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About the Engineering Foundation

This Formadrain Engineering Foundation document brings together four Insights that explain the principal
disciplines underlying the company's mandrel-installed, steam-cured composite rehabilitation process. Each
chapter examines one discipline independently while showing how the disciplines interact to produce a
predictable structural repair.

The Formadrain Engineering Insight Series documents and communicates the principles, product-development
experience, and technical practices that support Formadrain rehabilitation technologies. Each Insight is developed
through collaboration with Formadrain's engineering and technical staff to provide an accurate and accessible
explanation of the concepts underlying the company's rehabilitation systems.

Contents

FEI-001 | Reinforcement Architecture

How continuous, bidirectionally woven fiberglass and laminate architecture establish the structural framework of a
composite repair.

FEI-002 | Controlled Steam Curing

How controlled steam curing transforms a positioned and mechanically formed laminate into a predictable
structural composite.

FEI-003 | Mechanical Formation and Support

How the inflatable mandrel establishes repair geometry, controls laminate conformance, and creates the
conditions necessary for composite formation.

FEI-004 | Epoxy Matrix Development

How epoxy resin chemistry develops the matrix that permanently bonds the reinforcing fibers into a unified
structural composite.

REFERENCE GUIDE | Engineering Truths, Summaries, and Takeaways

A consolidated cross-reference to the principal conclusions of FEI-001 through FEI-004.

HOW THE CHAPTERS CONNECT

FEI-001 establishes the reinforcing properties.

FEI-003 explains how the laminate is mechanically formed into host-pipe geometry.
FEI-004 explains how epoxy resin creates the matrix that unifies the reinforcement.

FEI-002 explains how controlled steam curing develops the positioned and mechanically formed laminate into
a structural composite.
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FORMADRAIN ENGINEERING FOUNDATION
FEI-001

Reinforcement Architecture

Central Question
How does a flat fiberglass laminate become a structural repair that conforms to
the geometry of the existing host pipe?

ENGINEERING TRUTH

The host pipe determines the repair geometry - not the liner.

Inside this Insight

e Why does Formadrain use continuous, bidirectionally woven fiberglass?
e Why doesn't the repair begin as a tube?

e Why are the reinforcement layers staggered?

e Why doesn't the liner wrinkle as it expands?

e  Why can the repair transition from one diameter to another?

ENGINEERING SCOPE

Understanding the answer provides insight into one of the fundamental challenges of composite pipe
rehabilitation: producing a repair that cures consistently, develops its intended structural properties, and
delivers long-term performance. All Formadrain structural repairs are engineered to meet or exceed the
applicable requirements of ASTM F1216. This Engineering Insight explains one of the principles that makes
that possible.

Unless otherwise noted, the principles presented throughout this Engineering Insight Library are illustrated
using the Formadrain Formapox 101 rehabilitation system. Formapox 101 serves as the reference platform for
explaining the engineering concepts associated with Formadrain's mandrel-installed, steam-cured composite
rehabilitation process. Many of these principles are equally applicable to Formapox 301 and Durapox 501;
however, Engineering Insights addressing other Formadrain rehabilitation systems may introduce additional
design considerations specific to those technologies.

The Formadrain Engineering Insight Series documents and communicates the principles, product-development
experience, and technical practices that support Formadrain rehabilitation technologies. Each Insight is developed
through collaboration with Formadrain's technical staff to provide an accurate and accessible explanation of the concepts
underlying the company's rehabilitation systems.

Why This Matters

Before a pipe rehabilitation system can restore a damaged pipeline, it must first conform to the geometry of
the existing host pipe. Although pipes are often referred to by a nominal diameter, no two installations are
exactly alike. Years of service, manufacturing tolerances, settlement, repairs, transitions, and installation
practices can all create variations in the pipe's internal geometry.
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A successful rehabilitation system must therefore do more than fit inside the pipe. It must adapt to the host
pipe while maintaining the structural characteristics required for long-term performance. Regardless of the
geometry encountered, the finished repair must continue to satisfy the structural performance requirements
for which it was engineered, including compliance with ASTM F1216.

One approach to this challenge is Formadrain's mandrel-installed repair system. Rather than beginning as a
cylindrical tube, the repair is constructed from flat fiberglass laminates that progressively conform to the host
pipe as the inflatable mandrel expands during installation.

Understanding this process provides the foundation for understanding how the repair is installed and why it
is capable of adapting to changing pipe geometry.

ENGINEERING SIMPLIFIED

Every pipe is a little different. Even pipes that are supposed to be the same size can develop variations and
imperfections because of age, ground movement, repairs, or the way they were originally installed.

That means a successful pipe repair cannot simply be the right nominal size; it must conform to the pipe's
actual geometry, including the allowable variations and imperfections identified during inspection and design.

ENGINEERING PERSPECTIVE

The Formadrain installation process appears straightforward because the engineering has already been done.
Every material selected, every layer of reinforcement, every overlap, every resin formulation, every
installation step, and every curing method was chosen to solve a specific design challenge. The apparent
simplicity of the installation is not evidence of a simple system — it is evidence of a properly engineered
system.

Core Principles

The remainder of this Engineering Insight examines the principles that enable a flat fiberglass laminate to
become a structural repair conforming to the geometry of an existing host pipe. While the installation
process may appear straightforward, every aspect of the reinforcement was selected to satisfy a specific
design objective.

The decisions described throughout this paper are guided by three fundamental principles:

1. The reinforcing fibers establish the structural framework of the composite.

2. The architecture of the reinforcement allows the repair to conform to the host pipe while preserving its
engineered construction.

3. The reinforcement changes configuration - not its engineered properties - as it conforms to the host

pipe.
CORE PRINCIPLE 1

Full-length fiberglass sheets containing continuous fibers establish the structural
framework of the composite.

The structural performance of a cured-in-place composite repair begins with its reinforcement. While the
cured epoxy resin binds the system together, the fiberglass reinforcement provides the flexural properties,
dimensional stability, and mechanical framework upon which the finished composite depends.
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Formadrain fiberglass provides continuity at both the laminate and fiber levels. Each reinforcement sheet
extends uninterrupted for the full length of the repair. Within the bidirectional weave, the longitudinal fibers
also run continuously and parallel to the pipe from one end of the repair to the other, while the
perpendicular fibers provide reinforcement around the pipe's circumference. This continuous reinforcement
architecture preserves uninterrupted load paths throughout the completed composite. By avoiding seams,
breaks, and transitions between shorter fiber sections, the laminate transfers loads more consistently and
develops the intended flexural properties and structural capacity of the repair.

The reinforcement is therefore far more than a carrier for resin. It is a structural component whose material
properties, weave architecture, and laminate construction are selected to produce a predictable structural
composite after curing.

Understanding the role of the reinforcing fibers provides the foundation for the design principles that follow.
Once the reinforcement has been chosen, its architecture determines how that structural framework can be
introduced into an existing pipeline while maintaining its intended performance.

CORE PRINCIPLE 2

The architecture of the reinforcement allows the repair to conform to the host
pipe while preserving its engineered construction.

Selecting the reinforcing fibers is only the first design decision. Equally important is how those fibers are
arranged within the laminate. The architecture of the reinforcement determines how the repair adapts to
variations and imperfections in the host pipe while maintaining the structural framework established by the
fiberglass.

Rather than beginning as a preformed cylindrical tube, the Formadrain repair is constructed as a carefully
engineered flat laminate. Individual layers of bi-directional woven fiberglass are arranged with controlled
overlap to create a reinforcement architecture capable of progressively conforming to the host pipe during
installation. This flat laminate configuration allows the repair to be wrapped around a collapsed inflatable
mandrel, reducing its diameter for insertion through existing access points before expansion within the
pipeline.

The controlled overlap between reinforcement layers is a critical element of the laminate design. As the
repair conforms to the host pipe, the overlap adjusts naturally to accommodate variations in pipe diameter,
manufacturing tolerances, and localized changes in geometry. Rather than requiring the fiberglass itself to
stretch, the laminate changes configuration while preserving the engineered properties of the reinforcing
fibers.

When multiple reinforcement layers are required, they are intentionally staggered rather than aligned
directly over one another. This distributes the overlap around the circumference of the repair, avoiding the
creation of a single longitudinal area of excessive thickness while promoting a more uniform laminate profile.
The result is a reinforcement architecture that can adapt to the geometry of the existing pipeline without
compromising the continuity of the structural framework.

The reinforcing fibers therefore perform two complementary functions. Their material properties establish
the mechanical framework of the composite, while their engineered arrangement within the laminate
enables that framework to conform to the existing host pipe. This combination of material selection and
reinforcement architecture is fundamental to the Formadrain rehabilitation system.
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CORE PRINCIPLE 3

The reinforcement changes configuration—not its engineered properties—as it
conforms to the host pipe.

A common misconception is that the fiberglass reinforcement must stretch or deform to match the varying
geometry of the host pipe. In reality, the reinforcing fibers are engineered to maintain their material
properties throughout the installation process. The fiberglass does not become stronger, weaker, or larger as
the repair is installed. Instead, the reinforcement progressively changes configuration until it conforms to the
existing pipeline.

This distinction is fundamental to understanding the Formadrain engineering philosophy. The structural
geometry established by the bi-directional woven fiberglass remains intact throughout installation. Rather
than relying on the reinforcing fibers to accommodate changes in pipe geometry through stretching, the
engineered laminate allows the reinforcement to progressively reposition itself while preserving its designed
structural characteristics.

Because the reinforcement architecture was engineered to accommodate this progressive change in
configuration, the repair can adapt to manufacturing tolerances, minor deformation of the host pipe, and
diameter transitions without altering the fundamental properties of the reinforcing fibers. The structural
integrity of the reinforcement is therefore maintained while the geometry of the repair evolves to match the
interior surface of the existing pipeline.

This approach separates material performance from installation geometry. The fiberglass continues to
perform as the engineered structural framework of the composite, while the laminate configuration enables
that framework to conform to the host pipe. Understanding this distinction is essential to appreciating how
the Formadrain rehabilitation system achieves both adaptability during installation and predictable structural
performance after curing.

The mechanism that creates this controlled conformance is the Formadrain inflatable mandrel. Its design and
role in the installation process are examined in Formadrain Engineering Insight FEI-003, Mechanical
Formation and Support.

Summary

The structural performance of a Formadrain rehabilitation begins with its reinforcement. Each fiberglass
sheet extends uninterrupted for the full repair length, and the longitudinal fibers within its bidirectional
weave remain continuous from one end of the repair to the other. Rather than stretching or deforming
during formation, this reinforcement progressively changes configuration while preserving its material
properties and uninterrupted load paths.

The laminate architecture allows the full-length sheets to accommodate the host pipe's actual geometry and
existing imperfections while the continuous longitudinal and circumferential fibers preserve the structural
framework. The uninterrupted fiber paths support consistent load transfer, flexural performance, and the
overall structural capacity of the completed repair.

Understanding the engineering of the reinforcement provides the foundation for understanding the
remainder of the Formadrain rehabilitation system. The reinforcing fibers establish the structural framework
of the composite; subsequent Engineering Insights examine how that framework is combined with
engineered epoxy resins, controlled steam curing, and the Formadrain inflatable mandrel to produce a fully
cured structural repair.
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e  Full-length sheets containing continuous longitudinal fibers preserve uninterrupted load paths and support
the repair's flexural performance and structural capacity.

e The bidirectional weave provides reinforcement in both the longitudinal and circumferential directions.

e The laminate changes configuration while preserving the continuity and orientation of the reinforcing fibers.

e The host pipe—including its actual geometry and existing imperfections—determines the final geometry of

the repair.

e  Controlled laminate architecture enables the repair to conform without requiring the continuous reinforcing
fibers to stretch or deform.

e  Formadrain structural repairs are designed to meet or exceed the applicable requirements of ASTM F1216.

e  Successful composite rehabilitation depends upon the interaction of continuous bidirectional
reinforcement (FEI-001), controlled steam curing (FEI-002), mechanical formation (FEI-003), and epoxy
matrix development (FEI-004).

e The Formadrain Engineering Foundation brings these four subjects together to explain how a flexible

laminate becomes a predictable structural composite.

Continue Exploring the Engineering Foundation

Engineering Insight

FEI-001
Reinforcement
Architecture
(Current)

FEI-002
Controlled Steam
Curing

FEI-003
Mechanical Formation
and Support

FEI-004
Epoxy Matrix
Development

Purpose

How reinforcing fibers and reinforcement architecture establish the structural framework of a
composite repair.

How controlled steam curing transforms a positioned and mechanically formed laminate into
a predictable structural composite.

How the inflatable mandrel establishes repair geometry, controls laminate conformance, and
creates the conditions necessary for composite formation.

How epoxy resin chemistry develops the matrix that permanently bonds the reinforcing fibers
into a unified structural composite.
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FEI-002

Controlled Steam Curing

Central Question

How does controlled steam curing transform a positioned and mechanically
formed laminate into a predictable structural composite?

ENGINEERING TRUTH

Steam does not create strength. It creates the conditions for controlled
polymerization.

Inside this Insight

e  Why must a composite repair be cured?

e How does curing develop structural properties?

e  Why is a controlled curing environment essential?

e  Why is steam an effective curing medium?

e How does controlled curing influence long-term structural performance?

SCOPE

Understanding the answer provides insight into one of the fundamental design challenges of composite pipe
rehabilitation: producing a repair that cures consistently, develops its intended structural properties, and
delivers long-term performance. All Formadrain structural repairs are engineered to meet or exceed the
applicable requirements of ASTM F1216. This Engineering Insight explains one of the principles that makes
that possible.

Unless otherwise noted, the principles presented throughout this Engineering Insight Library are illustrated
using the Formadrain Formapox 101 rehabilitation system. Formapox 101 serves as the reference platform for
explaining the engineering concepts associated with Formadrain's mandrel-installed, steam-cured composite
rehabilitation process. Many of these principles are equally applicable to Formapox 301 and Durapox 501;
however, Engineering Insights addressing other Formadrain rehabilitation systems may introduce additional
design considerations specific to those technologies.

The Formadrain Engineering Insight Series documents and communicates the principles, product-development
experience, and technical practices that support Formadrain rehabilitation technologies. Each Insight is developed
through collaboration with Formadrain's technical staff to provide an accurate and accessible explanation of the concepts
underlying the company's rehabilitation systems.

Why This Matters

Before a composite pipe repair can restore the structural integrity of a damaged pipeline, the resin system
must undergo a controlled curing process. Prior to curing, the reinforcement and resin form a workable
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composite that can be positioned within the host pipe. Only after curing does the repair develop the
structural properties for which it was engineered.

The quality of the curing process directly influences the performance of the finished repair. Factors such as
temperature, heat distribution, cure rate, and process control affect how consistently the resin transforms
into a durable structural composite. A repair that develops the intended cure throughout the laminate is
better able to achieve the mechanical properties required for long-term service and compliance with ASTM
F1216.

For this reason, curing is not simply the final step of an installation—it is a critical process that determines
whether the completed repair performs as intended throughout its service life.

One approach to achieving a controlled and consistent cure is to combine steam delivery with a resin
formulated for the realities of field curing. Temperature and heat exposure can vary along a repair: the
steam-entry end may reach curing conditions before the downstream end or areas affected by surrounding
heat sinks. Formadrain purposely developed its resin system to tolerate continued steam exposure without
blistering or damaging portions that have already cured. This allows sufficient thermal energy to reach the
entire repair without sacrificing the sections that achieve cure first.

Understanding this process provides the foundation for understanding why steam curing has become an
integral part of the Formadrain rehabilitation system.

ENGINEERING SIMPLIFIED
Baking a loaf of bread provides a useful analogy for understanding why curing matters.

The ingredients may be measured perfectly, mixed thoroughly, and placed into the oven exactly as intended.
However, until the loaf is heated correctly, it has not yet become bread. If the temperature is too low, too
high, or unevenly distributed, the outside may appear finished while the inside remains undercooked. The
quality of the final product depends not only on the ingredients, but also on how the heat is applied
throughout the baking process.

A composite pipe repair follows a similar engineering principle. The reinforcement and resin are carefully
prepared and installed within the host pipe, but they do not achieve their intended structural properties until
the curing process is complete. Controlled heating allows the entire repair to develop the structural properties
for which it was engineered.

ENGINEERING PERSPECTIVE

The steam curing process appears uncomplicated because engineering has already established the conditions
necessary for predictable composite development. The installer is not expected to continually compensate for
changing field conditions. Instead, the engineering of the materials, curing process, and installation system
work together to accommodate those variations while producing the structural performance for which the
repair was designed.

Core Principles

The remainder of this Engineering Insight examines the principles that transform a positioned and
mechanically formed laminate into a structural composite through controlled steam curing. While curing is
often viewed simply as the application of heat, every aspect of the curing process has been designed to
create the conditions necessary for the resin to develop its intended structural properties.
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The decisions described throughout this paper are guided by three fundamental principles:

1. Composite repairs develop their structural properties during curing.
2. A controlled curing environment produces predictable structural performance.
3. Steam provides an effective means of creating and maintaining a controlled curing environment.

CORE PRINCIPLE 1
A composite repair develops its structural properties during curing.

Positioning the reinforcement and resin within the host pipe marks an important milestone in the
rehabilitation process, but it does not complete the repair. Once the laminate has been pulled or pushed into
position, it is correctly located but remains in its reduced-diameter configuration around the collapsed
inflatable mandrel. At this stage, the repair has not yet conformed to the geometry of the host pipe or
developed the structural properties required to function as a composite liner.

As steam is introduced into the inflatable mandrel, two engineered processes begin simultaneously. The
expanding mandrel progressively conforms the laminate to the geometry of the host pipe while the thermal
energy carried by the steam initiates the curing reaction within the epoxy resin. Together, these processes
transform the positioned laminate into a structural composite capable of restoring the intended performance
of the pipeline.

The reinforcement described in Formadrain Engineering Insight FEI-001, Reinforcement Architecture,
establishes the structural framework of the repair. During curing, the epoxy resin develops the matrix that
binds those reinforcing fibers together, allowing the laminate to achieve the strength, stiffness, and durability
for which it was engineered.

Positioning establishes the repair's location within the host pipe. Inflation creates its final geometry, and
curing develops its structural performance. Only after all three processes are complete does the repair
become the structural composite it was designed to be.

CORE PRINCIPLE 2

A controlled curing environment produces predictable structural performance.

The structural properties of a composite repair are determined not only by the materials selected, but also by
the conditions under which those materials are cured. Developing consistent structural performance requires
more than simply applying heat. It requires establishing and maintaining a controlled curing environment
that provides sufficient thermal energy for the epoxy resin to develop its intended structural properties
throughout the repair, despite variations in pipe materials and surrounding conditions.

Every rehabilitation project presents a unique thermal environment. Variations in host pipe material, pipe
diameter, wall thickness, groundwater, burial depth, ambient conditions, and surrounding construction all
influence how rapidly thermal energy is absorbed from the repair. These thermal sinks cannot be eliminated;
they must be anticipated and accommodated within the curing process.

A properly engineered curing process is therefore designed around the most demanding thermal conditions
expected within the repair rather than the most favorable. By ensuring that sufficient thermal energy is
delivered to accommodate the areas experiencing the greatest heat loss, the process provides confidence
that the entire repair has developed the structural properties required for long-term performance. A
properly engineered chemical formulation will ensure that the curing process, even in overheating
conditions, will not affect the final product. This approach also simplifies field operation because installers
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are focused on achieving the prescribed curing conditions rather than continually adjusting the process in
response to changing temperatures.

CORE PRINCIPLE 3

Steam provides an effective means of creating and maintaining a controlled
curing environment.

Inflation with steam serves two functions during the Formadrain rehabilitation process. As it enters the
inflatable mandrel, it supplies the pressure required to progressively conform the laminate to the geometry
of the host pipe while simultaneously providing the thermal energy necessary to initiate and sustain the
epoxy curing reaction. By combining these functions within a single engineered process, steam contributes to
both the mechanical formation and structural development of the repair.

Unlike localized heating methods, steam continuously circulates throughout the inflatable mandrel,
transferring thermal energy while naturally redistributing heat as condensation and vapor movement occur
within the system. This continuous movement helps accommodate the varying thermal demands created by
changes in pipe materials, diameters, wall thicknesses, groundwater, and surrounding environmental
conditions encountered during field installations.

Once the prescribed curing pressure and cure duration have been established, the installer is not required to
continually manage curing temperatures throughout the repair. The steam curing process is engineered to
provide the thermal energy necessary for the resin system to complete its intended curing reaction while
maintaining the controlled curing environment described throughout this Engineering Insight. The installer's
responsibility becomes maintaining the specified curing conditions rather than continually responding to
localized temperature variations.

Steam curing is therefore not simply the application of heat. It is an engineered process that simultaneously
controls pressure, laminate conformance, thermal energy transfer, and composite development to produce
the structural composite examined throughout this paper. The engineering of the inflatable mandrel is
explored in Formadrain Engineering Insight FEI-003, Mechanical Formation and Support, while the chemistry
that allows the resin system to operate within this curing process is examined in Formadrain Engineering
Insight FEI-004, Epoxy Matrix Development.

Summary

Steam curing is far more than a method of applying heat to a composite repair. It is an engineered process
that transforms a positioned and mechanically formed laminate into a structural composite by supplying the
thermal energy necessary for the epoxy resin to develop its intended structural properties while
simultaneously supporting the mechanical processes that establish the repair's final geometry.

Achieving predictable structural performance requires more than selecting quality materials. It requires a
controlled curing environment that accounts for the varying thermal demands encountered in actual pipeline
rehabilitation. Rather than attempting to eliminate differences in thermal conditions, the Formadrain curing
process is engineered to accommodate the most demanding thermal environments expected within the
repair.

By combining pressure, thermal energy, and controlled curing within a single engineered process, steam
allows the repair to develop into a unified structural composite while simplifying field operation. Once the
prescribed curing conditions have been established, the installer maintains the engineered process rather
than continually compensating for localized temperature variations.

FORMADRAIN ENGINEERING FOUNDATION | 11



FORMADRAIN | ENGINEERING FOUNDATION

Understanding how composite materials develop during curing provides a foundation for the remaining
Engineering Insights in this series. FEI-003 examines the engineering of the inflatable mandrel that
establishes repair geometry, while FEI-004 explores the epoxy resin chemistry that enables the curing process
described throughout this paper.

Takeaways

e Composite repairs develop their structural properties during the curing process. Installation positions the
repair within the host pipe, while inflation creates the final geometry and curing establishes the structural
performance.

e  Predictable structural performance requires a controlled curing environment. Effective curing is achieved by
engineering the process to accommodate the most demanding thermal conditions expected within the repair.

e Steam can perform multiple functions simultaneously. It provides the pressure required to conform the
laminate to the host pipe while supplying the thermal energy necessary to develop the structural composite.

e Controlled curing is fundamental to long-term composite performance. The curing process is engineered so
that, once the prescribed curing pressure and cure duration have been established, the installer maintains the
engineered process rather than continually responding to localized temperature variations.

e  Controlled steam curing works with the reinforcement architecture (FEI-001), mandrel-controlled
formation (FEI-003), and epoxy resin chemistry (FEI-004) to develop the finished structural composite.

e The Formadrain Engineering Foundation explains how reinforcement, curing, mechanical formation, and
resin development work together as one rehabilitation system.

Continue Exploring the Engineering Foundation
Engineering Insight Purpose

FEI-001
Reinforcement
Architecture

How reinforcing fibers and reinforcement architecture establish the structural framework of a
composite repair.

FEI-002

Controlled Steam How controlled steam curing transforms a positioned and mechanically formed laminate into
Curing a predictable structural composite.

(Current)

FEI-003

How the inflatable mandrel establishes repair geometry, controls laminate conformance, and

Mechanical Formation o . .
creates the conditions necessary for composite formation.

and Support

FEI-004
Epoxy Matrix
Development

How epoxy resin chemistry develops the matrix that permanently bonds the reinforcing fibers
into a unified structural composite.
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FEI-003

Mechanical Formation and Support

Central Question

How does the inflatable mandrel transform a flat laminate into a structural
repair that conforms to the geometry of the existing host pipe?

ENGINEERING TRUTH

The mandrel does not simply inflate the repair - it controls mechanical formation.

Inside this Insight

e Why is an inflatable mandrel used?

e How does the mandrel establish repair geometry?

e  Why is controlled internal pressure important?

e How does the mandrel protect the laminate from torsion, stretch, and deformation?
e How does mandrel operation contribute to predictable structural performance?

FORMADRAIN ENGINEERING FOUNDATION | 13



FORMADRAIN | ENGINEERING FOUNDATION

ENGINEERING SCOPE

Understanding the answer provides insight into one of the fundamental design challenges of composite pipe
rehabilitation: mechanically forming a positioned and mechanically formed laminate into the final geometry
required for structural performance. The inflatable mandrel is far more than an installation tool. It is the
engineered mechanical system that transports, positions, supports, and progressively forms the laminate
while creating the conditions necessary for controlled curing and composite development.

All Formadrain structural repairs are engineered to meet or exceed the applicable requirements of ASTM
F1216. This Engineering Insight explains one of the principles that makes that possible.

Unless otherwise noted, the principles presented throughout this Engineering Insight Library are illustrated
using the Formadrain Formapox 101 rehabilitation system. Formapox 101 serves as the reference platform for
explaining the engineering concepts associated with Formadrain's mandrel-installed, steam-cured composite
rehabilitation process. Many of these principles are equally applicable to Formapox 301 and Durapox 501;
however, Engineering Insights addressing other Formadrain rehabilitation systems may introduce additional
design considerations specific to those technologies.

The Formadrain Engineering Insight Series documents and communicates the principles, product-development
experience, and technical practices that support Formadrain rehabilitation technologies. Each Insight is developed
through collaboration with Formadrain's technical staff to provide an accurate and accessible explanation of the concepts
underlying the company's rehabilitation systems.

Why This Matters

A structural composite pipe repair begins long before the resin cures. Although the reinforcement and resin
have been carefully engineered and combined into a laminate, that laminate initially exists as a flexible
assembly wrapped around a collapsed inflatable mandrel. Before the repair can function as a structural
composite, it must first be positioned within the host pipe and mechanically formed into its final geometry.

This stage of the rehabilitation process is far more sophisticated than simply inflating a bladder inside a pipe.
The laminate must be transported and positioned without torsion, stretch, deformation, or disturbance to its
reinforcement architecture. It must then be progressively formed against the interior surface of the host pipe
and continuously supported as curing begins. These mechanical functions create the geometric conditions
necessary for the laminate to develop into a structural composite.

The Formadrain inflatable mandrel has been engineered to accomplish these tasks as a single integrated
mechanical system. Rather than serving only as an installation device, the mandrel controls the mechanical
formation of the repair from insertion through curing, establishing the geometry required for long-term
structural performance.

Understanding the principles behind mandrel operation provides a deeper appreciation for how
reinforcement architecture (FEI-001), mechanical formation (FEI-003), and controlled curing (FEI-002) work
together as an integrated rehabilitation system. Although each Engineering Insight examines a specific aspect
of the process, the successful rehabilitation of a pipeline depends upon the interaction of all three.
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ENGINEERING SIMPLIFIED

Every structural composite repair must ultimately conform to the geometry of the existing host pipe.
Achieving that objective may appear straightforward, but it presents a significant design challenge. A repair
that is manufactured with a predetermined tubular shape must closely match the dimensions of the host pipe,
while a repair that begins as a flexible laminate must be mechanically formed into its final geometry during
installation. In either case, the objective is the same: to establish continuous support between the repair and
the existing pipe so the composite can develop its intended structural characteristics.

The Formadrain rehabilitation process approaches this challenge by assembling the repair as a flat,
engineered laminate before installation. Wrapped around a collapsed inflatable mandrel, the laminate forms a
compact assembly that can be transported into the host pipe without altering its engineered reinforcement
architecture. Once properly positioned, controlled internal pressure progressively expands the mandrel,
mechanically forming the laminate against the interior surface of the pipe while maintaining continuous
support throughout the curing process.

The inflatable mandrel performs far more than the simple task of inflation. It serves as the engineered
mechanical platform that transports the laminate, establishes the repair's geometry, supports the
reinforcement during composite development, and maintains the conditions necessary for predictable
structural performance. Rather than treating installation as a separate activity, the Formadrain process
integrates mechanical formation into the overall engineering of the rehabilitation system.

Just as reinforcement architecture determines how structural loads are carried (FEI-001) and controlled curing
governs how the composite develops its mechanical properties (FEI-002), mechanical formation establishes
the geometry upon which those principles depend. Together, these processes form an integrated engineering
system that transforms an engineered laminate into a long-term structural pipe repair.

Core Principles

The remainder of this Engineering Insight examines the principles by which the inflatable mandrel transports,
supports, mechanically forms, and maintains the repair until composite development is complete. While
inflation is often viewed simply as expansion, each stage of mandrel operation is engineered to establish and
preserve the geometry required for composite development.

The design decisions described throughout this paper are guided by three fundamental principles:

1. The inflatable mandrel serves as the engineered mechanical platform.
2. Controlled internal pressure establishes repair geometry.
3. Mechanical formation supports composite development.

CORE PRINCIPLE 1

The Inflatable Mandrel Serves as the Engineered Mechanical Platform.

The inflatable mandrel is often recognized as the component that expands the repair against the interior wall
of the host pipe. While this observation is accurate, it represents only one part of the mandrel's function.
Long before internal pressure is applied, the mandrel serves as the mechanical platform upon which the
repair is assembled, transported, positioned, and ultimately formed into its final geometry.

The Formadrain rehabilitation process begins with an engineered laminate designed according to the
reinforcement architecture discussed in FEI-001: Reinforcement Architecture. Once impregnated with resin,
this laminate must be delivered into the host pipe while preserving the orientation of the reinforcing fibers,
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the relationship between the reinforcement layers, and the distribution of resin throughout the repair. These
characteristics are fundamental to the structural performance of the finished composite and must remain
undisturbed throughout installation.

For the purposes of this Engineering Insight, the engineered laminate wrapped around the collapsed
inflatable mandrel will be referred to as the installation assembly. Although installers commonly refer to this
simply as "the repair," this term better describes the relationship between the laminate and the mandrel
before mechanical formation begins. Together they create a stable assembly that can be inserted, positioned,
and prepared for expansion without compromising the engineered characteristics established during
laminate construction.

From an engineering perspective, the mandrel should therefore be viewed as far more than an inflation
device. It provides the mechanical support necessary to transport the repair, maintain the integrity of the
engineered laminate, accurately position the repair within the host pipe, and establish the controlled
conditions required for mechanical formation without torsion, stretch, or deformation. Only after this
foundation has been established does the mandrel assume its next function—progressively forming the
repair into the geometry of the existing pipe.

ENGINEERING PERSPECTIVE

The inflatable mandrel is not designed simply to expand within a pipe. It is engineered to support the repair
throughout its transition from a flexible engineered laminate to a mechanically formed structure without
torsion, stretch or deformation. Every subsequent stage of the rehabilitation process depends upon the
stability, support, and control provided by this mechanical platform.

CORE PRINCIPLE 2

Controlled Internal Pressure Establishes Repair Geometry

Once the repair has been accurately positioned within the host pipe, the function of the inflatable mandrel
changes. Rather than serving primarily as a mechanical support platform for transportation and positioning, it
now becomes the mechanism through which the repair is progressively formed into the geometry of the
existing pipeline.

Unlike manufacturing processes in which the final geometry is established before installation, the Formadrain
rehabilitation process develops the repair geometry during installation. Controlled internal pressure causes
the collapsed mandrel to expand in a gradual and predictable manner, uniformly pressing the engineered
laminate against the interior surface of the host pipe. As expansion continues, the laminate conforms to the
existing pipe geometry while maintaining the reinforcement architecture established during laminate
construction.

This process of mechanical formation is far more than simply pressing the repair against the pipe wall. It
establishes continuous contact between the laminate and the host pipe, distributes forming forces
throughout the repair, and allows the reinforcing fibers to conform naturally to changes in diameter, fittings,
and other geometric features encountered within the pipeline. Because the laminate begins as a flat woven
engineered structure rather than a rigid, preformed tube, its final geometry is established by the host pipe
itself.

The ability to establish repair geometry during mechanical formation is a fundamental characteristic of the
Formadrain rehabilitation process. Rather than forcing the host pipe to accommodate a predetermined
repair geometry, controlled internal pressure allows the repair to develop its final shape against the host
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pipe's actual geometry and existing pipe imperfections while preserving the intended relationship between
the reinforcement, resin, and supporting mandrel.

ENGINEERING PERSPECTIVE

Mechanical formation is the process by which an engineered laminate becomes a geometrically stable repair.
Through controlled internal pressure, the inflatable mandrel progressively transfers the laminate from a
flexible installation assembly into a repair that conforms to the existing host pipe. This established geometry
provides the foundation upon which composite development and long-term structural performance depend.

CORE PRINCIPLE 3
Mechanical Support Maintains Repair Geometry During Composite
Development

The responsibility of the inflatable mandrel does not end once the repair has been fully formed against the
interior surface of the host pipe. At this stage, the repair has achieved its intended geometry, but it has not
yet developed the mechanical properties required to function as a structural composite. Until the curing
process is complete, the repair remains dependent upon the continuous mechanical support provided by the
inflatable mandrel.

Throughout steam curing, the mandrel maintains uniform internal pressure against the engineered laminate,
preserving intimate contact between the repair and the host pipe while preventing movement that could
alter the geometry established during mechanical formation. This continuous support allows the resin system
to polymerize under controlled conditions, transforming the flexible laminate into a rigid structural
composite without compromising its final shape.

The relationship between mechanical support and composite development is fundamental to the engineering
of the rehabilitation process. Mechanical formation establishes the repair geometry, while continuous
support preserves that geometry throughout curing. Only after the resin has fully developed its engineered
mechanical properties can the mandrel be safely deflated and removed, leaving the completed structural
composite to function independently within the host pipe.

The inflatable mandrel therefore performs a continuous role throughout the rehabilitation process. It begins
as the mechanical platform that transports and positions the repair, becomes the mechanism through which
repair geometry is established, and finally serves as the temporary structural support that maintains that
geometry until composite development is complete. Each stage builds upon the previous one, creating a
controlled transition from an engineered laminate to a fully cured structural composite repair.

ENGINEERING PERSPECTIVE

Mechanical formation and composite development are interdependent processes. The geometry established
during installation must be maintained without interruption until the resin system has fully cured and the
composite can support itself. The inflatable mandrel provides this continuous mechanical support, ensuring
that the structural characteristics engineered into the laminate are preserved throughout the transition from
a flexible repair to a permanent structural composite.
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ENGINEERING CONSIDERATION — SUPPORTING THE CONTROLLED CURING ENVIRONMENT

The responsibility of the inflatable mandrel extends beyond providing mechanical support. Its internal design
also provides the pathway through which steam is continuously delivered during curing while simultaneously
allowing condensate to be removed from the system.

As steam transfers thermal energy to the repair, condensation naturally occurs. If condensate were allowed to
accumulate within the curing system, it could restrict steam circulation and reduce the uniformity of heat
transfer. The mandrel is therefore engineered to maintain continuous steam flow while providing a controlled
path for condensate removal throughout the curing process.

This integrated design allows the mandrel to perform two essential functions simultaneously. Mechanically, it
maintains the repair geometry established during installation. Thermally, it supports the controlled curing
environment required for predictable composite development. Together, these functions ensure that the
repair remains both mechanically stable and thermally controlled until curing is complete.

The principles governing steam curing and composite development are examined in greater detail in FEI-002:
Controlled Steam Curing. Within the context of Mechanical Formation and Support, it is sufficient to recognize
that the mandrel is not only the mechanical platform that forms and supports the repair, but also an integral
component of the controlled curing system.

Summary

The inflatable mandrel is far more than an installation device. It is a controlled mechanical system that
supports every stage between laminate construction and development of the fully cured composite. During
transportation and positioning, it protects the laminate from torsion, stretch, and deformation. During
inflation, it establishes the repair's final geometry against the host pipe and its existing imperfections.
Throughout curing, it maintains continuous mechanical support until the composite becomes self-supporting.

Mechanical formation is not an isolated step. It transforms a flexible laminate into a geometrically stable
repair that accommodates the host pipe's actual geometry and existing imperfections while preserving the
reinforcement architecture established during laminate construction. By maintaining mechanical support and
the conditions needed for controlled curing, the inflatable mandrel provides the foundation upon which
successful composite development depends.

Understanding these principles demonstrates that long-term structural performance begins well before the
resin cures. The geometry established through controlled mechanical formation becomes the framework
upon which the structural composite ultimately develops, making Mechanical Formation and Support an
essential component of the overall Formadrain rehabilitation system.
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e Theinflatable mandrel is an engineered mechanical system, not simply an inflation device.

e The mandrel transports, positions, supports, and progressively forms the repair throughout installation.

e Controlled internal pressure forms the repair against the host pipe, allowing it to accommodate the pipe's
actual geometry and existing imperfections.

e Throughout positioning and mechanical formation, the mandrel preserves the reinforcement architecture by
protecting the laminate from torsion, stretch, and deformation.

e  Continuous mechanical support maintains repair geometry throughout composite development until the
cured liner becomes structurally self-supporting.

e The mandrel also supports the controlled curing environment by providing continuous steam flow while
allowing condensate to be removed throughout the curing process.

e  The mandrel works with the reinforcement architecture (FEI-001), controlled steam curing (FEI-002), and
epoxy resin chemistry (FEI-004) to preserve the assembly, establish repair geometry, and support composite

development.

e The Formadrain Engineering Foundation explains how reinforcement, curing, mechanical formation, and
resin development work together as one rehabilitation system.

Continue Exploring the Engineering Foundation

Engineering Insight

FEI-001
Reinforcement
Architecture

FEI-002
Controlled Steam
Curing

FEI-003

Mechanical Formation
and Support

(Current)

FEI-004
Epoxy Matrix
Development

Purpose

How reinforcing fibers and reinforcement architecture establish the structural framework of a
composite repair.

How controlled steam curing transforms a positioned and mechanically formed laminate into
a predictable structural composite.

How the inflatable mandrel establishes repair geometry, controls laminate conformance, and
creates the conditions necessary for composite formation.

How epoxy resin chemistry develops the matrix that permanently bonds the reinforcing fibers
into a unified structural composite.

FORMADRAIN ENGINEERING FOUNDATION | 19



FORMADRAIN | ENGINEERING FOUNDATION

FORMADRAIN ENGINEERING FOUNDATION
FEI-004

Epoxy Matrix Development

Central Question
How does epoxy resin transform an engineered laminate into a unified
structural composite?

ENGINEERING TRUTH

Fiberglass provides the framework; epoxy resin creates the composite.

Inside this Insight

e  Why is epoxy resin essential to structural composite pipe rehabilitation?

e How does epoxy resin create the matrix that unifies the reinforcing fibers?

e  Why is controlled working time critical to successful installation?

e How does controlled polymerization transform a positioned and mechanically formed laminate into a
structural composite?

e  What design considerations influence resin-system selection?

ENGINEERING SCOPE

Reinforcing fibers provide the structural framework of a composite pipe repair, but fibers alone cannot
function as a unified structural system. The epoxy resin forms the composite matrix that bonds the reinforcing
fibers together, transfers loads throughout the laminate, preserves the repair geometry established during
mechanical formation, and enables the installed repair to develop its engineered structural properties during
controlled curing.

This Engineering Insight explains the role of Formapox 101 within the Formadrain rehabilitation system.
Although other Formadrain resin formulations differ in mix ratio, working characteristics, cure schedules, and
application capabilities, the principles discussed here illustrate how epoxy resin contributes to composite
development within the Formadrain process.

The principles discussed in this Engineering Insight are consistent with the structural and installation
philosophy of ASTM F1216 while illustrating the design considerations incorporated into the Formadrain
epoxy resin system. Understanding these principles helps explain how epoxy resin contributes to predictable
composite development, controlled installation, and long-term structural performance.

The principles presented in this paper explain why epoxy resin is far more than a bonding material; it is the
engineered matrix that transforms individual reinforcing fibers into a unified structural composite.

The Formadrain Engineering Insight Series documents and communicates the principles, product-development
experience, and technical practices that support Formadrain rehabilitation technologies. Each Insight is developed
through collaboration with Formadrain's technical staff to provide an accurate and accessible explanation of the concepts
underlying the company's rehabilitation systems.
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Why This Matters

Reinforcing fibers, mandrel engineering, and controlled steam curing each contribute essential functions to
structural pipe rehabilitation, but none of these elements alone creates a structural composite. Epoxy resin
serves as the engineered matrix that unifies the reinforcing fibers, preserves the repair geometry established
during installation, and enables the positioned and mechanically formed laminate to develop its structural
properties through controlled polymerization.

Understanding the role of epoxy resin provides insight into how composite pipe repairs achieve predictable
structural performance. It also explains why resin selection involves more than mechanical properties alone.
Working time, installation environment, curing characteristics, and long-term composite development are all
design considerations that influence the design and successful execution of a rehabilitation project.

ENGINEERING SIMPLIFIED

Fiberglass creates the reinforcing framework of the repair, but the framework cannot act as one structure
until epoxy resin surrounds and connects it. Before curing, the resin keeps the laminate workable so it can be
prepared and installed. During controlled curing, polymerization transforms the resin into a thermoset matrix
that binds the reinforcement into a unified structural composite.

Core Principles

The remainder of this Engineering Insight examines the principles that enable epoxy resin to transform
reinforcing fibers into a unified structural composite. While epoxy resin is often viewed simply as a bonding
material, its role extends far beyond adhesion. Every aspect of the resin system—including its matrix
characteristics, engineered working time, and controlled polymerization—has been designed to support
predictable installation and long-term structural performance within the Formadrain rehabilitation process.

The design decisions described throughout this paper are guided by three fundamental principles:

1. Epoxy resin forms the composite matrix that unifies the reinforcing fibers into a structural composite.
2. Controlled working time enables predictable and controlled installation.
3. Controlled polymerization develops the engineered structural properties of the composite.

CORE PRINCIPLE 1
Epoxy Resin Forms the Composite Matrix

Reinforcing fibers provide the structural framework of a cured-in-place pipe repair, but fibers alone cannot
function as a unified structural system. Individual fibers are capable of carrying tensile loads; however,
without a continuous matrix to surround, support, and connect them, they cannot effectively transfer loads
throughout the repair or maintain the structural integrity required for long-term performance.

Epoxy resin performs this essential function by forming the composite matrix. During impregnation, the resin
thoroughly wets the reinforcing fibers and fills the spaces between them, creating intimate contact
throughout the laminate. As controlled polymerization occurs, the resin transforms from a workable uncured
matrix into a rigid thermoset matrix that permanently unifies the reinforcing fibers into a single structural
composite.

The role of the composite matrix extends well beyond adhesion. The cured epoxy matrix transfers loads
between reinforcing fibers, distributes localized stresses throughout the laminate, maintains the positional
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relationship of the reinforcement, and preserves the repair geometry established during mechanical
formation. These combined functions allow the reinforcement and resin to perform as a unified structural
system rather than as individual materials.

Composite performance therefore depends upon the interaction of both reinforcement and matrix. The
reinforcing fibers provide the structural framework, while the epoxy resin forms the continuous matrix that
enables those fibers to function collectively. Neither material alone can provide the engineered performance
required for structural rehabilitation. Only when the reinforcement and epoxy matrix are fully integrated
does the installed repair develop the characteristics of a true structural composite. This relationship is
fundamental to the long-term performance of the Formadrain rehabilitation system.

CORE PRINCIPLE 2

Controlled Working Time Enables Controlled Installation

The value of an epoxy resin is measured not only by the properties it develops after curing, but also by the
time it provides for careful preparation before curing begins. These are fundamentally different design
considerations. Working time determines how long the resin remains suitable for impregnation, handling,
transportation, and positioning. Curing, by contrast, is a deliberate process initiated only after the repair has
been positioned, mechanically formed, and prepared for controlled polymerization.

Formapox 101 is designed to provide a working window that supports the complete preparation process
without sacrificing rapid structural development during curing. Once the two resin components are mixed,
the chemical reaction begins and the working-time clock starts. Under typical conditions, this working period
provides sufficient time to impregnate the reinforcement, assemble the repair, transport it to the job site if
necessary, position it accurately within the host pipe, and prepare for controlled curing. Environmental
factors such as temperature and exposure to daylight can influence the reaction rate and therefore the
available working time.

An important design distinction is that working time and cure time are not the same measurement.
Extending the working window does not require compromising the resin's ability to cure rapidly once the
prescribed curing conditions have been established. Likewise, rapid composite development during
controlled curing does not require sacrificing the time needed for careful preparation, transportation, and
positioning. For example, Formadrain's Durapox 201 and Durapox 501 provide an open time of up to 60 days
while retaining the ability to cure rapidly when controlled steam is introduced. These characteristics are
designed independently to provide both operational flexibility and predictable composite performance.

The reaction can also be managed when project conditions require additional scheduling flexibility. Once the
reinforcement has been impregnated, the prepared repair may be placed into frozen storage to substantially
suspend the chemical reaction until preparation resumes. This capability demonstrates that reaction rate
itself is a design consideration, allowing project logistics to be managed without changing the intended
characteristics of the resin system.

ENGINEERING PERSPECTIVE

Working time is not simply the period before a resin becomes unusable. It is a design characteristic that
provides crews with the time needed to prepare, assemble, transport, and position the repair before
controlled polymerization begins. By designing the working and curing phases independently, Formapox 101
provides both practical field flexibility and rapid structural development under controlled curing conditions.
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CORE PRINCIPLE 3
Controlled Polymerization Develops Structural Performance

The structural properties of a composite pipe repair are not present merely because the repair has been
positioned and mechanically formed. At that stage, the reinforcement is properly located, the repair
geometry has been established, and the epoxy resin surrounds the reinforcing fibers as a continuous uncured
matrix. Until the prescribed curing cycle is complete, however, the repair has not developed the mechanical
characteristics required to function as a structural composite.

These structural characteristics develop through controlled polymerization. Under the curing conditions
described in FEI-002: Controlled Steam Curing, the epoxy resin undergoes a controlled chemical
transformation from a workable uncured matrix into a rigid thermoset matrix. As polymerization progresses,
the resin permanently binds the reinforcing fibers into a unified composite capable of transferring structural
loads throughout the repair while maintaining the geometry established during installation.

The design objective is not simply to harden the resin. Controlled polymerization develops the mechanical
properties required for long-term structural performance, including stiffness, dimensional stability, load
transfer between reinforcing fibers, and resistance to service conditions encountered throughout the life of
the rehabilitation. The structural performance of the finished repair therefore depends upon the successful
interaction of reinforcement architecture, mechanical formation, epoxy matrix development, and controlled
curing.

Once polymerization has been completed under the prescribed curing conditions, the repair no longer
depends upon the temporary mechanical support provided during installation. The completed composite has
developed the engineered structural characteristics necessary to perform as an independent rehabilitation
system within the existing host pipe.

ENGINEERING PERSPECTIVE

Polymerization is the process through which a positioned and mechanically formed laminate becomes a
structural composite. Rather than simply hardening the resin, controlled polymerization develops the
mechanical properties that allow the reinforcing fibers and epoxy matrix to function together as a unified
structural system. This transformation represents the final stage in the engineering development of the
composite repair.
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ENGINEERING CONSIDERATION
Environmental Compatibility and Installation Conditions

The selection of a resin system involves more than the structural properties of the finished composite.
Engineers must also consider the environment in which the rehabilitation will be performed, including
occupied buildings, confined spaces, ventilation, worker exposure, environmentally sensitive locations, and
project-specific regulatory requirements. These installation conditions become part of the engineering
evaluation when selecting an appropriate resin system for a rehabilitation project.

All Formadrain resins (Formapox 101, 301 — Durapox 201, 501) have been engineered as a pure epoxy, VOC-
free resin system. This design characteristic allows the rehabilitation process to be performed without
introducing volatile organic compounds during installation while maintaining the mechanical properties
required for structural composite development. Rather than representing a separate performance objective,
environmental compatibility is integrated into the engineering of the resin system itself.

Engineering decisions frequently require balancing multiple design objectives simultaneously. Mechanical
performance, controlled working time, predictable polymerization, installation logistics, and environmental
compatibility must all be considered together when selecting a resin system for a specific application. The
Formadrain approach demonstrates that these design considerations can be addressed within a single epoxy
formulation while supporting the structural requirements of composite rehabilitation.

ENGINEERING PERSPECTIVE

Environmental compatibility is a design characteristic, not simply a product feature. A properly engineered
resin system must satisfy the structural requirements of the rehabilitation while also supporting the practical
conditions under which the installation will be performed. By engineering Formapox 101 as a pure epoxy,
VOC-free resin system, Formadrain incorporates environmental considerations into the overall design rather
than treating them as separate objectives.

Summary

Epoxy resin performs far more than a bonding function within a cured-in-place pipe repair. It forms the
composite matrix that unifies the reinforcing fibers, provides the engineered working time necessary for
controlled installation, and develops the structural properties required for long-term composite performance
through controlled polymerization. Together, these design characteristics enable the positioned and
mechanically formed laminate to become a unified structural composite capable of meeting the performance
requirements of structural pipe rehabilitation.

Understanding Resin Engineering completes the fourth discipline of the Formadrain Engineering Foundation.
Reinforcement architecture, mechanical formation, epoxy matrix development, and controlled curing each
perform distinct functions that work together to produce predictable composite performance. Appreciating
the interaction of these four engineering disciplines provides a more complete understanding of why the
Formadrain rehabilitation system performs as an integrated structural composite rather than as a collection
of individual materials or installation steps.
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Takeaways

e  Epoxy resin forms the composite matrix that transforms reinforcing fibers into a unified structural composite.

e Working time is engineered to enable controlled installation—not simply to delay curing.

e  Working time and cure time are independent design characteristics designed to support both installation and
composite development.

e  Controlled polymerization develops the structural properties of the composite while preserving the geometry
established during mechanical formation.

e Resin selection involves both structural and installation design considerations, including environmental
compatibility, working characteristics, and project-specific requirements.

e Successful composite rehabilitation depends upon the interaction of reinforcement architecture (FEI-001),
controlled steam curing (FEI-002), mechanical formation (FEI-003), and epoxy matrix development (FEI-004).

e Together, these four Formadrain Engineering Insights explain how the rehabilitation system develops into a
predictable structural composite.

Continue Exploring the Engineering Foundation
Engineering Insight Purpose

FEI-001
Reinforcement
Architecture

How reinforcing fibers and reinforcement architecture establish the structural framework of a
composite repair.

FEI-002
How controlled steam curing transforms a positioned and mechanically formed laminate into
Controlled Steam . .
. a predictable structural composite.
Curing
FEI-003

How the inflatable mandrel establishes repair geometry, controls laminate conformance, and

Mechanical Formation . . .
creates the conditions necessary for composite formation.

and Support

FEI-004

Epoxy Matrix How epoxy resin chemistry develops the matrix that permanently bonds the reinforcing fibers
Development into a unified structural composite.

(Current)

Upcoming Engineering Insights

e  Composite Wall Thickness and Structural Design

e  Heat Transfer and Thermal Sink Analysis

®  Pressure Management During Installation

e Wrinkle Prevention and Laminate Conformance

e  Rehabilitation Through Bends and Directional Changes
e  Service Reinstatements and Structural Integrity

e ASTM F1216 Design Considerations

e Long-Term Composite Performance and Durability
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Foundation Reference Guide

This section consolidates the principal conclusions of the four foundational Formadrain Engineering Insights.
Each statement is reproduced from its source chapter so readers can locate the complete explanation
without replacing the context provided by the full FEI.

Foundation Engineering Truth

The completed repair is the product of an integrated engineering system: reinforcement provides
the framework, the mandrel establishes geometry, epoxy resin creates the matrix, and controlled
steam curing develops the structural composite.

Source locations: Engineering Foundation cover—page 1

Chapter Cross-Reference

e FEI-001 | Reinforcement Architecture: Engineering Truth—page 3; Summary—page 6; Takeaways—page
7

e FEI-002 | Controlled Steam Curing: Engineering Truth—page 8; Summary—page 11; Takeaways—page
12

e  FEI-003 | Mechanical Formation and Support: Engineering Truth—page 13; Summary—page 18;
Takeaways—page 19

e FEI-004 | Epoxy Matrix Development: Engineering Truth—page 20; Summary—page 24; Takeaways—
page 25
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FEI-001 | Reinforcement Architecture

Source locations: Engineering Truth—page 3; Summary—page 7; Takeaways—page 7

Engineering Truth

The host pipe determines the repair geometry—not the liner.

Summary

The structural performance of a Formadrain rehabilitation begins with its reinforcement. Each fiberglass
sheet extends uninterrupted for the full repair length, and the longitudinal fibers within its bidirectional
weave remain continuous from one end of the repair to the other. Rather than stretching or deforming
during formation, this reinforcement progressively changes configuration while preserving its material
properties and uninterrupted load paths.

The laminate architecture allows the full-length sheets to accommodate the host pipe's actual geometry and
existing imperfections while the continuous longitudinal and circumferential fibers preserve the structural
framework. The uninterrupted fiber paths support consistent load transfer, flexural performance, and the
overall structural capacity of the completed repair.

Understanding the engineering of the reinforcement provides the foundation for understanding the
remainder of the Formadrain rehabilitation system. The reinforcing fibers establish the structural framework
of the composite; subsequent Engineering Insights examine how that framework is combined with
engineered epoxy resins, controlled steam curing, and the Formadrain inflatable mandrel to produce a fully
cured structural repair.

Takeaways

o  Full-length sheets containing continuous longitudinal fibers preserve uninterrupted load paths and
support the repair's flexural performance and structural capacity.

e The bidirectional weave provides reinforcement in both the longitudinal and circumferential directions.

e The laminate changes configuration while preserving the continuity and orientation of the reinforcing
fibers.

e The host pipe—including its actual geometry and existing imperfections—determines the final geometry
of the repair.

e Controlled laminate architecture enables the repair to conform without requiring the continuous
reinforcing fibers to stretch or deform.

e Formadrain structural repairs are designed to meet or exceed the applicable requirements of ASTM
F1216.

e  Successful composite rehabilitation depends upon the interaction of continuous bidirectional
reinforcement (FEI-001), controlled steam curing (FEI-002), mechanical formation (FEI-003), and epoxy
matrix development (FEI-004).

e The Formadrain Engineering Foundation brings these four subjects together to explain how a flexible
laminate becomes a predictable structural composite.
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FEI-002 | Controlled Steam Curing

Source locations: Engineering Truth—page 8; Summary—page 11; Takeaways—page 12

Engineering Truth

Steam does not create strength. It creates the conditions for controlled polymerization.

Summary

Steam curing is far more than a method of applying heat to a composite repair. It is an engineered process
that transforms a positioned and mechanically formed laminate into a structural composite by supplying the
thermal energy necessary for the epoxy resin to develop its intended structural properties while
simultaneously supporting the mechanical processes that establish the repair's final geometry.

Achieving predictable structural performance requires more than selecting quality materials. It requires a
controlled curing environment that accounts for the varying thermal demands encountered in actual pipeline
rehabilitation. Rather than attempting to eliminate differences in thermal conditions, the Formadrain curing
process is engineered to accommodate the most demanding thermal environments expected within the
repair.

By combining pressure, thermal energy, and controlled curing within a single engineered process, steam
allows the repair to develop into a unified structural composite while simplifying field operation. Once the
prescribed curing conditions have been established, the installer maintains the engineered process rather
than continually compensating for localized temperature variations.

Understanding how composite materials develop during curing provides a foundation for the remaining
Engineering Insights in this series. FEI-003 examines the engineering of the inflatable mandrel that
establishes repair geometry, while FEI-004 explores the epoxy resin chemistry that enables the curing process
described throughout this paper.

Takeaways

e Composite repairs develop their structural properties during the curing process. Installation positions the
repair within the host pipe, while inflation creates the final geometry and curing establishes the
structural performance.

e Predictable structural performance requires a controlled curing environment. Effective curing is achieved
by engineering the process to accommodate the most demanding thermal conditions expected within
the repair.

e Steam can perform multiple functions simultaneously. It provides the pressure required to conform the
laminate to the host pipe while supplying the thermal energy necessary to develop the structural
composite.

e Controlled curing is fundamental to long-term composite performance. The curing process is engineered
so that, once the prescribed curing pressure and cure duration have been established, the installer
maintains the engineered process rather than continually responding to localized temperature variations.

e Controlled steam curing works with the reinforcement architecture (FEI-001), mandrel-controlled
formation (FEI-003), and epoxy resin chemistry (FEI-004) to develop the finished structural composite.

e The Formadrain Engineering Foundation explains how reinforcement, curing, mechanical formation, and
resin development work together as one rehabilitation system.
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FEI-003 | Mechanical Formation and Support

Source locations: Engineering Truth—page 13; Summary—page 18; Takeaways—page 19

Engineering Truth

The mandrel does not simply inflate the repair—it controls mechanical formation.

Summary

The inflatable mandrel is far more than an installation device. It is a controlled mechanical system that
supports every stage between laminate construction and development of the fully cured composite. During
transportation and positioning, it protects the laminate from torsion, stretch, and deformation. During
inflation, it establishes the repair's final geometry against the host pipe and its existing imperfections.
Throughout curing, it maintains continuous mechanical support until the composite becomes self-supporting.

Mechanical formation is not an isolated step. It transforms a flexible laminate into a geometrically stable
repair that accommodates the host pipe's actual geometry and existing imperfections while preserving the
reinforcement architecture established during laminate construction. By maintaining mechanical support and
the conditions needed for controlled curing, the inflatable mandrel provides the foundation upon which
successful composite development depends.

Understanding these principles demonstrates that long-term structural performance begins well before the
resin cures. The geometry established through controlled mechanical formation becomes the framework
upon which the structural composite ultimately develops, making Mechanical Formation and Support an
essential component of the overall Formadrain rehabilitation system.

Takeaways

e The inflatable mandrel is an engineered mechanical system, not simply an inflation device.

e The mandrel transports, positions, supports, and progressively forms the repair throughout installation.

o Controlled internal pressure forms the repair against the host pipe, allowing it to accommodate the
pipe's actual geometry and existing imperfections.

e Throughout positioning and mechanical formation, the mandrel preserves the reinforcement
architecture by protecting the laminate from torsion, stretch, and deformation.

e  Continuous mechanical support maintains repair geometry throughout composite development until the
cured liner becomes structurally self-supporting.

e The mandrel also supports the controlled curing environment by providing continuous steam flow while
allowing condensate to be removed throughout the curing process.

e The mandrel works with the reinforcement architecture (FEI-001), controlled steam curing (FEI-002), and
epoxy resin chemistry (FEI-004) to preserve the assembly, establish repair geometry, and support
composite development.

e The Formadrain Engineering Foundation explains how reinforcement, curing, mechanical formation, and
resin development work together as one rehabilitation system.
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FEI-004 | Epoxy Matrix Development

Source locations: Engineering Truth—page 20; Summary—page 24; Takeaways—page 25

Engineering Truth

Fiberglass provides the framework; epoxy resin creates the composite.

Summary

Epoxy resin performs far more than a bonding function within a cured-in-place pipe repair. It forms the
composite matrix that unifies the reinforcing fibers, provides the engineered working time necessary for
controlled installation, and develops the structural properties required for long-term composite performance
through controlled polymerization. Together, these design characteristics enable the positioned and
mechanically formed laminate to become a unified structural composite capable of meeting the performance
requirements of structural pipe rehabilitation.

Understanding Resin Engineering completes the fourth discipline of the Formadrain Engineering Foundation.
Reinforcement architecture, mechanical formation, epoxy matrix development, and controlled curing each
perform distinct functions that work together to produce predictable composite performance. Appreciating
the interaction of these four engineering disciplines provides a more complete understanding of why the
Formadrain rehabilitation system performs as an integrated structural composite rather than as a collection
of individual materials or installation steps.

Takeaways

e  Epoxy resin forms the composite matrix that transforms reinforcing fibers into a unified structural
composite.

e Working time is engineered to enable controlled installation—not simply to delay curing.

e  Working time and cure time are independent design characteristics designed to support both installation
and composite development.

e Controlled polymerization develops the structural properties of the composite while preserving the
geometry established during mechanical formation.

e Resin selection involves both structural and installation design considerations, including environmental
compatibility, working characteristics, and project-specific requirements.

e Successful composite rehabilitation depends upon the interaction of reinforcement architecture (FEI-
001), controlled steam curing (FEI-002), mechanical formation (FEI-003), and epoxy matrix development
(FEI-004).

o Together, these four Formadrain Engineering Insights explain how the rehabilitation system develops
into a predictable structural composite.
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