorescence and organic colonies only exist in areas that maintain
optimal ratios of sunlight, moisture, and nutrient/salt supplies. Each problem,
efflorescence and unwanted organics, are not building-wide problems; they only
accumulate in areas with specific environments.
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6.2.2.1 Efflorescence
Although efflorescence is found in most commonly saturated areas, the most severe
deposits of efflorescence are found at the furnace stack. This area experiences large
amounts of sunlight daily, and is likely to saturate and dry more quickly than other
interior areas of the building, creating ideal mechanisms for efflorescence creation.
Furthermore, it is possible that remnants of the smelting process exist within the stack,
and contribute salts to the process. Runoff water, contributed by the drain configuration
of Rexmont Road, may also carry salts into the site. Furthermore, there is no evidence of
salt source depletion.
A map showing areas with significant efflorescence and water lines is available as Figure
45.
6.2.2.2 Organic Growth
As observed in Section 6.1.2, colonies of an organic growth that appears to be algae exist
in portions of the building that maintain a certain ratio of sunlight, nutrient supply, and
moisture. Although the amount of sunlight accessible to each colony varies, there are no
colonies in completely dark areas of the Furnace. Evidence of high moisture content, via
masonry saturation, is a common observation at each severe growth location. Due to the
variety of locations and configurations of the colony, it seems that nutrients are supplied
by ground water.
At the exterior, the largest colonies have developed in obvious areas of high moisture
traffic, such as downspouts, rooflines, and building/ground interfaces. In the building
interior, organic growth is usually outlined with saturated masonry and condensation. A
map showing areas with significant organic growth is shown in Figure 46.

6.2.3

Corrosion in Embedded Metals

As mentioned in the general descriptions
of Section 5.1, the process by which
metals corrode is complex. Networks of
iron, like those found within the Cornwall
Iron Furnace, present unique challenges to
this study. Very little is known about the
internal structure’s configuration, and
accurate electrical loops are nearly
impossible
to
accurately
predict.
Although we can make observations based
Figure 17 Exterior Iron Ties
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on historic construction practices, it is important to note that the Cornwall Iron Furnace
was more of a ‘work in progress,’ built by many people over many years. This leaves the
configuration of internal structure uncertain.
However, the rates of corrosion within the structure can be measured to a reasonable
level of accuracy, and can be controlled. Based on visual observation alone, the amount
of corrosion changes as a function of elevation above ground. For example, similar
structural members existing high in the stack display notably less rust than their lower
counterparts do. This is undoubtedly due to the vertical path of moisture or electrolytes
through the stack. While bands near the bottom of the stack are in contact with moisture
frequently, bands at higher elevations are more rarely in contact with saturated masonry
for prolonged periods.
See Figure 17 for a photograph of the exterior ties. Compared to the iron members inside
the building, these exterior members display few, if any, signs of corrosion while being
continually exposed to outside weathering. This contrast in condition attests to the
severity of interior conditions within the furnace stack. In spite of fluctuations in the
exterior environment, the interior of the building is providing a consistent corrosive
environment. This is evident on the iron
bands within the building.
It is noteworthy that corrosion product is
concentrated in areas that display high
moisture content for an extended time, and
where efflorescence and organic growth
are present.
Based on photographic
evidence, we know the salts exist because
they supply efflorescence and organic
growth. As evidenced by salt lines in
Figure 18, ground water is a major source Figure 18 Water and Mineral Deposits in
for these minerals. Additionally, the same Wheel Room
materials involved in the organic process are involved corrosion reactions within the
furnace stack. The same nutrients and byproducts of organics/efflorescence, increased by
internal chemical production and fed by the ground water influx, affect the pH heavily.
Thus, it appears that the groundwater and salt in Figure 18 affect the organics,
efflorescence, mortar deterioration, and corrosion processes.
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7.0 EXPERIMENTS
7.1 CONTINUITY/RESISTANCE TESTING
7.1.1

Background Testing Information

Although the Furnace that exists today was mostly built in the 19th century, very little is
known about the construction of its embedded iron members. In order to investigate the
proper corrosion mitigation techniques, a survey of all internal structure was conducted
on the furnace stack.

7.1.2

Purpose

The electrical loops that exist within the iron substructure have been determined by
continuity tests, which also give information regarding internal iron structures.

7.1.3

Procedure Abstract

The existence of continuity within the furnace stack was investigated by connecting
resistance/continuity measuring equipment, and preparing proper, inconspicuous test sites
throughout the array of exposed embedded iron:
Iron
1. Equipment:
multimeter, 100’ modified copper jumper wire, copper
adhesive/conductive tape, grinding tools, personal protective equipment, and
miscellaneous materials.
2. Prepare sites. When electrical conductivity is prohibited by thick layers of
oxidation, remove the oxidation layers for a 1 sq. in. area. Two sites are needed
per test: one for a test electrode, another for a counter electrode.
3. Clean each site by damp cloth. Remove moisture by torch or other heat.
4. Attach a test wire to each site by means of conductive copper adhesive tape. Test
and record the resistance of the electrical tape, and ensure proper continuity to test
sample.
5. Attach jumper wires to the test wires, by alligator clips.
6. Attach multimeter test leads to jumper wires sequentially.
7. Record and repeat.
Results are listed in Section 8.1.
Mortars
1. Equipment: multimeter, copper jumper wire, copper adhesive/conductive tape,
personal protective equipment, and miscellaneous materials.
2. Saturate mortars in a 5% volumetric salt-water solution to simulate natural salty
conditions. The sitting time is dependent on the results in Figure 26.
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3. Prepare sites, by filing rough edges. Two sites are needed on each side of the
cube per test: one for a test electrode, another for a counter electrode.
4. Clean each site by damp cloth.
5. Prepare a test site by molding the conductive copper adhesive tape into a flat
node.
6. Attach a test wire to each site by means of conductive copper adhesive tape. Test
and record the resistance of the electrical tape, and ensure proper continuity to test
sample.
7. Attach jumper wires to the test wires, by alligator clips.
8. Attach multimeter test leads to jumper wires.
9. Record and repeat.
Results are listed in Section 8.1.

7.2 HALF-CELL POTENTIAL TESTING
7.2.1

Background Testing Information

For corrosion to occur naturally at the Cornwall Iron Furnace, anodic and cathodic nodes
must exist within a closed electrical loop. These sites may be located internally (within
the same material), or externally (two distinct nodes, electrically connected). At each
node, individual reactions, typically referred to as half-cell reactions, occur. Two halfcell reactions produce a full circuit.
Voltage, a measurement describing the relative electric state between two points, cannot
be measured on a half-cell reaction directly. Thus, an alternate method must be used to
determine the corrosive tendencies in the Cornwall Iron Furnace’s metal constituents. It
is common practice to electrically introduce a Copper/Copper Sulfate (Cu/CuSO4)
electrode to the system as a reference, and measure the system’s voltage relative to it.
Essentially, it is important to identify how susceptive a metal is to lose or acquire
electrons. This test is designed to establish if corrosive processes are active within a
system. Although half-cell potential tests are widely used to test concrete reinforcement,
they have been modified slightly to examine the structure within the Cornwall Iron
Furnace.
% Chance of steel
Potential (V vs. Copper/Copper
reinforcement being
Sulfate Electrode)
corrosively active
-0.200 < V
90% probability of no corrosion
-0.350 < V < -0.200
chance of corrosion
V < -0.350
90% probability of corrosion
Table 1 Half Cell Potential vs. Corrosion Activity
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Note that the values in Table 1 are not related to rate, nor are they absolute. Rather, they
are indications of the opportunity of corrosive activity, based on mild reinforcing steel in
concrete. Although the corrosion reactions associated with wrought iron are quite
different from those of modern reinforcing steel, Table 1 gives information regarding an
expected range of magnitudes. The results from this test, therefore, may fall into a
different range than reinforcing steel. A modified half-cell examination will be applied to
the Cornwall Furnace, in order to gain information regarding the relative corrosion
potentials at different points within the furnace stack. The iron bands are corroding, and
are corroding quickly based on repeat observations. This test will point out severe
regions of corrosion with respect to those less active.

7.2.2

Purpose

By using the half-cell potential testing procedure, we determined the iron’s relative
propensity to oxidization, based on its half-cell voltage.

7.2.3

Procedure Abstract

Investigate half-cell potentials, at various locations on the structure, as a function of its
propensity to oxidation, compared to a Cu/CuSO4 reference electrode. Apply the
electrode at properly prepared sites, in sequence, to attain corrosion information. As
discussed above, the half-cell potential test was modified from ASTM C876 standard
testing procedures:
1. Equipment: half-cell test apparatus, distilled water, copper adhesive/conductive
tape, propane torch, grinding tools, personal protective equipment, and
miscellaneous materials.
2. Prioritize the importance of structural members by condition, location, and
position, relative to other members. Identify inconspicuous areas for testing sites.
3. Prepare sites. When electrical conductivity is prohibited by thick layers of
oxidation, remove the oxidation layers for a 1 sq. in. area. Two sites are needed
per test: one masonry site for a Cu/CuSO4 reference electrode, another for a
counter electrode.
4. Clean each site by damp cloth. Remove moisture by torch or other heat, to
develop uniform site conditions and remove undesired moisture collection.Attach
a test wire to each site designated for a counter electrode by means of conductive
copper adhesive tape. Test and record the resistance of the electrical tape, and
ensure proper continuity to test sample.
5. Apply reference electrode to masonry site, connect counter electrode clip to test
wire. Due to inconsistent conductivity within the masonry, reference electrodes
must be placed within 2-4 inches of the edge of the sample iron member.
6. To facilitate CuSO4 dispersion within the reference electrode and test site,
distilled water with 5% volumetric sodium chloride [NaCl], 90% pure, is applied
to the spongy applicator. After steadily applying the reference electrode with
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constant application pressure, half-cell measurements converge to a stable value.
The testing time varies.
7. Record and repeat.
Results are listed in Section 8.1.2.
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7.3 LINEAR POLARIZATION TECHNIQUES
7.3.1

Background Testing Information

According to the above descriptions of corrosion in Section 5.1, electrochemical
reactions must occur at anodic and cathodic sites to oxidize iron. As these reactions
occur, electrons are continuously produced and engaged; their movement produces an
active DC current and a measurable voltage.
Although this ideal current is measurable, iron within the furnace
stack presents significant complications to the ‘ideal’ system. In
an ideal system, current moves from an anode of predetermined
shape, material, and size to a cathode, in a controlled, repeatable
fashion. In real systems, such as those found in the furnace
stack, this does not necessarily occur. Here, anodic and cathodic
sites often form in the same material, within a span of several
inches (or less) or many feet (or more). Iron imperfections, such
as pits, granular density irregularities, and nonuniform chemical Figure 19 Sample 3,
composition promote this localized phenomenon, and cause LPR
variance in tests.
While localized corrosion is certainly important in many applications, the rate of uniform
corrosion is of specific interest, and must be reduced to protect the iron substructure
within the Cornwall Iron Furnace. As described above, corrosion rates vary by location
within any network; it is nearly impossible to determine an ‘exact’ uniform corrosion rate
within the structure. Furthermore, detailed, controlled analysis is impossible in such a
large, nonuniform system. Thus, a representative sample was removed from the site, for
laboratory analysis, in a controlled environment.
The linear polarization technique, widely used for corrosion rate and corrosion potential
determination, is administered to the sample. In this experiment, two half-cell reactions
are imitated by creating a galvanic cell (in a strong electrolyte) and imposing a voltage
sweep to the sample. As the voltage changes within the sample, a net current is
measurable within the system.
As the experiment runs, a potentiostat records the resulting net currents and plots them on
a logarithmic scale. Because thermodynamic reactions partially govern the corrosion
mechanism, the experimental output curves provide information regarding the interaction
of these reactions, and give the information necessary to calculate corrosion rates.
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Figure 20 Typical Tafel Region

As shown in Figure 20, measurable anodic and cathodic currents limit the rate of
corrosion when the potentiostat changes the potential of a corrosion cell. These currents,
representing the electrochemical reaction rate at each node, converge to a balanced value.
Corrosion generally occurs at a rate determined by the equilibrium point between these
opposing electrochemical reactions [W]. In Figure 20, a typical real linear polarization
plot (logarithmic) is graphed over an ideal relationship (linear).
The linear polarization test procedure is a laboratory test, and is especially difficult to
apply to large structures. In this procedure, small tokens are removed from the large
structure in their natural state for testing. The tokens should have the same material
properties as the structure, including surface conditions.
Surrounding the outdoor charcoal oven, original structural elements are scattered. In this
debris field, three removable iron samples were found that closely resemble the iron
bands within the interior furnace stack. These pieces, originally a part of that charcoal
oven, are good representations of the stack’s iron structure. Thus, they have been
selected as a sample set; see Figure 19 for an example of the samples.
As opposed to half-cell and continuity tests, the linear polarization tests conducted were
laboratory-based. In these tests, corrosive conditions are provided under controlled
circumstances. See Figure 31 for a photograph of the apparatus. By introducing test
nodes and simulating the conditions under which the test set exists, the linear polarization
testing equipment, called a potentiostat, is able to measure the electrochemical reactions
that occur as a sample corrodes.
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Potentiostats electrically sweep a sample through a span of voltage, in very small
increments. When the potentiostat forces a large positive voltage on the system, the
sample is polarized reacts as an anode by sending electrons into the system. Therefore,
by convention, current is positive and flowing into the sample. The potentiostat measures
the reaction within the sample as a function of imposed voltage, and plots the results.
When the voltage is highly positive, the corrosion cell is governed completely by the
anodic reaction, meaning that the reduction rate at the cathode is near zero. There is no
accumulation of electrons, and the anode can react with the electrolyte without
restriction. When the imposed voltage is highly negative, the system is limited by the
maximum cathodic reduction rate, the accumulation of electrons is at a maximum, and
the anodic reactions are therefore halted.
Electrically, all systems tend to stabilize at neutrality. With time, the reaction rates at the
anode and cathode will also stabilize at a current of Icorr. When left alone, the equilibrium
potential assumed by the metal in the absence of electrical transfers is called Eoc. Eoc is a
‘zero’ value, from which the potentiostat scans positively or negatively [S], [U], [V],
[W].
Although the information presented by the potentiostat can be used to develop ‘real-time’
corrosion rates, Icorr and Eoc are functions of many system variables including type of
metal, solution composition, temperature, solution movement, metal history, and many
others. Therefore, the data collected in this study have been established to assist future
field experiments as a baseline [W].

7.3.2

Purpose

Half-cell potential and continuity/resistance tests give important information about the
electrical properties and the potential for corrosion that exists within the furnace. Linear
polarization testing, however, provides information regarding material properties of a
sample.
Linear polarization (also known as potentiodynamic) tests were applied to the samples
with several arrangements. The effects of cathodic protection via sacrificial anodes were
also investigated.

7.3.3

Procedure Abstract

The corrosion process, a very delicate interaction of material and electricity, is very much
a function of its environment. If a test procedure is deviated from in the slightest, the
results may change drastically. In fact, the sample’s surface changes each time a test is
run. Therefore, it is very important to proceed with each test carefully.
1. Equipment: sample, potentiostat, distilled water, lab frame, personal protective
equipment, solution/electrolyte reagent, and miscellaneous connection devices.
2. Collect samples. Each sample must be small, and maintain surface conditions
similar to those found on the resident structure. Due to the implications of
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3.
4.
5.

6.
7.
8.

removing a sample from the structure, each sample was collected from the ground
outside. Coincidentally, the samples have surface conditions similar to those
found on the stack.
Prepare samples. Although it is not advisable to modify surface conditions, a
clean electrical connection must be made to the sample. Grind a small area to
shiny metal for the attachment of test wires.
Prepare the electrolyte solution. In the tests administered, a highly conductive
solution is produced by dissolving 5% volumetric sodium chloride [NaCl], 90%
pure, in distilled water. Other reagents will produce dissimilar results.
Connect test electrode to sample, via electrically conductive copper tape, solder,
or mechanical method. Mechanical methods are preferred by use of an insulated
clip. Connect calomide reference electrode, and position tip within several
millimeters of the sample, towards center. Connect platinum test rod to the
counter electrode.
Measure solution conductivity, pH, temperature, and make sure that the test can
be left undisturbed.
Position test, reference, and counter electrodes in a fashion to promote uniform
current density throughout the electrolyte.
Set proper test parameters, and begin test.

Results are listed in Section 8.1.3.

7.4 MORTAR REPLICATION
7.4.1

Sample Collection / Mortar Identification

In conjunction with the Noble Preservation, several existing mortar types have been
identified at key points within the Furnace, as discussed in strategy meetings. Noble
Preservation designated several types of mortar, based on spectroscopic and
microchemical testing information, to match existing mortars within the Furnace [Y].
Any deviation in color from application points can be corrected by using additive
pigments. The sand blend on chart below approximates historical mortar color and
particulate distribution as closely as possible.
Sample Set

Mix
2 parts Schofield Barn Red screenings

CHI-O5 Sand (Used 1 part Schofield #181 sand
in mixes below)
0.5 part Schofield Rosebud Pink screenings
0.5 part Schofield #125 sand
Set A

1:1:6 white Portland cement : Ca(OH)2 hydrated lime : sand

Set B

1:2:9 white Portland cement : Ca(OH)2 hydrated lime : sand

Set C

1:3:12 white Portland cement : Ca(OH)2 hydrated lime : sand

Set D

1:2 NHL2 (naturally hydraulic lime) : sand

Set E

1:3 NHL2 (naturally hydraulic lime) : sand

Table 2 Mortar Replication Mixes
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All sands referenced in this analysis are available from:
George S. Schofield Company
Bridgewater, NJ
(800) 82-ROCKS
http://www.geoschofield.com/
All pigments are available from:
Solomon Colors
Springfield, IL
(800) 624-0261
http://solomoncolors.com

7.4.2

Background Testing Information

Due to the discontinuity of the mortar properties currently observable in the Cornwall
Iron Furnace, it is important to establish the physical properties of any repointing mortar
prior to installation. As described above, previous mortars have produced problematic
results. Thus, several test sets were identified, created, and analyzed for strength, color,
and resilience to freeze thaw cycles.

7.4.3

Purpose

In order to complete the required analyses, multiple test sets of each mix (see Section
7.4.1) were reproduced in a fashion similar to ASTM C305 and C109 designation. To
evaluate each set’s properties, 2” cube sample prisms were molded.

7.4.4

Procedure Abstract

According to a modified ASTM (C305 and C109) procedure, each of the mortars listed in
Section 7.4.1 were molded, cast, and cured by the following procedure:
Mixing
1. Equipment: materials listed in Section 7.4.1, industrial mortar mixer, measuring
devices, water, and stir rod.
2. Place all of the mixing water in the bowl.
3. Add the cement to the water, then start the mixer and mix at slow speed until
uniformly mixed.
4. Combine appropriate sands for each set, in proportion, in an industrial mortar
mixer. Add the entire quantity of sand slowly, over a period of a 30s period,
while mixing at slow speed.
5. Stop the mixer, change to medium speed, and mix for 30s.
6. Stop the mixer, and quickly scrape down in the batch any mortar that may have
collected on the side of the bowl.
7. Mix at medium speed.
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8. Make sure that this process occurs as quickly as possible, as to deter premature
curing. Record the date and time.
Molding
1. Equipment: Mortar cube molds, compaction rod, mold release formula, mortar
mix, vibration table.
2. Align each of the mortar cube molds; spray each tray with mold release formula.
At each joint, apply a petroleum grease to seal the opening.
3. Place the mortar mix into each cell, filling each of them to 1/3 of the tray height.
Make sure that this process begins within two minutes of the completion of
mixing.
4. Using the compaction rod, compact each cube by stamping each cube 8 x 3 times.
5. Place each tray on the vibration table, and vigorously vibrate until trapped air
pockets are released.
6. Repeat steps 3-5 until each cube is filled to the top.
7. Using the compaction rod or screed, remove any mortar that extends over the top
plane of the mold, using a knifing motion.
8. Record the date and time of completion.
Curing
1. After molding each of the prisms, place each set in a moist chamber. Make sure
that the supporting surface is level.
2. Record the date and time that each sample enters the chamber.
3. Allow all samples to cure, undisturbed, for 20-72 hours before removing them.
Test samples using naturally hydraulic lime require more curing time. Monitor
their color, feel, and visual moisture content to determine the appropriate removal
time 1.
4. Carefully remove each test set from their tray, minding each of the edges. If any
of the cubes crumble or indent with pressure, do not remove the cubes from the
tray. Allow them additional curing time1.
5. Record the date and time of tray removal.
6. Prop each prism on a grate or perforated tray, allowing air to access all six sides.
7. Allow all cubes to remain undisturbed, at controlled room conditions, for 28 days
(from the molding date).
8. Mark each cube according to test set and cube number.
9. Monitor the weight and compression strength of each set throughout. Take
measurements at the 24-hr., 3, 5, 7, 14, and 28-day lapses1.
Results are listed in Section 8.1.4.

7.5 MORTAR COMPRESSION TESTING
7.5.1

1

Background Testing Information

This step slightly deviates from ASTM procedure, to promote project-specific results.
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The success of mass walls, matrices of units and mortar, is heavily dependent on the
properties of their mortars. Ideally, mortars are required to maintain large compression
strengths for wall stability, but slightly less than the sandstone block. In the event that
mortar strengths exceed that of the sandstone blocks, natural wall movement would result
in significant problems and rapid deterioration.
The ASTM tests that were consulted in the Cornwall Iron Furnace tests are:
• ASTM C140-07 Standard Test Methods for Sampling and Testing Concrete Masonry
Units and Related Units
• ASTM C270-07 Standard Specification for Mortar for Unit Masonry
• ASTM C1209 Terminology of Concrete Masonry Units and Related Units
The ASTM procedure outlined in the compression tests are:
• ASTM C109 Standard Test Method for Compressive Strength of Hydraulic Cement
Mortars (Using 2 Inch Cube Specimens).

7.5.2

Purpose

Adequate resistance to compressive stress is an important requirement when selecting
repair mortars. Tests conducted examine the compression capacity of the samples
described in Section 7.4, before and after freeze/thaw cyclic testing. Incidental
information was also collected and applied to other sections of this report.

7.5.3

Procedure Abstract

Five different mixes, determined by Noble Preservation as candidates for Furnace
repointing, were produced in a controlled laboratory environment. Detailed weight and
compression tests were administered to sacrificial cubes as they cured:
1. Equipment: mortar test sets, compression testing apparatus, sand paper, and cloth
attached to plane surface.
2. After the curing of each sample set, prepare the surfaces of each cube’s plane
surface (those in contact with the vertical faces of the mold). Remove any rough
or protruding edges with light sand paper or cloth (attached to a plane surface).
3. Measure cube to verify consistent 2” dimensions on all sides.
4. Insert test sample into compression testing apparatus, with the prepared plane
surfaces parallel to the compression testing plates.
5. Begin test, applying 25-50 pounds per second 2. This load application rate should
be tailored to each individual test set1.
Results are listed in Section 8.1.4.1
2

ASTM C109 requires a load application of 200 to 400 pounds/second. When applying this load to mortar
cubes, tests did not produce consistent results, due to the generally lower strength of the mortars in this
study. After decreasing the load application rate, test results converged to reproducible values.
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7.6 MORTAR FREEZE/THAW TESTING
7.6.1

Background Testing Information

Located in a mid-Atlantic state, Pennsylvania buildings are exposed to cyclic weather
patterns. In the winter months, regional temperatures often fluctuate above and below the
freezing point of water. This process can quickly deteriorate masonry walls.
When water is above freezing, it maintains liquid properties and wicks into small pores
that occupy the masonry. As temperature drops, the entrained water expands and induces
internal pressure within the masonry. Strong mortars withstand the expansion; weak
mortars crumble, and lose strength significantly. After repeated cycles, visual
observations and compression tests indicate the impact of the repeated cycles, and give
information about the relative resilience of each mortar set to freeze-thaw cycles.

7.6.2

Purpose

To determine the resilience of mortar test sets (described in Section 7.4) to daily freezethaw cycles.

7.6.3

Procedure Abstract

The freeze-thaw procedure, below, is based on a modified ASTM C666 - Standard Test
Method for Resistance of Concrete to Rapid Freezing and Thawing:
1. Equipment: Mortar test specimen, measuring devices, freeze-thaw chamber
capable of maintaining 0°F, water, thawing tub.
2. Using macro photography, document the exterior of each cube prior to testing.
3. Test cubes for compression, using the procedures listed in Section 7.5.
4. Within the thawing tub, arrange each specimen on a perforated stand that allows
water to reach each vertical face and bottom face.
5. Place thawing tub on a level surface.
6. Using distilled water (to avoid secondary interaction of salts with mortar
samples), fill the thawing tub such that each cube is immersed in approximately
1/32” to 1/8” of water.
7. Allow the cubes to sit, undisturbed, at room temperature for 2-4 hours 3. Make
sure that the water is maintained at levels within the limits designated in Step 6 of
this procedure.
8. At the end of the allotted period, observe the differences in water absorption of
each test set.

3

ASTM C666 requires a fluctuation of 0°F (freeze) to 40°F (thaw). A 40°F control chamber was replaced
by room temperature conditions, measured between 69°F and 78°F, which provides ample thawing
opportunity.
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9. Remove the test sets from the thawing tub, and place them on a flat tray,
surrounded by air.
10. Place the tray in the freeze chamber, and leave it undisturbed for at least 4 hours1.
11. Periodically verify that the temperature within the chamber remains at 0°F.
12. Remove sample set from the chamber, record temperature.
13. Repeat Steps 4-12, while tracking the number of freeze-thaw cycles.
14. At the conclusion of the tests, repeat Steps 2 and 3.
Results are listed in Section 8.1.6.

7.7 STONE MASONRY UNIT – MOISTURE CONTENT
7.7.1

Background Testing Information

Some of the masonry units at the Cornwall Iron Furnace maintain water. In an effort to
remove moisture from the structure, an investigation was undertaken into the material
properties of a typical sandstone section by observing its moisture transport mechanisms.

7.7.2

Purpose

To determine the storage capacity (volume of water per volume sandstone brick), of a
typical wall section. If necessary, the results from this experiment can be used in future
drying protocol.

7.7.3

Procedure Abstract

1. Equipment: masonry unit samples, water, tub, measuring device.
2. Dry masonry samples, as sandstone blocks, by allowing them to sit in controlled
interior conditions for 6 months. These samples represent a 0% relative moisture
condition.
3. Break each sandstone block into smaller, manageable specimens. The weight of
each specimen must fall within the scale tolerances.
4. Arrange samples to represent a typical wall section at the Cornwall Furnace.
5. Estimate the volume of this wall section.
6. Weigh each dry sample.
7. Submerge each sample in water.
8. Allow samples to remain undisturbed for several weeks. After this soaking
period, these samples represent a 100% relative moisture condition.
9. Weigh each wet sample.
10. Calculate water density as a function of weight and estimated volume.
Results are presented in Section 8.1.6.1.
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8.0 RESULTS AND INTERPRETATIONS
8.1 RESULTS
8.1.1

Continuity/Resistance Testing

After analyzing the continuity test results, it is clear that internal iron substructure exists
within the furnace stack, and is more intricate than apparent by visual observation. Iron
tie bands and lintels, even where exposed at differing external locations, can be
electrically continuous internally under high moisture conditions.
Several networks have been identified as being able to be electrically continuous, with
characteristic resistances as low as 10 to 10-1 Ω. These measurements prove that
continuity can exist within the structure; however, it was tested four times over 18
months. After the second test, continuity within the furnace was proven dynamic. The
same network, at the next site visit, tested nearly discontinuous with resistances as high
as 106 to 107 Ω. Based on observational moisture conditions within the stack, continuity
measurements changed each time they were tested, in a manner that was difficult to
predict.
High instantaneous moisture content within the structure was largely responsible for
positive continuity testing. In September 2007, the first continuity tests were
administered. Under saturated (moist to
the touch) conditions, many iron bands
were tested continuous. Figure 21, Figure
40, Figure 41, and Figure 42 show this
continuity. Note that electricity was easily
transmitted from face to face, and band to
band. The next month, under dry (dry to
the touch) conditions, none of the bands in
Figure 21 was electrically connected with
each other including bands that seemed to
be touching).
After applying techniques introduced in
Section 7.1, mortars were examined for
Figure 21 North Face Continuity Map, Saturated electrical continuity. Slightly moist cubes
were tested at 105 Ω, while saturated cubes
Conditions
resisted current at 103 Ω. Although this
resistance is much larger than that of the iron bands, this experiment proves that
electricity can be transmitted, at least partially, by mortars. See Section 8.2.1 for a
possible explanation.
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Sample sets of stone blocks were removed from the site, and tested by methods similar to
the mortar cubes. The saturated rock was not conductive to the testing capabilities of the
multimeter. After introducing salt (NaCl as an electrolyte) to saturate the rock,
resistances did not change.

8.1.2

Half-Cell Potential Testing

Although the half-cell potential of reinforcing steel vs. a copper/copper-sulfate electrode
generally ranges from -50 mV (passive) to -600 mV (active), it is the standard convention
to report the absolute value of the half-cell potential. This practice is continued in Table
3.
After testing the structure, the half-cell potential tests ranged from 250 mV to 560mV, by
location. The estimated measurement error is ±15 mV at each location.
When testing the embedded hearth lintels (h ≈ 3’ above ground) and other lower level
points, results varied significantly from the members tested at increased elevations. A
summary of the test results, averaged by grouping points at given elevations above grade,
is presented in Table 3.
Elevation (relative to ground),
Bulk Connection

n

Min (m V)

Max (m V)

Mean

Std. Dev

Mode

Low (h ≈ 3'), Embedded

17

540

575

554.1

9.2

550

Middle (h ≈ 7.5'), Exterior

14

250

475

353.9

67.5

362.5

Middle (h ≈ 7.5'), Embedded

13

375

450

412.7

19.3

415

High (h ≈ 25'), Embedded

10

250

320

282.5

22.6

277.5

Table 3 Half Cell Potential vs. Elevation

In Table 3, note the variation of the half-cell measurements by location and local
environment. Due to constraints at testing locations, a large data set was not possible.
Although the specific data was not retained, approximately five out of ten of the chosen
sites did not yield reliable results. Either the readout fluctuated significantly (and did not
stabilize), or the site could not be sufficiently saturated.

8.1.3

Linear Polarization Results

The data collected in Figure 22 can be used in calculation to determine instantaneous
corrosion rates in the collected iron samples. Out of the three samples, one sample was
found in the grounds under circumstances that resembled those found in the Cornwall
Iron Furnace most. This sample (designated Sample 1) is more similar to interior iron
members in sectional size, surface condition, and shape than the others. The graph is a
representation of the data gathered from a sequence of linear polarization tests of Sample
1. The evolution of reactions from Test 1 to Test 10 is described in Section 8.2.3.
After administering linear polarization tests, data sets were produced for each sample. In
Figure 22, the corrosion reactions are displayed for a scan of voltages. On the diagram, a
negative plot corresponds to the sample’s imposed cathodic (reduction) reaction
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responses while the positive are anodic (oxidation). See Sections 5.1 and 7.3 for more
information regarding this process. The voltage in such a test is relative to a reference
cell; in this case, a saturated calomel reference electrode was used. This reference has a
characteristic potential of 245 mV greater than the standard hydrogen electrode [S], [U],
[V].
Specific information gathered from these tests, in Figure 23, is presented as a linear
regression plot of the data recorded in Figure 22. The anodic and cathodic reactions
interact as the applied voltage approaches Eoc; these voltages can be used to determine
active corrosion rates. As described in Section 7.3.1, material and boundary-specific
information is necessary to calculate a corrosion rate (typically in mils/year).
-2.00E-01
-2.00E-02

-1.50E-02

-1.00E-02

-5.00E-03

0.00E+00

5.00E-03

1.00E-02

1.50E-02

2.00E-02

-3.00E-01

Sample 1 [Potentiodynamic Curves]
-4.00E-01
Above Eoc, iron sample is
sending electrons to the
counter electrode, and is
anodic (oxidizing)

Voltage, V

-5.00E-01
Below Eoc, iron sample is
receiving electrons from the
counter electrode, and is
cathodic.

-6.00E-01

Eoc (open cell/balanced condition)

-7.00E-01

-8.00E-01

Test 1
Test 6

-9.00E-01

Test 10

Current, A
-1.00E+00

Figure 22 Actual Linear Polarization Maps, Sample 1

A linear regression analysis was done on Sample 1 to determine the behavior of this
sample near Eoc; the results from this test can be found in a linear regression found in
Figure 50.
After testing each sample individually, they were coupled with a zinc sacrificial token. In
Figure 22, a response current was measured for a sample iron token. In the bottom curve
of Figure 23, the response current was measured for the same iron, electrically attached to
a zinc token. The resultant measurements shifted significantly.
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LPR: Sample 1 vs. Sample 1 w/Zinc Sac.
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0.00E+00
0.00001
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0.001
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0.1

1
-2.00E-01

Voltage (V)

Sample 1 (solo),
1.50275E-05, -5.70E-01

-4.00E-01

-6.00E-01
Sample 1 (w/anode)
Sample 1
-8.00E-01

Sample 1 (w/anode),
1.0323E-05, -1.06E+00

-1.00E+00

-1.20E+00

-1.40E+00

-1.60E+00

Current (log i)

Figure 23 LPR: Test Sample 1 vs. Sample 1 with Zinc Sacrificial Anode

As described in Section 8.2.3, the shift in potential shown above (Figure 23) changes the
electrodynamic tendencies of the system, creating circumstances that can significantly
reduce the opportunity for corrosion to occur within the structure. Compared to the solo
test of Sample 1, the open cell potential shifts negatively, or cathodically. Essentially,
this indicates that the iron sample is significantly less likely to disassociate and supplying
electrons to the cell. In fact, by attaching the zinc anode, the iron was visibly protected
from corroding; see Figure 31 for a photograph taken during the plot above and Section
8.2.3 for further discussion.

8.1.4

Mortar Replication

Each mortar mix, designated Set A through E, were molded by the procedures outlined in
Section 7.4. As each test set was prepared, the differences between the sets became
apparent. General observations from each replicated mortar set are listed below:
8.1.4.1 Mixing
Mortar Sets A, B, and C, each Portland/lime mixes, displayed characteristics that
distinguished them from those that used naturally hydraulic lime as binders. In the
mixing process, Sample Sets A, B, and C tend to set more quickly than Sets D and E, and
are easier to manipulate by hand.
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8.1.4.2 Setting
In order to be ready for mold removal, each set must be stiff, dry, and not chip or separate
when removed from the mold. To study the curing requirements and moisture response
of each sample set, all mortars were closely monitored. The collected data is presented
below.
Sample Set

Curing Time

A

24 hours

B

24 hours

C

48 hours

D

72 hours

E

72 hours

Figure 24 Sample Set
Curing Time

At that time, Sets A and B were obviously ready for mold
removal. They were stiff, dry, and did not chip or separate
when removed from the mold. Under the same requirements,
Set C was slightly wet, and given more time to cure. Sets D
and E were removed after a 72 hour lapse, but may benefit
from additional controlled curing time in future tests. See
Figure 24 for the moist room curing time observed for each
mortar set.

As each mortar set cured to 28 days, the weight of each cube was monitored at the
intervals specified below. The results from these tests are compiled in Table 4:
Portland and Lim e
Mixes

Day 3

Day 5 Day 11 Day 28

Naturally Hydraulic
Day 3
Lim e Mixes

Set A
Average Weight (g)
Std. Deviation

Day 5 Day 11 Day 28

Set D
285.87 267.59 264.79

Minimum Value (g)

269.80 250.70 247.80

247.20

Minimum Value (g)

249.80 238.00 232.10 231.60

Maximum Value (g)

311.10 291.80 288.60

282.90

Maximum Value (g)

265.20 251.80 248.00 246.10

Median

284.80 265.90 263.10

265.25

Median

257.50 247.30 241.95 239.70

21.00

19.00

14.00

Std. Deviation

258.06 246.20 240.46 238.95

10.00

23.00

10.81

Average Weight (g)

10.71

Sample Size

10.79

263.67

Sample Size

Set B
Average Weight (g)
Std. Deviation

4.02

22.00

3.96

20.00

4.40

18.00

3.73

15.00

Set E
258.14 245.22 244.02

Average Weight (g)

Minimum Value (g)

251.90 239.40 237.10

236.20

Minimum Value (g)

250.40 235.80 227.10 225.00

Maximum Value (g)

264.70 251.80 251.00

249.90

Maximum Value (g)

291.10 275.80 263.00 264.50

Median

257.50 244.10 244.80

241.00

Median

266.90 249.40 245.00 238.70

21.00

18.00

16.00

311.92 298.01 290.93

289.23

Std. Deviation

266.82 253.16 244.85 242.03

4.54

23.00

4.26

242.47

4.44

Sample Size

3.93

Sample Size

10.12

25.00

10.29

20.00

10.21

17.00

11.42

15.00

Set C
Average Weight (g)
Std. Deviation

7.39

7.38

Minimum Value (g)

276.50 278.10 277.20

275.80

Maximum Value (g)

365.00 345.80 303.20

300.40

Median

310.20 294.50 289.85

288.05

Sample Size

18.05

21.00

14.79

18.00

16.00

14.00

Table 4 Mortar Weights vs. Time

Table 4, above, was compiled to monitor the curing characteristics of each set. As a
function of time, the Average Weight (g) vs. time (Day 3, 5, 11, and 28) for Set D is
summarized (averaged data) in Figure 25.
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Weight vs. Time
265.00
260.00
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255.00
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Figure 25 Mortar Set D: Curing Weight vs. Time

8.1.4.3 Moisture Migration in Mortars
Prior to engaging the sample sets in freeze-thaw testing, samples must sit in a small
amount of water as required by ASTM C666 (see Section 7.6). In this experiment’s
observations, it became apparent that water migrated very differently from sample to
sample. While each of the mixes that incorporated Portland cement (Sets A, B, and C)
resisted water movement, the mixes using naturally hydraulic lime (Sets D and E)
facilitated its free migration throughout. After introducing water to each set, mortars
using naturally hydraulic lime appeared to be saturated (by exterior face color) within
minutes. The Portland cement-based samples never displayed these characteristics. See
the description describing the freeze/thaw test, in Section 8.1.6.1.

8.1.5

Mortar Compression Testing

As each mortar set reached a 28-day curing time, several representative samples were
selected for compression testing. Each mold contained three to four blanks. The
representative sample cubes were chosen from different molds, when possible, to
promote better general conditions. These results are listed in Table 5, below.
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Mortar Set

n

A

7

Mean (psi) Min (psi) Max (psi) Std. Dev Median
2612

2600

2650

18.0

2603.0

B

10

1314

1280

1380

28.0

1301.0

C

10

1136

1100

1152

15.8

1140.5

D

10

844

832

863

11.0

840.5

E

10

556

544

568

9.4

557.0

Table 5 Test Mortar 28-day Compression Strength

Note: Any sample that displayed signs of excessive entrapped air pockets, corner
chipping, or abnormal visual consistency were removed from the test set. Samples tested
were free of any visual flaws. Each cube’s dimensions were verified to qualify for
testing.

8.1.6

Mortar Freeze/Thaw Testing

The cyclic freeze/thaw procedure, described in Section 7.6, simulated harsh weather
conditions within the mortar sets. With each cycle, water is allowed to enter small pores
within the cubes, and freeze. Due to the molecular alignment of water, it expands when
frozen. As it expands, this phase change creates significant internal stresses within the
pores. Under these conditions, some mortars inherently deteriorate more quickly than
others do.
8.1.6.1 Moisture
As each test set was arranged for freeze/thaw testing, they were placed in a small amount
of water. Throughout the length of the test, each mortar set displayed unique
characteristics with respect to its ability to absorb and transport water:
Observed Saturation Level vs. Time
2
1.8

Height (in., 2" max)

1.6
1.4
1.2

A

1

C

B
D

0.8

E

0.6
0.4
0.2
0
0

100

200

300

400

500

600

700

800

Time (min)

Figure 26 Observed Water Saturation vs. Time
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As described by Figure 26 and Section 8.1.4.3, mortar sample Sets A, B, and C acted
very differently than Sets D and E. After being placed in approximately 1/16” of water,
each Portland cement-based mix portrayed high resistance to moisture flow, while the
others facilitated moisture flow. Sets D and E became visibly saturated, noted by dark
water lines, after sitting for 25 minutes. Sets, A, B, and C did not exceed approximately
80% visible saturation for the duration of the test (24h).
8.1.6.2 Freeze-Thaw Response
As the test progressed, the mortar sets responded differently. Each set developed unique
characteristics that distinguished it from the others. While some maintained their initial
structural and dimensional integrity with minimal losses, others were destroyed.
Mortar Set

n

A

10

Mean (psi) Min (psi) Max (psi) Std. Dev Median
2649.6

2409.0

2932.0

138.6

B

10

744.5

570.0

900.0

132.5

742.5

C

10

547.3

506.0

595.0

31.2

548.5

2625.0

D

10

542.0

505.0

587.0

26.2

537.5

E

10

253.2

200.0

315.0

39.4

250.0

Table 6 Post Freeze/Thaw Compression Test

8.1.6.2.1

Sets A, B, and C

Sets A, B, and C have reacted similarly to the freeze/thaw cyclic testing. Based on
strength testing, it is apparent that each Portland cement-based trial mortar mix
maintained compressive strengths comparable to the measured 28-day strength. Visible
deterioration was minimal; any visible changes could be attributed to normal handling
and hourly transportation in and out of the freezer. Photographic evidence indicates that
there were no significant visible changes to these cubes (See Figure 28 and Figure 27,
Figure 34 and Figure 35, Figure 36 and Figure 37 for comparison photographs).
Although there were small color variations over the length of the test, they were minimal.
These sets also minimized moisture migration and did not easily saturate. Sets A and B
were especially resilient to moisture travel, and showed very few signs of deterioration
due to freeze/thaw cyclic tests.
The response to freeze-thaw cycles is viewed in Table 6. When compared to Table 5,
data indicates the resultant of the high moisture resilience in Set A and B. Because
moisture was not allowed to penetrate the cubes, the compressive strengths did not suffer
as much as the other sets.
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Figure 28 Sample A, Before F/T Tests

8.1.6.2.2

Figure 27 Sample A After F/T Tests

Sets D and E

Sets D and E have reacted similarly to the freeze/thaw cyclic testing. Based on
observable evidence, it is apparent that the naturally hydraulic sets are softer than the
Portland cement-based counterparts are. Over the course of the experiments, Sets D and
E (Figure 29 and Figure 30, Figure 38 and Figure 39) showed surface wear due to the
required physical handling involved in the test. Set E deteriorated particularly quickly.
After the freeze/thaw cyclic testing, the observed compression strength was significantly
reduced, as reported above.
As pictured in Figure 29 and Figure 30, Set E experienced serious degradation; this set
shows extremely poor resilience to moisture flow and freeze/thaw cycles. At
approximately 30 cycles, the first cube from Set E failed completely, under normal
handling. Of the 15 initial cubes (at the 28-day curing mark), 5 partially held shape.
Figure 30 shows two of them, in contrast to their initial appearance (Figure 29).
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Figure 29 Set E, Before F/T Tests

Figure 30 Set E, After F/T Tests

8.1.7

Stone Masonry Unit – Moisture Investigation

It was observed that the volume of moisture absorbed per volume of masonry block is
very small in comparison to the tendencies of mortars and void space.
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8.2 INTERPRETATIONS
8.2.1

Continuity/Resistance Testing

Based on experimental results, it is conclusive that continuity can exist in iron elements
of the furnace stack. Due to the variance in continuity measurements, it is obvious that
electron transfer is easily facilitated between members under the right circumstances.
However, these circumstances change. For example, some iron bands that are visually
touching do not test to be conductive on a dry day, but do so after a rain. This
disconnection may be due to heavy oxidation or layers of paint between them. However,
if a small amount of conductive moisture seeps into these layers, the test results change,
and the members test as highly conductive.
Based on the existence of efflorescence and organic growth, it is obvious that electrolytic
moisture frequently moves through the furnace stack. This electrolyte movement is
likely to contribute to the vast changes in conductivity.
After discovering that saturated test mortars are conductive, it is apparent that they are
acting as an electrolyte in the stack’s corrosion circuit. As mentioned in Section 5.1.2, an
electrolyte is necessary for mass transport, and is essential for corrosion processes to
transpire. It has been observed that mortars in the stack are frequently saturated (Section
6.1.1) and that salts do exist within them (Section 6.1.2). Thus, mortars may be a
medium for electrolytic functions as they facilitate corrosion reactions. Continuity within
the furnace stack may exist as a combination of conduction between iron members,
electrolytic moisture, and saturated mortars.
While measurements show that exposed iron members are electrically continuous
internally, the continuity/resistance tests do not give information regarding the state of
internal iron members. The cross section of an electrically continuous member may vary
significantly due to corrosion or interface conditions. Although sectional changes will
pose no measurable increase or decrease in resistance, the current density in a reduced
section will increase significantly compared to an unaffected ‘normal’ section.
This sectional variation, undetected by continuity tests, can adversely affect localized
corrosion rates within the reduced area, and introduce opportunities for local anode or
cathode establishment. Any type of discontinuity within a member, including density,
grain orientation, sectional properties, material properties, surface conditions,
environment, temperature, moisture content, etc. can affect sites, and amplify corrosion
rates. Without x-ray or invasive testing, the quality of the internal iron is nearly
impossible to assess.
As supported by the problems incurred while testing half-cell potentials (See Section
8.1.2), it is apparent that electrolytic moisture within the furnace stack is responsible for
the variance in continuity. This high moisture content (and electrical continuity) is a
major contributor to the rapid deterioration of the masonry and structural iron members.
Because electrical continuity between members varies with moisture content, the
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elimination or reduction of moisture within the building may significantly decrease
uniform corrosion and mortar deterioration rates in attached members.

8.2.2

Half-Cell Potential Testing

In the tests conducted, a copper/copper sulfate is held against the face of the masonry
stack. This electrode applies an ion to a mortar surface, and electrically perturbs the local
(embedded) iron. The half-cell meter measures the potential of this arrangement, and
presents results.
Although the data in Section 8.1.2 indicates a well-defined result set, these values were
extrapolated from a much larger data set; approximately 50% of the collected values were
rejected. In many of these tests, the mortars were not adequately conducting electricity to
the nearby iron or reasonable measurement stabilization was not reached. This is
undoubtedly due to the surface conditions of the sandstone and the electrical variation
within the structure.
As discussed in Section 8.1.1, the mortar conductivity is a function of the electrolytic
presence. Under dry circumstances, like those found in upper elevations, there were few
electrolytes present; in other locations, mortars were completely deteriorated. These, and
other cases, challenge the validity of the half-cell potential resulting values as individuals.
Furthermore, without knowledge of the internal configuration and condition of the iron,
surface tests could misrepresent real corrosion reactions.
However, the difficulty in data collection does not change the significance of the
findings. As Table 3 in Section 8.1.2 shows, there are noticeable differences in sample
half-cell potential maps (≈ 2” offset) at distinct elevations. As stack elevation increases,
the observational oxidation, half-cell potential gradient, consistency in conductivity, and
moisture content decreases. This relationship is undoubtedly significant. It can be
implied that moisture directly affects
Furthermore, the variation in potential between internal and exterior members at the mid
levels of the stack is particularly revealing. This finding seems to indicate that the
severity of corrosive processes within a member is dependant upon its local environment.
The external tie member is in contact with low levels of moisture and the internal
member is consistently exposed to damp conditions. Above the lintels in Figure 13, the
difference is noticeable.
The findings of continuity and corrosion testing accentuate the importance of removing
moisture from this building. The tests also relate the dependence that corrosive processes
have with moisture content. Based on these results, it appears that a change in the
internal stack environment will result in a reduction in the opportunity for corrosion to
occur.
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8.2.3

Linear Polarization Tests

Prior to collection, each of the samples sat undisturbed in different environmental
conditions. In doing so, they have developed varying passive layers. Due to the
relationship between surface conditions and corrosion rates, linear polarization test
results vary from sample to sample. Any type of discontinuity within members,
including density, grain orientation, sectional properties, material properties, surface
conditions, environment, temperature, moisture content, etc. can affect corrosion rates, so
obtaining a representative sample is important.
Three samples were collected from the site, but one sample resembled the embedded iron
ties more closely than the others did. Thus, Samples 2 and 3 displayed different natural
surface qualities than the target metals, but were effective as laboratory test trials.
Sample 1 was used as a representative model and primary test unit.
The linear polarization corrosion test was applied to each sample extensively. Seventeen
tests were administered on the two samples that least resembled the structure; ten tests
were applied to the representative sample. Although the linear polarization test is
considered noninvasive, the surface conditions on each sample were noticeably modified
by each test. Due to this change, the results changed each time the tests were run. The
plots in Figure 22 show variation in Sample 1 over the course of the ten tests conducted.
The impact of each test can be seen in Figure 31. In the experiment to the left, a sample
is impacted by one linear polarization test in a salt-water solution. Note the dissolved
dark metal. The product of the reaction, an orange/brown, opaque, iron ion solution, is
seen floating in the test beaker. Solid iron oxide (rust) was shed from the sample, and
collected at the bottom of the left beaker.
In the beaker to the right (Figure 31), a larger iron sample is being tested, with a
sacrificial anode electrically connected to it. In this beaker, an opaque layer of
white/gray zinc ions is suspended in place of the reddish-brown iron at left. This beaker
shows the results of a system with cathodic protection. As the sample without cathodic
protection corrodes (left), the sample with cathodic protection is preserved (right) while
the sacrificial zinc corrodes.
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Figure 31 Linear Polarization Test Samples

As displayed in Figure 23 and Figure 31, the dissolution rate changes as sacrificial
anodes are introduced to an iron system. The potentiostat plot in Figure 23 shows a
significant shift in open-circuit potential after the sacrificial node is connected.
Although these figures describe a test, an ideal system of sacrificial anodes would be able
to shift the voltage in the real system as well. Sample 1, individually, shows active
corrosion rates. As a sacrificial anode is introduced, the thermodynamic processes
governing oxidation change. The potential of the iron shifts to a passive region, while the
corrosive reactions cause dissolution in the sacrificial anode.
The results from continuity testing, half-cell potential mapping, and continuity testing
demonstrate the impact of allowing continued moisture entry into the furnace, and
indicate the importance of reducing this moisture content. As a supplement to these
preservation efforts, the linear polarization tests clearly show how cathodic protection via
sacrificial anodes may be beneficial to the structure.
Based on the positive results above, a sample iron network has been selected as a test
space for cathodic protection via sacrificial anodes. As viewed in Figure 33, a series of
sacrificial zinc anodes have been electrically connected to the east face of the furnace
stack by conductive adhesives and copper tape. Due to the moist conditions of the floor,
the small size of the iron network, and the inconspicuous location of the east face, it is an
ideal location for testing. All of the anodes pictured in Figure 33 are buried
approximately 2’ east of the protruding white PVC test section, at a shallow depth. The
exact location was selected to encourage rapid reactions in the sacrificial anodes. Further
observations are recommended, as per Section 10.5.
This system could be beneficial, but the installation of a cathodic protection system will
affect the appearance of the furnace. Because continuity is dynamic and dependent upon
mortar saturation levels, each member must be electrically connected to a network of
sacrificial anodes to ensure proper protection. Although some of the required wires can
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be embedded into mortars, others will be visible. The sacrificial anodes will need to be
buried beneath the ground, as this provides a corrosive environment.

8.2.4

Mortar Replication

Mortar Sets A, B, and C responded differently in each of the molding stages. They set
quickly, and were easily removed from their molds. Sets D and E, (especially Set E)
were noticeably more difficult to remove. After 24 hours of chamber curing, they were
not nearly ready, and retained moisture. At 72 hours, several corners in Sets D and E
were destroyed in the removal process. In future studies, additional curing time may be
beneficial to the curing process.

8.2.5

Mortar Compression Testing

After a period of 28 days, each mortar set was tested for compression. At this point, Sets
A, B, and C displayed characteristics similar to concrete. All edges were distinctly stiff,
and were not easy to manipulate or crack.
Sets D and E were noticeably softer mortars. If there were stray pieces, they were easily
removed. After 10 freeze/thaw cycles, most of Set E could be manipulated or scratched
by dragging a fingernail over it with light to moderate pressure.

8.2.6

Mortar Freeze/Thaw Testing

As described throughout this report, moisture problems continue to be present at the
Cornwall Iron Furnace. It certainly appears that permeable mortars accentuate the
moisture problem and facilitate its free migration through the furnace. Freezing water
contributes to the problems and furthers mortar deterioration.
In Section 8.1.6, data relevant to the freeze/thaw cyclic experimentation is presented.
Based on these results, suggested uses for each mortar set are determined as follows.
8.2.6.1 Sets A, B, and C
Due to the inherent strength that Portland cement provides, it is doubtful whether these
sets can be used throughout the furnace. Widespread use of strong mortars throughout
the building could cause significant irreparable damage to the masonry block. Section
10.4 provides information about how these stone blocks can be implemented as test units.
However, due to the natural moisture movement inhibition of these mortars, they may be
extremely useful if used carefully in key areas.
Being more resistant to moisture and to freeze-thaw, these sets should be used in
locations experiencing significant direct moisture transmission. The base of the stack, for
example, is experiencing a large amount of water infiltration from subgrade sources.
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Prior to any repointing, it is recommended to test all materials in a wall mock up or
sample section. As an initial moisture-resistant base course, Set C is recommended as a
trial set. Sets A and B provide slightly more moisture resistant and additional
compressive strength.
Although this configuration is recommended for consideration, it is important to note that
a mortar with these properties will resist moisture flow in every direction. The system
described above will resist moisture flow from above and below. Therefore, any
moisture that enters the stack must be able to be transmitted to the surface and evaporate.
8.2.6.2 Sets D and E
Mortar Set D supports the transfer of bulk moisture, and displays an average resistance to
cyclic freeze/thaw tests. As a complement to the moisture resistant base course described
above, Set D should be considered for use throughout the rest of the areas. Because it has
softer compression capabilities, damage to the sandstone is unlikely. Moreover, Set D
can facilitate effective mass wall drying movements.

8.2.7

Stone Masonry Unit – Moisture Investigation

Due to the findings in Section 8.1.7, it is apparent that the mortars play a large role in the
moisture migration within the furnace stack. The sandstone absorbs little moisture, and
does not contribute to the bulk moisture flow through it.

8.2.8

Cleaning of Efflorescence and Organic Deposits

See Section 10.2.
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9.0 RECOMMENDATIONS
9.1 REDUCE GROUND MOISTURE INTRUSION
To preserve this structure, the first priority is to reduce interior moisture as drastically as
possible. The moist interior environment is contributing to efflorescence, organic
growth, mortar deterioration, sandstone deterioration, and corrosion within the iron
members. Any efforts to reduce interior moisture content will mitigate the deterioration
within the building. This may be accomplished by the following means:
• Control ground water, and minimize its impact on the building. Design subgrade
drainage to reduce the opportunity for rising damp, and install strategically placed
foundation and wall drains. A drain field covering the areas shown in Figure 43
should be considered.
The primary areas of concern consistently display
characteristics of heavy moisture flow, and evidently large contributors to the
moisture problems within the building. These target areas are as follows (See Figure
44):
o North exterior of the retaining wall of the Wheel Room. Retaining wall
and foundation drainage are recommended.
o Trench beneath the wheel in the Wheel Room. Water in this area should
be channeled out of the building.
o Copper Room perimeter.
o Casting Room perimeter.
• Conduct a pumped draw-down test of the water that collects in the Wheel Room to
see if it is feasible to lower the ground water level in the building. If the test is
successful, it is recommended that a mechanical system, using permanent pumps, be
implemented to control water accumulation.

9.2 CONTROL SITE AND BUILDING WATER
• Divert all accumulated surface water from the building, by improving drainage
conditions at the exterior perimeter of the building. At consistently damp locations,
grading should be reviewed to ensure negative slope from the building (See Figure
44).
• Inspect the drain beneath the Wheel Pit to confirm proper water removal. Remove
any blockages and repair the channel if necessary.
• Improve the protection of the building against rainwater ingress
o Review seals around windows, doors, roof, or other interface locations.
Replace if necessary.
o Improve the roof, particularly in the Casting Room. Repair leaks and
moisture entry points, especially above the furnace stack. Improve
flashing and replace any damaged sections. Correct faulty gutters, such as
those in Figure 8.

67

o Complete the design and construct the planned protection roof over the
Furnace Stack.
o Design and install new flashing that is properly integrated with the
masonry at roof intersections and openings near the furnace stack.
o Repair and seal or waterproof the exposed concrete walkway apron at the
upper part of the stack.
• Improve air quality by increasing ventilation and air exchange rate by any means
possible. Mechanical ventilation systems are recommended due to the high moisture
content within the building, and are likely to be installed in inconspicuous locations.
See 13.3.1.1. A mechanical dehumidification system was considered, but is not
recommended due to the inability to seal the building properly against infiltration,
which will render such a system ineffective.

9.3 MORTARS
• Reduce the opportunity for water to flow through the building. Incorporate a base
layer of mortar Set A, B, or C at the base of masonry, in order to be resilient under
consistent subgrade moisture entry (See Figure 32).
• Use mortar Set C at grade and below grade where feasible.
• Use mortar Set D, as a complement to moisture-barrier course Set C, to facilitate
quick drying and removal of any trapped moisture, while allowing each section to
move and expand.
• Test all mortars, prior to implementation, in a test section.
• It is not recommended to use mortar Set E in any moisture-prone area.

9.4 REDUCE CORROSION IN IRON MEMBERS
The best way to reduce corrosion in this building is to improve interior moisture
conditions, by any means available. As a second line of defense, corrosion reduction can
be assisted by incorporating a cathodic protection system, using sacrificial anodes, into
future repointing efforts.
Additionally, it is recommended that:
• The installed test sacrificial nodes are inspected, on a six-month basis, for weight
loss and change of surface conditions. Check all connections to sacrificial anodes
and to the metal surface. If any portion is damaged or disconnected, repair the
connection with appropriate materials.

9.5 EFFLORESCENCE AND ORGANIC CLEANING
Efflorescence and organic growth should only be considered after moisture problems
have been addressed:
• It is recommended that efflorescence and organic growths are cleaned with water, or
a mild detergent and a soft bristle brush. To avoid damaging the historic materials,
caustic materials and harsh procedures should not be used under any circumstances.
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•
•
•
•

Locations showing signs of severe efflorescence and organic growth are shown in
Figure 45 and Figure 46.
Before cleaning a large portion of the structure, use any planned procedures in an
inconspicuous location, and monitor it for discoloration or other unpleasant affect.
If water and mild detergents do not remove the organic colonies, other methods may
be used. Because the colonies may be photosynthetic, draping an opaque sheet in
front of the colony may eventually starve it. Then, try to clean it again.
Major advances have been made in UV light treatments. Before using biocide
treatments, this is a suggested resolution to organic growth problems.
As a last resort, biocides can be used to remove the organic growth. Contact a
biological consultant prior to applying any biocide chemicals to the structure.
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10.0 DISCUSSION OF PROPOSED REMEDIES
10.1 SUBGRADE MOISTURE ENTRY
10.1.1

General

In the Cornwall Iron Furnace, most of the problems discovered through this project are
caused by, or related to, moisture problems. As discussed in Section 6.2.1.1, water that
was once necessary to the iron smelting process continues to cause distress to the
building. As evidenced by water lines, flooding floors, and consistent standing water,
subgrade moisture intrusion is a major contributor to the excessive water levels within the
building. To protect the Cornwall Iron Furnace, further ground water should be diverted
from the building, where possible.
Due to the consistent water levels, there is no indication of source depletion. After
viewing the project north/south elevation gradient, it is apparent that undirected water
will continue to gravitate through the building, maintaining a problematic status.
Resolutions to this problem should be pursued to decrease subgrade water levels, interior
moisture content, capillary rise, and erosion rates within the building.

10.1.2

Subgrade Drainage

The installation of subgrade drains is recommended for this building.
Subgrade moisture, as determined in previous sections, is a major source of the Furnace’s
interior deterioration. Although water definitely enters the building from below, the
direct points of entry are more difficult to locate. Due to the site’s history of renovations,
slag deposits, infrastructure installation, and complex natural subgrade, it is not possible
to track or map exterior water movement, by visual inspection, with accuracy.
However, because interior water lines and sediment deposits mark areas with increased
flow, these also indicate target areas for consideration. According to the observations of
Section 6.0, the vast majority of moisture enters the building through three areas: the
Wheel Room (Section 6.1.1.4), the Casting Room (Section 6.1.1.5), and the Copper
Room (Section 6.1.1.6), at the lowest building elevation.
In these locations, it is advisable to install catch basins. Because drain tiles can be easily
routed beneath the ground, it is possible to control interior moisture without disturbing
the interior of the building. See Figure 47 for a map of the target areas for this procedure.
10.1.2.1

Wheel Room

As discussed above, moisture accumulates along the north wall and in the wheel trench
within the Wheel Room.
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Before exploring additional moisture removal methods, the drain attached to the trench
should be examined. If, for example, the drain is partially blocked or has negative slope,
it may be contributing to the consistent water collection. If it is functioning correctly,
other means of water removal should be reviewed. It may be beneficial to install drains
below the Wheel Room floor, channeling water into the trench. The existing drain
structure, intended to remove this water, may need to be lowered (if possible) to
accommodate this removal procedure.
The installation of edge drains is recommended at the north perimeter of the Wheel Room
to mitigate moisture entry. Coupled with collection basins, site drain systems may be
connected to existing County storm systems for proper site water removal, pending
County approval. Additional studies should be conducted to determine optimal pipe
diameters, placement, subgrade fill, basin placement, and other important information.
10.1.2.2

Copper and Casting Room

In a fashion similar to the Wheel Room, the installation of subgrade drainage around the
exterior perimeter will decrease moisture within the Casting and Copper Rooms. If
possible, the connection of this system to the other drain fields is recommended.
At the exterior southwest corner of the Casting Room, an open road drain may be a
suitable point to purge site water into the County drain system, if permissible.
10.1.2.3

County Drain – Water Entry Point

The County drain, located at the exterior southwest corner of the Casting Room, is
causing significant problems to the Casting Room. Currently, water is designed to spill
from Rexmont Road, and into the drain. However, the attached collection apron is
shallow, and the entry point is small. Runoff from the road bypasses the drains and
floods portions of the site; this additional water supply may be harming the building.
Additionally, the interior grade of the Casting Room is several feet below drain level.
Any water beneath road level is trapped. As the water collects, it can only escape the
building by evaporating; and the building is exposed to prolonged exposures.
It is strongly recommended that this condition be addressed. As indicated by interior
conditions, the collection of water on the south wall of the Casting Room is a major
source of water intrusion into the building; this is largely due to the inefficiency/location
of the roadside drain. If left unaddressed, other mitigation efforts will be significantly
less effective.

10.1.3

Flashing and Roof Detailing

Although this is not a pressing issue at the moment, flashing and proper roof detailing
should be examined and included on a preventive maintenance schedule. Correctly
installed and well-maintained flashing is particularly important where interior structural
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members are protected from exterior water exposure; wooden interfaces are more apt to
deteriorate than masonry interfaces due to the involvement of organic material.

10.2 EFFLORESCENCE AND ORGANIC GROWTH
10.2.1

General

As described in Section 5.2, efflorescence and organic growth are direct products of a
moisture-rich environment with high contents of salts/minerals. Efflorescence is usually
harmless to the structure mechanically; however, byproducts of organic material growth
can contribute to premature deterioration of aesthetic quality, structural iron, and mortars.
These deposits are undesirable in the Cornwall Iron Furnace and should be addressed in
an effort to preserve its appearance.

10.2.2

Removal Procedures

On-site organic material tends to collect in areas experiencing direct sunlight and high
moisture content. Because the noticeable organic colonies are localized to these areas, it
appears that local environments are providing ideal conditions for the generation and
maintenance of its existence. Any deviation from this environment may result in
uninhabitable conditions. To eliminate the organic growth within the furnace, the
environment must be changed.
Because each colony of microorganisms is found exclusively in saturated parts of the
building, they seem to be reliant on this moisture for survival. Proper removal or
reduction of moisture in these areas will likely eliminate the potential for organic growth,
and support other related preservation efforts (efflorescence, corrosion, mortar
preservation, etc.) listed in this report. The removal of moisture is highly recommended.
Although the reduction of moisture will greatly improve interior conditions within the
Furnace, it is impractical to think that moisture will be completely depleted. If moisture
reduction measures do not stop interior organic growth, it may be beneficial to eliminate
sources of direct light within the building, especially on the project west side of the
Casting Room. On the furnace stack, organic growth is concentrated on the south and
west faces, directly opposing nearby windows. Because the organic material seems to
rely on natural light for photosynthesis, the removal or reduction of this light will disrupt
its environment, and reduce its ability to survive.
Microorganisms can be very robust, and have the ability to quickly adapt to extreme
environments. After removing moisture and light, it may take some time for the organic
growth to asphyxiate. If, after a few months, the organics within the Casting Room
appear to remain healthy, many biocides are available for over-the-counter consumer use.
The use of such biocides is recommended only as a last alternative.
If this is the only appropriate solution, it is recommended that the biocide be used
sparingly on a test block or inconspicuous location. Many test blocks, containing similar
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organic growths, are available; similar stone blocks are present throughout the site and
are representative models of the block used in the building. Because it is nearly
impossible to eliminate moisture or light at the exterior perimeter of the building, this
may be the only possibility for organics at these locations. Please pay specific attention
to the MSDS (Material Safety Data Sheet) included with any chemical.
10.2.2.1

Efflorescence

Efflorescence is a salt that tends to collect on the faces of masonry or concrete. It is
typically a sign of excessive moisture, and can cause significant appearance problems.
The most severe, persistent efflorescence is not usually harmful to occupant health;
however, it does mark areas of heavy moisture penetration. There are two ways to stop
efflorescence completely:
1. Stop moisture migration through areas susceptible to efflorescence.
2. Eliminate the source of the salts and minerals collecting on the masonry face.
Because efflorescence requires high moisture contents to develop, it may be resolved by
routing interior ground water sources out of the building. See Section 9.0 for more
information. If water does not saturate sections of the building, it cannot drive salts and
nutrients into the masonry. Without nutrient sources, organics will not thrive (as easily),
and the rate at which salt collects will diminish.
The minerals currently deposited on the furnace stack’s masonry faces are from an
interior source. The direct source is unknown but may originate from mortars, iron
smelting deposits, or ground water with a high salt content.
Shallow water tables, site draining issues, the Furnace construction type, and lack of air
handling contribute to the resident moisture problems at the Cornwall Iron Furnace. Any
effort to remediate these problems will help to preserve this historic building. As the
conditions improve, the changes will mitigate the formation of organics and efflorescence
in the building’s interior. It is advisable to review Section 9.0 for methods to reduce
interior site moisture content.
Once the sources of efflorescence are eliminated, the chalky deposits can be cleaned. In
most buildings, efflorescence can be cleaned with acids and harsh chemicals. Acids react
with the face of the masonry, and remove the outer ‘dirty’ layer. Sand blasting or
pressure washing is not recommended, because these procedures often open up pores and
encourage further deposits. In this particular structure, it is important to preserve each
material as much as possible. Therefore, any type of harsh cleaning that may damage the
structure is not recommended.
10.2.2.2

Organic Material

Due to the concentrations of organic growth at the exterior perimeter, especially at
downspouts, the Rexmont Road drain, and other areas of increased water flow, a review
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of site draining procedures is suggested. It is recommended that water be properly
channeled away from the building. However, a quick inspection of downspout/storm
sewer connections indicates that they are connected properly. Therefore, the organic
growth found at downspout connection locations may be residual from previous drainage
configurations. If, on further inspection, poor connections are discovered, it is important
to seal them. This practice will decrease moisture content at downspouts, and discourage
organic growth as a function of moisture content. Essentially, any effort to remove
moisture from exterior/interior transition areas will help to reduce the
efflorescence/organic growth problem at the building’s perimeter.
10.2.2.3

Additional Topics

When selecting appropriate measures to eliminate microorganisms within the masonry
walls, it is recommended that some of the wooden portions of the furnace be examined as
well. While bulk moisture tends to deteriorate mass walls, many of the wooden structural
elements within the building are preserved when exposed to moisture. The moist air
provides a near ideal moisture content to prevent rotting and cracking but promote
healthy flexibility. Thus, little degradation, in the wood, due to moisture is noticeable.
In some of the wooden elements, especially the two large columns within the Casting
Room, there is significant degradation due to insect infestation. Although insects have
not been observed at these locations, the effects of insects are evident on the column.
Small holes pepper the columns, and discarded wood shavings have collected at each
column’s support. It is recommended that measures be taken to deter insects from these
locations.
Additionally, shimming the supports can increase the structural integrity of wooden
beams and columns. As the building shifted over time, small gaps have opened within
the supporting conditions of the Casting Room columns. At the support of the eastern
column, nearly an inch of clearance has opened between the masonry support and the
wooden column. Small shims can be placed in this gap to promote a healthy weight
distribution.

10.3 DRYING PROTOCOL
10.3.1.1

Air Handling

As important as it is to reduce water intrusion into the building, it is important to remove
water that will inevitably enter. The Cornwall Iron Furnace is not perfectly sealed; even
with all mitigation efforts in place, interiors will remain damp in comparison to new
residential standards. Due to the building’s construction type, this is unavoidable.
Even though this is the case, control of atmospheric moisture within the building is
recommended. Currently, water collecting within the building’s interiors is subject to
stagnant air, promoting high levels of relative humidity. Thus, the Cornwall Iron Furnace
is subjected to extended exposures of destructive moisture.
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It is recommended that air-handling units or additional ventilation be installed to reduce
this exposure time. As air moves through the building, it will encourage rapid
evaporation and lower relative humidity within the Furnace’s interior cavity. The easiest
and most cost effective mechanical means to accomplish this is by installing a network of
fans in the existing structure. These fans can be to be energy efficient and selfregulating. Additionally, the system can be programmed to compare internal and exterior
conditions, and respond accordingly.
To maintain the appearance of this building, air-handling units should be installed in
inconspicuous locations such as window cutouts and roof overhangs. A minimal amount
of wiring will be visible to museum patrons, and the system should maintain low noise
levels. The system effectiveness should be continually measured by recording
temperature and humidity levels within the building.

10.4 MASONRY/MORTAR REVIEW
After reviewing site conditions, moisture migration, and sample mortars, it is evident that
the mortars in the Cornwall Iron Furnace require specific attention. In some parts of the
building, mortars are responsible for the deterioration of the masonry block by restricting
movement and moisture flow. In other areas, the moistures are facilitating moisture and
mineral flow through the building or have completely deteriorated. Each area is of
particular concern, and it is strongly recommended that they be addressed as soon as
possible.
When selecting a particular mortar, great care must be exercised. As mentioned, any
improper mortar selection will be a detriment to the building, and can destroy
irreplaceable historical elements. Thus, it is highly recommended to try any mortar in a
test wall, for an extended period, prior to implementing the repair throughout the furnace.
These precautions will reduce the chance for additional spalling or premature
deterioration to occur.
When considering the mortar test sets of Section 7.4, it is important to note that each
mortar performed differently than the others, and understand each. While the mixes
using Portland cement displayed high strength and resilience to moisture, the naturally
hydraulic lime mixes were softer and more likely to support rapid moisture movement. If
a single mortar type is to be used in repointing efforts, trial Set C may serve as an
appropriate trial set. Although it is mixed with Portland cement, a material not
indigenous to the building, this mortar set may be soft enough to eliminate spalling, but
resist rapid deterioration and moisture flow. Sets A, B, and C may be excessively strong,
so caution must be exercised when investigating these mortars on actual walls. Although
Set D may serve as a successful alternative, it will allow moisture to pass through the
building. It is recommended that Set E be ruled out within the building as a load-bearing
element, due to its tendency to deteriorate quickly in cyclic weather conditions.
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Rather than use a single mortar, it is recommended to consider using the mortars in
combination rather than as a single unit. When used in at-grade and below grade joints at
the base of the stack, a strong Portland cement based mix may act as a moisture barrier,
and discourage moisture flow upward. Using a naturally hydraulic mix in the upper
courses will inhibit spalling and any intrusive moisture will be allowed to migrate to the
nearest face, where it will evaporate. See Figure 32.

Figure 32 Mortars Used in Combination

By containing moisture with a Portland cement-based mortar mix, and encouraging joint
movement (rather than block failure) in the upper portions with the naturally hydraulic
lime based mixes, architectural members within the Furnace may be benefit from
moisture control.
With the general reduction of moisture proposed in these
recommendations, resident organic growth are expected to starve and recede, masonry
units will last longer, and the key components of the stack’s efflorescence and iron
corrosion problems will be reduced. The installation of a fabric moisture barrier within
the lower levels of the furnace stack may also be useful.

10.5 CORROSION
After decades of inactivity, the iron structural bands in the Cornwall Iron Furnace have
deteriorated significantly. Corrosion, the means by which metals oxidize, is present in
the iron bands within the stack, and is causing the deterioration of these irreplaceable
elements. It is common knowledge that metals tend to rust when introduced to salty, wet
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conditions. Cars, in particular, oxidize quickly when introduced to salty winter roads
parked near the sea.
The interior conditions within the Cornwall Iron Furnace are providing the iron structural
elements with conditions comparable to those mentioned above. It is evident that the
moisture and salts within the building provide the electrical conductance and transport
mechanisms necessary to support corrosive reactions. By observable data and half-cell
measurements, it is apparent that the severity of corrosion is heavily based on its
environment and location within the Furnace.
Again, it is recommended that the moisture problems within the Furnace be addressed by
the best available means. Without a means for charge transport, the corrosion rates
within the iron members will be drastically reduced. Additionally, the remaining iron
elements will be preserved, as they stand, for years to come.
Since the moisture within the building cannot be entirely eliminated, the installation of a
cathodic protection system would work in combination to moisture mitigation efforts.
There are two main methods that are used for cathodic protection: impressed current, the
use of sacrificial anodes. Both systems electrically protect the iron, but impressed current
systems are typically more expensive. After moisture mitigation efforts are complete, all
additional protection efforts should be reconsidered.
If a sacrificial system is considered, it is recommended that the test anodes described in
Section 8.2.3 be monitored on 6-month intervals. In particular, any change in surface
condition, weight, or other deterioration of the test nodes should be regarded as a positive
result. It is also recommended that all attachments and connections be maintained as
electrically continuous. Although highly unlikely, an overpotential (too many sacrificial
anodes) may negatively impact the structure. As the anodes are inspected, also note the
surface condition of the imbedded iron members. If the surface condition changes
significantly, disconnect the anodes promptly.
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Part III
Application
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11.0 SUMMARY AND THESIS CONCLUSIONS
11.1 GENERAL
The Cornwall Iron Furnace is a building that is subject to several significant forms of
deterioration. Due to its historical significance, the preservation of this structure is
important as a means of preserving early American heritage. Great care was exercised in
the selection of testing procedures and remediation recommendations to preserve original
members in their current state, and reduce the opportunity for them to deteriorate further.
Due to the unique constraints this building presents, unconventional tests were necessary
to explore it noninvasively. Additional testing constraints such as project funding,
building type, allowable testing procedures, and deadlines restricted the practices that
were available for use in this investigation, leading to the incorporation of
unconventional methods.
The Cornwall Iron Furnace preservation project was
approached with a disinterested multidisciplinary perspective for this reason initially. As
the experiments proceeded, directed studies involving each structural element and
deterioration mechanism were found to be crucial to the success of proposed correctional
procedures within this building. In the following sections, the significance of the
Cornwall Iron Furnace preservation study is discussed, and the pertinence of this study to
past and future investigations is examined.
In future studies, this investigation demonstrates the importance of developing sound
multidisciplinary approach to problem solving, regardless of the frequency by which it
appears.
By displaying a codependence of seemingly unrelated deterioration
mechanisms, the importance of a multidisciplinary approach to engineering, and
embracement of an objective approach to creative applications, solution efficiency
through intelligent design is achievable in the Cornwall Iron Furnace and future studies.

11.2 CORROSION
11.2.1

Summary of Findings

The preservation of the structural iron within the building is an important task. As direct
products of the furnace, they remain a significant part of the fabric of the Cornwall Iron
Furnace, especially within the focal point of the building, the furnace stack. The
electrochemical tendencies of the bands were continually tested and observed through the
length of the project by means of continuity tests, half-cell measurements, laboratorybased linear polarization tests, and location mapping.
All data, observational and experimental, indicate that rate and probability of corrosion is
heavily dependent on the internal environment within the furnace stack. As observation
and half-cell measurements show, the effects of corrosion are particularly severe in areas
that have a tendency for moisture passage or retention. Corrosion is an electrochemical
process, dependent on the presence of electrolytic moisture and internal conductivity.
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Evidence to the movement of electrolytic moisture appears as efflorescence and salt
deposits (water lines), and electrical continuity tests have established that continuity
exists between iron members. Additionally, it was determined that the configuration of
each electrical circuit is moisture dependent, and changes frequently. Based on half-cell
measurements, it is apparent that the chance of corrosion activity decreases with height
on the stack.
Although the elimination of bulk moisture is the best resolution to the corrosive reactions
within the building, linear polarization tests reaffirm that cathodic protection can be
achieved through a network of sacrificial anodes. By electrically introducing active
sacrificial metal tokens (such as zinc) to the iron network, the iron members can be
salvaged at the expense of the token. This technique is called ‘cathodic protection via
sacrificial anodes.’
It is recommended that cathodic protection be implemented in combination with moisture
mitigating techniques. To maximize the effectiveness of this system, sacrificial nodes
should be electrically attached to each iron band, either directly or remotely via copper
wire. When used in conjunction with other remediation techniques, forethought in
sequencing would be valuable. Although this system may affect the appearance of the
structure, it will decrease the rates at which the iron bands corrode.

11.2.2

Development of Investigation

This investigation into the Cornwall Iron Furnace corrosion problem was influenced by
other studies, such as those mentioned in Part 1 of this document. Initially, the Cornwall
Iron Furnace project was designed to follow these investigations. As it progressed, this
project evolved to incorporate methods not used to study typical historic buildings. This
altered the investigation results in the Cornwall Iron Furnace significantly.
The above cases served as motivations in the development of the Cornwall Iron Furnace
preservation project due to consistencies in historic function and building form. In many
case studies, iron members in historic buildings have been oxidizing for years, or even
decades. Using modern testing methods, the rates and locations of heavy corrosive
reactions can be determined. Modern remediation measures make it possible to slow or
cease this form of corrosion, and preserve metals that would have otherwise deteriorated.

11.2.3

Testing Procedures

Many of the tests conducted in this investigation are frequently used when studying
corrosion. The linear polarization resistance, half-cell potential, and basic conductivity
tests, to name a few, are among the most common tests used in corrosion science. Due to
the simplicity of equipment, minimal testing impact on samples, and rapid, accurate
results, these tests can be used to gather data easily and with little overhead cost. Most
importantly to this investigation, they are noninvasive.
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The half-cell potential test, typically associated with concrete testing, was one such test
configured for use in the Cornwall Iron Furnace. By modifying the ASTM designated
procedure, the experiment became more relevant to this application and measurements
successfully converged to stable, intuitive results. Although the procedure of this test
slightly changed, the theoretical basis for this test to operate was strictly obeyed.
The half-cell potential tests conducted in the Cornwall Iron Furnace produced data with
recognizable patterns that led to the formulation of other important studies. The trends in
half-cell potential, as presented in Part 2, became a foundation for this investigation.
Ultimately, the unique application of the half-cell potential test led to the development of
the LPR test, arrangements in conductivity testing (typically used in electrical
engineering), and sacrificial anode test location selection.
The half-cell potential results also contributed to develop a multidisciplinary approach to
the investigation in the corrective measures in the Cornwall Iron Furnace. Because the
half-cell potential table displayed a distinct trend in corrosion, other studies were utilized
to coordinate appropriate recommendations to preserve this project.
The implications of this test’s results involved various areas of study in masonry,
electrochemistry, electrical engineering, structural engineering, and forensic science to
determine the sources and solutions of deterioration mechanisms in the building. For
example, conductivity testing on mortars would never have occurred without a prior
inclination to moisture and current movement throughout the structure, which were found
as a direct result of the half-cell readings. The dynamic conductivity tendency in the
furnace stack, which affects corrosion protection systems adversely, was also found on
this basis.
Many similar case studies that examine corrosion in historic buildings did not discuss a
multidisciplinary approach to their investigation methods, and seemed to display a
unidirectional approach to resolving structural corrosion problems. For example, in the
case of the Regent Street Disease [1], there was no documented attempt to reduce
moisture intrusion, a major contributor to corrosion, into the building façade. The
members were simply replaced and fitted with an impressed current system. In the
Chihuahua City railroad building [3], there was little discussion of an updated roof
system, which would have likely prevented bulk water intrusion into the wall system, or
of any testing to prove the evacuation of sulfuric combustion products, which are likely
to remain diffused throughout the masonry structure. In each of these cases, the solution
of the corrosion problems were resolved separately from the other problems in the
buildings, and were not documented to be addressed together.
If approached differently, several deterioration mechanisms in the Cornwall Iron Furnace
could be solved separately, and without regard for the others. However, a large source of
both problems is left uncorrected. Instead, the elimination or reduction of subgrade
moisture, accomplishable in a variety of ways, may benefit the building more than
separate solutions.
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The results of the Cornwall Iron Furnace investigation project that each of the cases
mentioned could benefit from documenting a broader approach. In this study, the
interdependence of each deterioration mechanism became increasingly apparent when
recommendations were developed, as several deterioration mechanisms in the building
share common catalysts. The recommendations were prioritized and grouped, when
possible, to reduce the opportunity for deterioration mechanisms throughout the building
rather than in particular parts.

11.2.4

Conclusions and Significance to Future Applications

The application of a variety of testing procedures was beneficial in this building. In
contrast to other unusual historic buildings experiencing rapid deterioration, this
investigation stresses the importance of a broad problem approach, followed by a series
of conditioned tests. The investigation of corrosion problems in the Cornwall Iron
Furnace support that major deterioration mechanisms within a building may be attributed
to multiple sources, and that uncommon testing methods, if done carefully, can provide
essential information to a project.
In future applications, this study serves as a reminder rather than a guide. The
examination of corrosion within the Cornwall Iron Furnace is a testament to the
importance of adaptation and ingenuity in building preservation. By using less
commonly employed tests, selected from a series of scientific disciplines, the efficiency
or quality of corrective recommendations can be improved.

11.3 EFFLORESCENCE AND ORGANIC GROWTH
11.3.1

Summary of Findings

The Cornwall Iron Furnace has a significant presence of chalky-white efflorescence and
green-yellow organic growth. A literature review was conducted on these topics, and the
findings are listed within the following report. The deposits exist as evidence of moisture
and nutrient bulk movement through the furnace. Although it is possible to clean both
deposits mechanically or chemically, it is recommended to first remove sources of
moisture prior to cleaning, as failure to do so will likely result in the regeneration of both.
The efflorescence is not harmful to human health. However, it is still a problem because
it changes the appearance of this building. If left unaddressed, the chalky deposits may
discolor the masonry and detract from the appearance of the Furnace. Prior to cleaning
the efflorescence, the moisture within the building must be reduced as drastically as
possible. Then, the efflorescence can be removed by water, gentle chemicals or
detergents, and a soft brush.
While efflorescence is simply a salt deposit, the organic growth is a living colony. It is
dependent on moisture, nutrient sources, and light. The organic growth appears to be
photosynthetic, although this finding would need further corroboration by an expert in
identifying biological species. However, it is suspected to be algae. If it is algae, this
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growth does not likely pose any significant human health risk. However, it does affect
the Furnace. The life cycle in this colony may produce reactions that discolor the
masonry, increase the iron corrosion rates, increase moisture retention, or otherwise
undermine future preservation efforts on this structure if left untreated. Prior to cleaning
the organic growth, moisture within the building must be reduced. Only then, gentle
biocides, soaps, and gentle brushing are recommended. By temporarily removing sources
of light, any photosynthetic growth will be eliminated. Thus, it may be beneficial to
drape an opaque plastic sheet over the affected areas. If neither method works, harsher
methods are available, but are not recommended.

11.3.2

Development of Investigation

The source investigation of efflorescence and organic growth is an inherently simple
investigation. Corrosion and masonry problems can originate from a variety of sources;
they adversely affect the aesthetics, structural integrity, and ultimately safety of a
building. Efflorescence and organic growth are not quite as dangerous to the structural
functionality of the building. Although some types of organics can be harmful to human
health over an extended period of exposure, efflorescence and organic colonies typically
cause aesthetic problems only.
In this study, the investigation into the source of efflorescence and organics is not as
pertinent to the thesis scope as their locations. By using the guidelines established by the
publications described in Part 2 of this report, existing efflorescence and organic growth
signify the following:
•
•
•
•

Chemical sediment (as combustion products, organic material, nutrients, or salts)
exists internally within the structure.
That chemical sediment is not only a byproduct of the furnace combustion, and is
partially from subgrade sources.
The direction in which bulk moisture is flowing out of the structure.
Areas in the structure that experience heavy moisture fluctuation.

Based on published descriptions, moisture flow is essential to efflorescence and organic
material formation. However, for the reasons mentioned above, an understanding of
these formations is crucial to mortar and corrosion studies. Efflorescence and heavy
organic colonization prove that there is bulk moisture transport, and that this moisture is
very likely to be electrolytic. Under these circumstances, information pertaining to
corrosion protection and repointing options is better understood.

11.3.3

Testing Procedures

The amount of funding available was not of a magnitude that permitted the determination
of the exact species of organic growth, or source of efflorescence. However, this
information may be irrelevant to this study, if moisture can be reduced. The implications
of these formations are more relevant to the study than discovering information about the
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formations themselves. The locations and patterns that repeat within the Cornwall Iron
Furnace lead to the investigation of other deterioration mechanisms.
By proving the existence of electrolytic moisture, studies in corrosion were validated.
The presence of efflorescence signifies a fluctuation of this moisture, and offers a
reasonable explanation regarding the variation in conductivity measured in the furnace
stack.
Additionally, the information collected in the efflorescence and organic studies pertains
to the investigation of repointing mortars. By understanding the trends in moisture
movement, mortars can be strategically repointed in response to their ability to transport
moisture. The evidence of moisture movement, shown by the existence of efflorescence
and organic material, became an important factor in mortar selection; only mortars
displaying high resilience to freeze-thaw cyclic testing were considered. Additionally,
the recommended configuration of these repointing mortars was also affected by patterns
in efflorescence.

11.3.4

Conclusions and Significance to Future Applications

In future applications, this study in efflorescence and organic colonization reveals the
importance of resourcefulness in the design of noninvasive investigations. Efflorescence
and organic colonies are aesthetic problems, but contribute important information to this
study; the mere existence of these formations indicates moisture paths. As discussed in
prior sections, the importance of a broad approach to correcting building system failures
is accentuated by the data gathered in this unusual fashion.

11.4 MASONRY
11.4.1

Summary of Findings

The masonry within the Cornwall Iron Furnace shows signs of severe deterioration.
Because the building has been constructed in multiple phases, by multiple people, using
different materials, it displays a large range of location-specific deterioration.
Generally, mortars in dry, well-lit areas are in better visual condition than mortars
experiencing consistently high moisture content. Large portions of the stack are
continuously saturated, from floor to ceiling. A large portion of moisture is from
subgrade sources, and moves upward into the building through capillary action.
However, a capillary rise of this magnitude is unlikely, so moisture intrusion from the
roof level is also highly likely.
While roof openings can be corrected with a new or repaired roof, subgrade moisture
requires additional efforts. Evidently, moisture does exist beneath the structure. It
appears that the water table is within a few feet of the Casting Room floor; standing water
is consistently present in the Wheel Room trench and in several other revealing locations
in the lower levels of the building. In these locations, deterioration is common.
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Based on photographic evidence, the existing mortars, especially those in the furnace
stack, tend to support bulk moisture flow and retention in the building. Mortar tests and
consistent observations support this finding. It is apparent that the past deterioration
within the building has been caused by this moisture.
Some of the Portland cement-based mortars, observed within the furnace stack, are
causing a different type of deterioration in the local masonry. As evidenced by
photographs and physical specimens, the masonry units encased by previously installed
Portland cement based mortars are spalling. It is recommended that these mortars be
removed and replaced with suitable mortar as soon as possible to eliminate this
destructive behavior.
Due to the state of disrepair within the resident mortars, it is recommended that the
damaged and deteriorated areas of the structure be repointed. According to the
suggestions provided by Noble Preservation [Y], mortars samples were created and tested
for strength and resilience under the effects of cyclic freezing and thawing. Additional
information was collected as needed.
Based on the findings of the tests above, it is recommended that the mortar sets be used
as a combination in repointing efforts. Sets C and D, described below, should be
investigated in combination as preliminary repointing possibilities. Sets A and B are
recommended to be investigated if stronger, moisture-resistant mortars are desired (with
caution). It is not recommended, however, to use Set E in any area that experiences
consistent moisture, due to its rapid deterioration under test studies. If used effectively,
the proper repointing of the Furnace could reduce the destructive effects of interior
moisture within the building significantly.

11.4.2

Development of Investigation

The masonry study was initiated in concurrence with published guidelines, similar to
those discussed in Parts 1 and 2. As examinations into moisture intrusion, efflorescence,
organic growth, and corrosion continued, new and existing mortars were subjected to
additional constraints.

11.4.3

Testing Procedures

Mortar compressive strength, a typical qualifier in mortar selection, was selected
carefully as a primary focal point to avoid further structural damage yet provide the
required stiffness for structural support. Mortars within the building envelope do not
perform these tasks well. Freeze-thaw cyclic testing was selected to test the resilience of
each mortar set to moisture and weather cycles, as it is inferably a route cause to rapid
deterioration rates in the existing mortars. These, and other tests, were designed to
investigate several recommendations to improve building performance.

11.4.4

Conclusions and Significance to Future Applications
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Although many mortar tests conducted are typical tests in historic preservation
publications, normal ASTM procedures were adjusted to fit this application. This is not
to infer that solitary approach to solving mortar problems was utilized. For example, the
characteristic resistivity of saturated electrolytic mortars was explored and the results
were used in diagnosing field data. Although mortar and iron investigation work is
typically fairly segregated, this particular information was used to develop schemes for
continuity and field electrochemical testing in the corrosion investigation. This
information was also important when locating the dynamic networks of conductive iron
within the furnace stack of the Cornwall Iron Furnace. Although uncommon, the
resistivity testing of the existing mortars sets up the direction of the investigation into
repointing mortars while considering secondary effects of mortar choices.
The mortar study in this preservation project can be applied to future studies as an
example of how the integration of studies can be applied to approach effective solution
recommendations. Without consideration of other structural problems, a simplistic
mortar review and repointing recommendation is incomplete and has the potential to
sustain, or increase the deterioration rates within the building. According to test results,
proper mortar selection is important to the correction of the efflorescence, organic
growth, moisture transport, and mortar deterioration problems within the building.
In the Cornwall Iron Furnace, the influence of the mortar investigation sustains the
development of the other studies.
By applying unique testing methods in
electrochemistry, electrical engineering, structural engineering, building forensics, and
materials science, the structural degradation of the Cornwall Iron Furnace could be
analyzed properly. Without these methods, the same understanding would not have been
possible. The masonry study in this building support the importance of a broad,
multidisciplinary approach to designing future structural investigations by example.
This study suggests that by strategically repointing mortars, building moisture flow can
be manipulated. Furthermore, some of the other deterioration evident in the building may
be significantly reduced. Most guidelines suggest that the mortars used in repointing
historic buildings should be products of historic materials and fabrication techniques. As
shown by the spalling sandstone within the building, inappropriate modern materials
should not be used under any circumstance. Field-testing is recommended prior to
installation, but a combination of historic and modern mortars is suggested to reduce
deterioration in this building. Although this application is not typically recommended, it
may preserve the building well.
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12.0 APPENDIX – ADDITIONAL REFERENCED
PHOTOGRAPHS
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Figure 33 In-place Sacrificial Anodes
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Figure 34 Set B Before F/T Tests

Figure 35 Set B After F/T Tests
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Figure 36 Set C Before F/T Tests

Figure 37 Set C After F/T Tests
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Figure 38 Set D Before F/T Tests

Figure 39 Set D After F/T Tests
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Figure 40 South Face Continuity Map, Saturated Conditions

Figure 41 East Face Continuity Map, Saturated Conditions
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Figure 42 West Face Continuity Map, Saturated Conditions
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Figure 43 Key Points
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Figure 44 Areas of Repeated Visible Surface Water
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Figure 45 Areas of Significant Efflorescence and Water Lines
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Figure 46 Areas with Organic Growth
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Figure 47 Surface and Subgrade Drainage Target Locations
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Figure 48 Iron Locations
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Figure 49 Iron Locations
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LPR: Near Equilibrium, Linear Regression Graph
-5.50E-01
-5.00E-04 -4.00E-04 -3.00E-04 -2.00E-04 -1.00E-04 0.00E+00 1.00E-04

2.00E-04

3.00E-04

4.00E-04

5.00E-04
Test 1

-5.55E-01

Test 6
Test 10
Linear (Test 1)

-5.60E-01

Linear (Test 6)
Linear (Test 10)

Voltage, V

-5.65E-01

Test 1
y = 33.926x - 0.5711
R2 = 0.9717

-5.70E-01

Test 6
y = 31.485x - 0.5696
R2 = 0.999

-5.75E-01
Test 10
y = 23.124x - 0.5703
R2 = 0.945

-5.80E-01

-5.85E-01

Current, A
-5.90E-01

Figure 50 LPR: Linear Regression Near Eoc

101

13.0 REFERENCED SOURCES
Alphanumeric references are cited in Part II (Chapters 2 through 11). Numeric
references, which are at the bottom of the reference list, are cited to Part I (Chapter 1).
[A] Basalik, Kenneth J. & Paula R. Miller. (2006). “Archaeological Investigations,
Furnace Stack Conservation and Sprinkler System Installation Project.”
[B] Parfitt, M. Kevin, Thomas E. Boothby, & Sezer Atamturktur (2005). “Condition
Review and Investigation of Moisture Intrusion of the Exterior Bastion
Walls at
Historic Fort Pitt Musem.”
[C] Brucker, Paul R. & Ralph E. Edelman. (1977). “Oxidation and Reduction.” Metals
Park, OH. Metals Engineering Institute.
[D] Madigan M & Martinko J. “Brock Biology of Microorganisms.” (2006) 11th ed.,
Prentice Hall. Upper Saddle River, NJ.
[E] Whole Building Design Guide (Org). (2007, September 11). Retrieved from:
http://www.wbdg.org/
[F] Hogan, William Thomas. (1994). “Steel in the 21st Century: competition forges a
new world order.” Macmillan, Inc, New York, NY
[G] Spellman, D.L. & Stratfull, R.F. (1973). "Concrete Variables and Corrosion
Testing." Highway Research Record 423.
[H] Stratfull, R.F. (1973). "Half-Cell Potentials and the Corrosion of Steel in
Concrete.," Highway Research Record 433.
[J] Portland Cement Association. (2007, October 27). Retrieved from:
http://www.cement.org/
[K] Labine, Clem. "Managing Moisture in Historic Buildings.” (1996). Special Report
and Moisture Monitoring Source List. Traditional Building, Vol 9, No.2, May-June.
[L] Museums in Historic Buildings (Special Issue). (1996) APT Bulletin. The Journal of
Preservation Technology, Vol 26, No. 3 . Williamsburg, VA.
[M] Park, Sharon C. AIA. (1991). “Preservation Brief 24: Heating, Ventilating, and
Cooling Historic Buildings: Problems and Recommended Approaches.” Technical
Preservation Services – Preservation Briefs from the U.S. Department of the Interior,
Washington D.C.
[N] Mack, Robert C. FAIA, Grimmer, Anne. (2000). “Preservation Brief 1: Assessing
Cleaning and Water-Repellent Treatments for Historic Masonry Buildings.” Technical
Preservation Services – Preservation Briefs from the U.S. Department of the Interior,
Washington D.C.
[P] Silverman, Sharon Herns. (Spring 1998). “A Blast From The Past: Cornwall Iron
Furnace.” This article originally appeared in Pennsylvania Heritage Magazine Volume
XXIV, Number 2.
[Q] Groundwater Disscussion. (November 2007). “What is Groundwater.” Article
retrieved from: awgt.org.
[R] American Society for Testing Materials (ASTM):
• ASTM C140-07 Standard Test Methods for Sampling and Testing Concrete Masonry
Units and Related Units
• ASTM C270-07 Standard Specification for Mortar for Unit Masonry
102

• ASTM C1209 Terminology of Concrete Masonry Units and Related Units
• ASTM C109 Standard Test Method for Compressive Strength of Hydraulic Cement
Mortars (Using 2 Inch Cube Specimens).
• C876 Standard Test Method for Half-Cell Potentials of Uncoated Reinforcing Steel
in Concrete
[S] Morgan, John. (1987). “Cathodic Protection.” Courtesy of NACE, Houston, TX.
[T] Scottish Conservation Bureau. (September, 2007). Retrieved from:
http://www2.rgu.ac.uk/schools/mcrg/misst.htm
[U] Bardal, Einar. (2003). “Corrosion and Protection.” Springer, London England.
[V] Porbaix, Marcel. (1973). “Lectures on Electrochemical Corrosion.” Plenum Press,
New York.
[W] DC105 Potentiostat Help File; Gamry Equipment.
[X] A. W. Skempton & H. R. Johnson. “The First Iron Frames.” (March 1962).
Architectural Review repr. in R. J. M. Sutherland, Structural Iron 1750-1850 (Ashgate,
Aldershot 1997), 25-36.
[Y] Noble, Tim. (1/23/2007). “Analysis of Selected Mortars.” Noble Preservation
Report. Pittsburgh, Pa.
[Z] Mack, Robert C. et. al. (1998). “Repointing Mortar Joints in Historic Masonry
Buildings.” Technical Preservation Services – Preservation Briefs from the U.S.
Department of the Interior, Washington D.C.
[1] Atkins, C.P., Lambert, P. and Coull, Z. L. (2002). “Cathodic Protection of Steel
Framed Heritage Structures,” Proc. Of 9th Int. Conf. On Durability of Building Materials
and Components, Australia, 11pp.
[2]
Drewett, J.
(1998)
“An Introduction to Electrochemical Rehabilitation
Techniques,”, Monograph No. 5, Corrosion Prevention Association, Aldershot, UK, 4pp.
[3] Segura, F.J. Neri et. al. “Corrosion Measurements in a Historic Building,” Materials
Selection and Design (MSD), Mexico, November, 2007.
[4] Turner-Fairbank. (1995). Highway Research Center, for the USDOT Federal
Highway Administration. “Corrosion Cost and Preventive Strategies in the United States
Publication No. FHWA-RD-01-156,” Washington D.C.
[5] Bennett, L.H. et. al. (1978) “Economic Effects of Metallic Corrosion in the United
States,” NACE (Parts 1 and 2), Houston, TX.
[6] Batelle. (1995), “Economic Effects of Metallic Corrosion in the United States” (a
1995 update). NACE (Part 3), Houston TX.
[7] BIA. (2003). “Efflorescence, Causes and Mechanisms,” Technical Notes on Brick
Construction, Houston, TX.

103

