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Polymer concrete (PC) is used in the construction of structural elements.
Applications include wall panels to carry wind and seismic loads; under-
ground vaults that must resist lateral earth pressure; vault and utility box
covers that are required to resist vehicle loads, machine tool components
subject to awide range of loadings; and railroad tiesto resist static and dy-
namic rail loads. Structural uses of PC components involve flexure, shear,
bearing, and deflections. Creep, fatigue, and service temperature are im-
portant aspects of these mechanisms. A need for defining and under standing
polymer concrete’s structural properties and behavior therefore exists.
Standards and codes governing design with polymer concrete have not yet
been developed. There is a need for more research on structural behavior
before design criteria can be completed.

ACI Committee Reports, Guides, Standard Practices, Design
Handbooks, and Commentaries are intended for guidance in
planning, designing, executing, and inspecting construction.
This document is intended for the use of individuals who are
competent to evaluate the significance and limitations of its con-
tent and recommendations and who will accept responsibility for
the application of the materia it contains. The American Con-
crete Institute disclaims any and all responsibility for the appli-
cation of the stated principles. The Institute shall not beliablefor
any loss or damage arising therefrom.

Reference to this document shall not be made in contract docu-
ments. If itemsfound in this document are desired by the Archi-
tect/Engineer to be a part of the contract documents, they shall
be restated in mandatory language for incorporation by the Ar-
chitect/Engineer.

Keywords beams (supports); drainage; floors; insulating concretes; port-
land cements; pipes (tubes); plastics, polymers, and resins; polymer con-
crete railroad ties; structural design; tools; walls
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INTRODUCTION

Polymer concrete (PC) is used for structural applications
where strength, stiffness, durability, and ease in molding
provide an advantage over aternate materials. An additional
attraction is that many types of reinforcement can be used
with PC. Thisreport presents the state of the art in structural
uses of PC. The information herein is separated into six ma-
jor sections. Chapter 1 outlines the historic development of
PC used in structures. Chapter 2 presents a general description
of PC and some of itsproperties. Chapter 3 dealswith the de-
sign implications for structural elements fabricated from PC.
Chapter 4 describes structures that have been completed us-
ing PC. A glossary of technical terms relating to PC is pro-
vided in Chapter 5, and Chapter 6 listsreferencesthat contain
additional information and background for PC structures.

CHAPTER 1—HISTORIC DEVELOPMENT

The use of polymers in concrete was developed in the
United States under three general classifications, polymer-
impregnated concrete (PIC), polymer modified concrete
(PMC), and polymer concrete (PC). Polymer-impregnated
concreteisahydrated portland cement concrete impregnated
with a monomer and subsequently polymerized in situ.
Large-scaleresearch on PIC commenced inthe United States
in 1966. Polymer modified concrete is a premixed material

in which either a monomer or polymer |@d§ teo i’:l Sfrﬁs,]h
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concrete mixture in a liquid, powdery, or dispersed phase,
and subsequently allowed to cure, and if needed, polymer-
izein place. PMC is covered by other documents prepared
by ACI (ACI 548.3R) and others.* PIC has not been used in
commercial applications and is virtually nonexistent in the
United States today. PC was first used commercially in the
1950s in the United States in the production of synthetic
marble, followed by the manufacture of architectural fac-
ing panelsin the late 1950s. By the mid 1970s, PC was used
asarepair material for Portland cement concrete structures,
mainly on highways and bridges. The U.S. Federal High-
way Administration, the Bureau of Reclamation, and the
Department of Energy all sponsored materials research
during the 1970s and the 1980s that included PC. In the
United States in the 1980s, chemical companies developed
an increasing interest in specific materials and material
properties required to produce PC. As a result, many en-
hancements in the polymers used in PC were developed,
and resins tailor-made for PC production began to be of-
fered. This development continues, and material improve-
ments are often achieved by manufacturers.

Information and technical papers concerning PC and its
applications were published as the result of the First Inter-
national Congress on Polymersin Concrete (ICPIC) held in
England in 1975. Subsequent congresses were held in Aus-
tin, Texas, U.S.A. (1978), Koriyama, Japan (1981), Darm-
stadt, Germany (1984), Brighton, England (1987), and
People’s Republic of China (1990). The Seventh Interna-
tional Congress on Polymers in Concrete was held in Rus-
siain September 1992. All published proceedings include
papers on several structural aspects of PC. Fatigue, impact,
abrasion, and flammability are discussed. Uses of PC in
structures in the United States, Russia, India, Japan, Po-
land, Germany, England and South Africa are described.

The American Concrete Institute (ACI) formed Commit-
tee 548, Polymersin Concrete, in 1971. Committee 548 has
published proceedings of symposia held with American
Concrete Institute conventions. The committee has also
published Polymers in Concrete—State-of-the-Art Report
(ACI 548R) and Guide for the Use of Polymersin Concrete
(ACI 548.1R). Several test methods specific to PC were de-
veloped and published by the Polymer Concrete Committee
of the Society of the Plastics Industry, Inc. (See Table 4).

Today, a major part of PC application is in the form of
precast elements. At first, the only precast elements were
architectural building panels. Beginning in the 1970s, other
structural products began to appear on the market, includ-
ing floor drains, utility trenches, underground utility vaults
and covers, high-voltage insulators, and highway median
barrier shells. These products were followed by the intro-
duction of manhole structures and machine tool bases. Re-
search into the behavior of PC structures is continuing at
the University of Texas (Austin), Brookhaven National
Laboratory, the University of Houston, the Federal High-
way Administration, and various state highway departments.

It is anticipated that many new PC materials and innova-

tive Ijseifor these materials will be on the market by the
SOlatlion
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turn of the century. Research is being conducted on such
uses as ballistics panels, electric transmission poles, sand-
wich panels, building blocks, utility trenches, utility covers,
and insulation panels.

CHAPTER 2—MATERIALS AND PROPERTIES

2.1—Materialsfor structural polymer concrete

The general term, polymer concrete, used in thisreport in-
cludes polymer mortars, polymer grouts, and polymer con-
cretes. Polymer mortars and grouts include materials with
aggregate sizes smaller than /, in. (6 mm). Differences be-
tween mortars and grouts depend on the intended use and af -
fect the fabricator's formulation of the material.

2.1.1 Polymers—Thermosetting polymers are used as the
binding matrix for structural PC applications. Frequently
used polymers include those made from such monomers as
methacrylates, epoxy, furan, styrene, trimethylopropane tri-
methacrylate, unsaturated polyesters (UP), and vinyl ester.
The monomers of these polymers, or amixture of monomers
and polymers in liquid form, are mixed with an aggregate
system to produce the mixture. Polymerization promoters
and initiators are aso included in the mix proportioning to
cross-link or complete the polymerization (hardening) of the
monomers. There are several properties of the monomers or
polymers typically used to define the characteristics of the
uncured PC. Polymer concretes and mortars are usually clas-
sified based on the properties of the uncured binder, the
cured binder, and the cured PC or mortar. For most appli-
cations, the properties of the cured binder will dominate ma-
terial selection.

The viscosity of the individual or mixed components may
be specified to control the coating of the aggregates. Binder
resins with low viscosity are more suitable for highly-filled
mixtures. A gel time range may be specified to insure that
there is adequate time to place the fresh PC and that the cur-
ing will be completed within the time alotted before
demolding. Additional properties of the uncured binders,
such as specific gravity, shelf life, component content, and
flash point, are sometimes specified.?

Mixing procedures vary with the polymers selected. The
combination of monomers, polymers, initiators, promoters,
and chemical additives constitutes the binder system. Some
binder systems may be formulated as two components
where one component contains the monomers, polymers,
promoters, and additives and the second contains the curing
agent or initiator. Another common way to prepare the bind-
er system isto premix the promoters and additives with part
of the monomers and polymers (usually one-half) and to
premix the initiators with the remaining portion. For a spe-
cific binder system, the ingredient manufacturer or a chem-
ist should be consulted to select the most appropriate way to
mix the required chemicals. Particular care must be taken to
avoid mixing promoters directly with initiators because the
mixture can react explosively. Refer to Paragraph 2.6 for
safety requirements.

2.1.2 Aggregates—Aggregates such as si@ S’deiran-
ite, river gravel, basalt, fly ash, calcium carb i
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flour are generally acceptable for PC. Individual fly ashes
should be tested before use since some may adversely affect
the polymerization reaction. Most aggregates meeting the
Sandard Specification for Concrete Aggregates ASTM C 33,
will provide adequate performancein PC. In addition, aggre-
gates must be selected for chemical resistanceif that isafac-
tor in the application.* Aggregates are usually specified to be
dry (less than 0.2 percent free moisture) and free from dirt,
clay, asphalt, and organic materials. Rounded river gravel up
to¥,in. (20 mm) has been used for some overlaysand isalso
suitable for precasting larger sections. The larger smooth ag-
gregate provides amore workable mixture, and lessresin can
be used.

Concern for the preservation of the environment and the
conservation of natural resources has focused attention on
the need to recycle waste materials such as plastics, glass,
and incinerator ash to produce useful products for the public
and private sectors. Waste glassisamajor portion of all mu-
nicipal waste, accounting for about 10.5 percent or 13.5 mil-
lion tons (12.2 million Mg) in 1975. This glass fraction of
municipal solid waste is an inert aggregate that may be used
in PC composites. Examples of glass-polymer composites
include sanitary pipe, culvert pipe, septic tanks, cesspools,
and building blocksor brick. Municipal park benchesand tebles
and other decorative products normally made of portland ce-
ment concrete can aso be made of glass polymer compogtes.s

2.1.3 Reinforcement—There are many types of reinforce-
ment available for PC: bars and rods made from steel or fi-
berglass, fabrics made from steel wire, fiberglass, or
polymers; and fibers made from steel, glass, carbon, or poly-
mers. Ductile materials such as steel with high tensile
strength and stiffness are generally preferred to provide the
ductile behavior and high flexural strength for the compo-
nent. Fiberglass cloth or mats are frequently used as rein-
forcement due to the ease of its placement in molds and its
durahility, strength, and chemical resistance.®

The addition of various types of fibers can result in in-
creases in the splitting tensile strength and ductility of PC.
Increases in splitting tensile strength of 9 percent for 1-in.-
(25-mm)-long AR (alkali resistant) glass fibers (2 wt. per-
cent) and from 10 to 50 percent for various steel fibers (2 to
7 wt. percent) have been reported.

2.1.4 Additives—Additives, such as air release agents,
wetting agents, flexibilizers, shrinkage reducers, UV inhibi-
tors, fire-resisting agents, and bond enhancers are added to
PC polymers to improve one or more properties. Each of
these additives is designed and selected to match the partic-
ular polymer being used. Air release and wetting agents are
used in polymer systems to remove air encapsulated during
mixing and to decrease the polymer content when a low-
polymer-ratio PC is required. Flexibilizers are added to re-
duce the modulus of elasticity and increase toughness.
Shrinkage reducers compensate for polymerization shrink-
age. PCisnaturally resistant to ultraviolet (UV) degradation
dueto the opacity of the aggregates, as evidenced by up to 25
years of field exposure of some building panels and utility
structures. ,However, UV inhibitors are sometimes used to

1@&4&& of polished finishes. Fire-resistive agents
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are used to decrease the surface flammability of systems
with higher polymer contents. Bond enhancing agents (such
as silanes and titanates) provide a chemical bond between
the aggregate and the polymer, typically increasing strength
properties by 10 percent and decreasing effects of water deg-
radation for some systems.”

2.2—Polymer concrete types

Sincethe polymer formsthe continuous phase, behavior of
the composite is significantly affected by the choice of poly-
mers.® For that reason, PC can be categorized by binder type.

2.2.1 Epoxy polymer concrete—Epoxy resins used for PC
are typically two-component systems. One component is the
epoxy resin and the second component isthe hardener or cur-
ing agent. Most epoxy resins are condensation products of
Bisphenol A and Epichlorohydrin. Because of their struc-
ture, epoxy resins form strong bonds with portland cement
concrete, steel, and most construction materials.

Epoxy resin cure times and strengths can vary dramatical-
ly. Epoxies tend to be slow-setting and continue to gain
strength for weeks; however, they can be formulated to cure
rapidly. They are resistant to most chemicals and can be for-
mulated to cure under many moisture and temperature con-
ditions. They have low curing shrinkage, good adhesion
properties, high tensile strengths, and excellent abrasion re-
sistance. Epoxy resinstend to have high viscosity and putty-
like mortar consistency that may be sticky to finish.

The two-component systems are normally mixed at aresin-
to-hardener ratio of either 1:1 or 2 (resin):1 (hardener) by
volume. Varying the specified ratio of the two components
can significantly decrease mechanical and chemical proper-
ties. Batching should be done in complete units or by using
accurate volumetric or weight measures. Acceptable toler-
ance of the mixing ratio is plus or minus 5 percent, although
variations of less than 2 percent are recommended. The indi-
vidual components should be thoroughly mixed before com-
bining them with the aggregate or filler system. Equipment
available for automatic metering of resinsinsures that proper
mix ratios are obtained.

Epoxy PCs can be user prepared with the many formulations
of epoxy resinsthat are available. The selection of the mate-
rial for a particular application should be based on specific
manufacturer's product information and field performance
data. Epoxy resins are available for use in a variety of appli-
cation temperature conditions. The ratio of the two compo-
nents should never be adjusted to change the curing time.
Epoxy resins are considered allergenic; safe handling prac-
tices must be exercised.® See Paragraph 2.6 for additional
safety information.

Koblischekzo reported properties for an epoxy PC being
used in the manufacture of machinetool bases. The compres-
sive strength was 17,400 psi (120 MPa), the tensile strength
was 1500 psi (10 MPa), and the bending tensile strength was
3200 psi (22 MPa). He al'so reported a compressive modul us
of elasticity of 5.8 x 10¢ psi (40 GPa) and a tensile modulus
of 4.1 x 108 psi (28 GPa) for the same epoxy PC.

2.2.2 Methacrylate polymer concrete—@%methacﬁé .
late (MMA) and high molecular wei @I:S ICl
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(HMW M) are the primary monomers used in methacrylate
PC. MMA has been used in the PC industry for many years.
It has provided a satisfactory level of performance and long-
term durability. HMWM is a more recent development, and
good long-term performance has yet not been fully demon-
strated. Dueto its low viscosity, MMA monomer has excel-
lent wetting properties and excellent bond strengths. MMA
monomer is aclear, thin, highly volatile liquid with a sharp,
pungent odor. Typically, MMA will provide between 30 and
60 min of working time, then cure very rapidy. MMA
monomers can, however, be formulated to cure over awide
range of temperatures and is well suited for use in cold
weather. MMA PCs also have excellent flow characteristics
and are well suited for placement around closely spaced re-
inforcing or formwork for narrow cross sections. Since
MMA ishighly volatile, aplastic sheet or other cover should
be placed over the completed work to reduce monomer loss
due to evaporation before curing.

MMA systems can be user formulated or prepackaged.
When the systems are formulated by the user, a promoter and
initiator must be added to the monomer to begin the poly-
merization reaction. The monomer should contain an inhibi-
tor, such as hydroquinone, to extend its shelf life. The
polymerization reaction is initiated by adding a promoter,
such as dimethyl aniline (DMA) or dimethyl-para-toluidine
(DMpT), and an initiator, such as benzoyl peroxide (BPO).
A variety of initiators and promoters are available to provide
a range of cure times and physical properties. The amount
and type of initiator and promoter used will change the set-
ting time of the PC. Unlike epoxies, MMA will tolerate wide
variations in the ratio of initiator/promoter to the resin. A
cross-linking agent such as trimethylopropane trimethacry-
late (TMPTMA) istypically added to the resin.*

Koblischek:2reported properties for a particular MMA PC
being used in the manufacture of machine tool bases. The
properties reported included a compressive strength of
17,400 psi (120 MPa), a bending tensile strength of 4200 psi
(29 MPa), a tensile strength of 1700 psi (11.5 MPa), and a
Poisson's ratio of 0.35. Koblischek also reported several
measurements of the modulus of elasticity. These measure-
ments included 3.5 x 108 psi (24 GPa) in tension and 4.5 x
10¢ t0 5.7 x 10¢ psi (31 to 40 GPa) in bending.

2.2.3 Unsaturated polyester (UP) polymer concrete—
Most commercially-produced precast PC products made in
the United States and Europe are made with UP resins. The
resins are typically supplied prepromoted with cobalt salts.
After mixing with the aggregate system, an initiator is added
that, with the promoter, causes a cross-linking reaction be-
tween styrene and polyester. Typical initiators are methyl
ethyl ketone peroxide (MEKP) or ketone peroxide blends.
The resulting thermoset polymer is a strong and durable
binder. A variety of UPisused, depending on the application
conditions. General purpose products are made with ortho-
phthalic or dicyclopentadiene polyesters. Where improved
mechanical strength or chemical resistance is required, an
isophthalic or vinyl ester may be selected.

2.1guran polymer concrete—Furan-based PCs have

SQI |Q(Qsively in the former Soviet Union and South
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Africa. The furan monomer is manufactured from grain by-
products and, therefore, the cost is not related to the avail-
ability or price of petroleum. Furans are typically cured by
the addition of an acid catalyst. Reaction times are controlled
by the choice of acid and through the addition of buffers for
the acid. Cured furan polymers are black, which limits the
color of the finished PC. Until the cure is complete, the acid-
ic catalyst can be very corrosive to metal tools and form-
work, further limiting the applications of furan PC. Furan
resins also should not be used with alkaline aggregates.

2.2.5 Lightweight polymer concretes—Aminabhaui et al , 13
showed that lightweight polymer concretes generally shrink
and creep more than portland cement concretes. The ratio of
tensile to compressive strength is often lower than that of or-
dinary concrete. Lightweight PC has a lower coefficient of
thermal conductivity than portland cement concretes and,
therefore, on exposure to fire it will increase in temperature
at a lower rate than portland cement concrete. Thus, the re-
sistance to internal heat gain of structural lightweight PC
components is approximately one-third higher than that of
components made of portland cement concrete. In extended
fire exposures, however, the lightweight PC will begin to
lose its strength as the internal temperature of the structural
element approaches the glass transition temperature.

2.3—Mechanical properties

The mechanical properties of PC fall between typical val-
ues used for portland cement concrete and structural metals.
Flexural strength, tensile strength, shear, and flexural modu-
lus are similar to the corresponding properties of wood. Dif-
ferent polymers used in PC production will impart different
properties to the finished material, but when the mixing pro-
portions, materials, and procedures are held constant, the re-
sulting PC has very consistent properties. Lessthan 2 percent
variation in the properties of test specimens taken from sev-
eral mixesis common.*

Vipulanandan and Paul*® have published results of exten-
sive research into the effects of curing conditions, tempera-
tures, aggregate sizes, and strain rates on the mechanical
properties of epoxy and UP PCS. The report concludes that
the behavior of these systems is significantly influenced by
the curing method, temperature, strain rate, and testing tem-
perature. The authors have devel oped relationships for these
systems to test temperature and strain rates. They concluded
that there was no direct relationship between the aggregate
gradation and the strength of the PC within the range of ag-
gregate sizes studied. Test results suggest that the ACI 318
code relationships for calculating the compressive modulus
and the tensile strength using the compressive strength do
not apply to PC. Similar relationships published for use with
high strength concrete also do not apply. A constitutive mod-
el capable of modeling both strain-softening and strain-
hardening has been developed for the stress-strain relation-
ships of epoxy PC and UP PC. The predictions compare well
with experimental data.

2.3.1 Compressive strength—PC possesses different prop-
erties under axial compression and axial tens o@
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conditions of short-term application of static |oads, the ratio
of compressive to tensile strength ranges from 6 to 10. As
load duration is increased, the limiting tensile strength de-
creases due to the viscoel astic nature of the binder and creep
effects. The effects of load duration on compressive
strengths are less pronounced.® Fig. 1 shows atypical stress-
strain curvefor polyester PCsand MMA PCsin compression.*’
The curve labeled PE-PC is for a PC with an isophthalic
polyester. The curve labeled PE-FLEX is for a PC with an
isophthalic polyester with aflexible resin added.

PCs have demonstrated compressive strengths of 9000 psi
to 26,000 psi (60 to 180 MPa), depending on the polymer
binder being used and the aggregate size, type, and gradation.
Most commercial PCs have compressive strengths of 12,000
to 15,000 psi (80 to 100 MPa).

2.3.2 Flexural strength—Flexural strengths are influenced
considerably by the choice of polymers. Generaly highly
cross-linked polymers produce a higher flexural strength.
They also tend to have a more brittle failure mode and a
higher modulus of elasticity. An unreinforced PC may have
flexural strengths of 2000 to 4000 psi (14 to 28 MPa) or
higher. Unreinforced flexural members should not be used as
primary structural elements due to the potentially brittle na-
ture of the failure. Ultimate flexural strengths for unrein-
forced sections should be based on flexural tests of the
formulation to be used, from which the modulus of rupture
may be determined.

Static flexural properties of PC can be determined using
the same test method used for portland cement concrete
(ASTM C 293 or C 78). The method specified for nonmetal -
lic, corrosion-resistant materials (ASTM C 580) has aso
been used and is more suitable for PC mortars and grouts.

PC made with flexible polymers exhibits more ductile be-
havior than those made with rigid polymers. The ductility in-
dex may be as high as 2.0 for flexible PCs and energy
absorption for PC beams is higher than for portland cement
concrete control beams. Effective stiffness for PC beams are
lower than for concrete control beams. The strain distribution
along the depth in the compression zone of flexural beamsis

12
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linear. Hsu'® showed a conservative value of 0.008 in./in.
(m/m) can be assumed for the maximum compressive strain
at the extreme fiber.

2.3.3 Tensile strength—Direct tensile testing of PC israre
since PC is not normally used in direct tension applications.
Preparing and mounting a specimen in a tensile-testing fix-
ture without introducing stress concentration effects is diffi-
cult. A dogbone specimen can be used but care must be taken
to eliminate end effects at the jaws of the test fixture. Tensile
strengths are normally measured using the splitting tensile
test method (ASTM C496). Tensile strengths of 1000 to
2500 psi (10.3 to 17.2 MPa) are typical.

2.3.4 Modulus of elasticity—The deformation response of
PC depending on the modulus of elasticity and maximum
elongation of the binding polymer, with elastic moduli up to
5 x 10° psi (35 GPa) for rigid polymers. PCs also exhibit ex-
cellent toughness properties. Toughnessisrelated to the ma-
terial'simpact strength and its ability to absorb energy before
failure, as measured by the area below the stress-strain curve.

PC can be produced with a wide range of elastic moduli.
Moduli of PC are generally dependent on the moduli of the
resin binder and the percentage of the resin used. As binder
content decreases (approaching 5 percent by volume), the
moduli isincreasingly influenced by the aggregate and rein-
forcements. Elastic moduli range from 500,000 psi (4 GPa)
for aflexibleresin system up to 5,000,000 psi (40 GPa) for a
rigid matrix (tensile failure strains of 15 percent to less than
1 percent, respectively). The modulus of elasticity varies
with temperature and for each of the major stress states: pure
tension, pure compression, and pure flexural .20

2.3.5 Poisson’s ratio—Very few measurements of Pois-
son'sratio for PC have been reported to date. A value of 0.35
was given for an MMA PC used for machine tools.??

2.3.6 Shear strength—Most shear failuresin PC structures
are actually diagonal tension failures or perhaps diagonal
compression failures asin portland cement concrete. PC, like
portland cement concrete, is much weaker in tension thanin
compression, leading to diagonal tension failures in regions
of pure shear. Actual shear strengths of 275 to 3700 psi (2 to
26 MPa) are between the tensile and compressive strength
for those PCs tested to date.?

2.3.7 Fatigue strength—Teststo date* have shown that fa-
tigue loading increases both flexural strength and the modu-
lus of elasticity. The applied stress is the most important
factor influencing the fatigue life of PC beams. As the ap-
plied stress increases, fatigue life decreases. The range be-
tween maximum and minimum applied stress also has a
significant effect. The wider the stress range, the shorter the
fatiguelife. Hsu® observed higher flexural strength and stiff-
ness in static tests done on beams that did not fail in fatigue.
Lastly, PC beams were superior to portland cement concrete
beamsin fatigue life.

2.3.8 Creep—PC exhibits the general creep behavior of
the polymer binder. Several studies of creep in PC?*?” have
shown that at some stress level substantially below short-
term ultimate strength, PC will creep to failure. Asthe level
of applied stress is increased, creep strai HIcreases as
expected. However, at some level of str m

icisols

ACI COMMITTEE REPORT

rapidly to failurein ashort time. The closer the applied stress
isto the short-term ultimate strength, the faster that creep to
failure results. By connecting the inflection or failure points
on afamily of creep curves, acreep rupture envelope may be
developed. The creep rupture envelope describes the maxi-
mum allowable design stresses for the PC at different antic-
ipated load durations. This stress level is about 50 percent of
the short-term ultimate strength for most PCs. All stresses
used for design should be factored to account for this behav-
ior of PC under long-term loading.

Creep in PC is approximately two to three times the creep
of portland cement concrete. However, the specific creep for
both is about the same. Fig. 2 shows the specific creep strain
for aspecific polyester PC, for example, and Fig. 3 showsthe
effect of ambient temperature on specific creep for the same
PC.?8 The static strength of PC was not significantly affected
by the long-term creep loading within the creep rupture en-
velope. The PC creep strain is high, and the PC sustained
strength is low compared to portland cement concrete. For
stress levels of 0.5 (and higher), creep strain in furan-based
PCsisextremely high and the specimenswill creep tofailure
in as little as two months.?® When design loads will be ap-
plied continuously for 10 days or more, appropriate reductions
for creep effects should be applied. A design stress of 50 per-
cent of ultimate, or less, should be used in strength design for
these cases.

PC creep behavior is also influenced by ambient tempera-
ture and resin content. Creep increases with increased ambi-
ent temperature. PC should not be used in environments
where the temperature approaches the heat-distortion tem-
perature of the resin.

Creep isimportant in PC design calculations of long-term
deflections and deformations. Performing creep tests using
the specific mix design and temperaturesto be used is neces-
sary. Creep strains generally increase with increased poly-
mer loading; for that reason, awell-graded aggregate system
should be selected to reduce the amount of polymer, if creep
is to be minimized. The resin or monomer, aggregate type,
and gradation all effect the creep behavior of the PC.®

2.3.9 Impact and abrasion resistance—Neelamegam et
al.* studied the behavior of various glass-fiber reinforced PC
mortars when subjected to impact and abrasion. The PC was
made with an isophthalic polyester resin and fine river sand.
Glassfiber contents were varied from 0 to 4 percent by mass.
Results showed that glass-fiber addition significantly in-
creased impact resistance with fiber contents of more than 2
percent. Fiber length also affected on the improvement, with
longer fibers providing higher impact resistance values.
Abrasion resistance also increased with addition of 2 to 3
percent of the longer fibers. Fiber lengths were between ¥/,
and 1in. (6 and 25 mm).

2.3.10 Reinforcement devel opment | ength—Fowl ers2 stud-
ied development lengths for steel reinforcing barsin PC and
found that the ACI 318 code provisions would be conserva-
tive for PC. Development lengths have been found for only
steel and for one strength of PC. The ACI 318 code

rar development length should be used unless
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development lengths are found from tests for the actual PC
and bar size and strength to be used in a given application.

Some polymers bond better to preformed fiberglass bars or
steel reinforcement than others. Tests show MMA PC has a
higher bond strength to steel reinforcing bars than does port-
land cement concrete. Epoxies also bond well to reinforcing,
while UP PC does not bond well. Furan-based PCs may not
work well with steel reinforcing because of the acidic cata-
lysts used. Glass-fiber reinforcement is frequently used in
PC both as preformed bars and asfibers. Bond to glassfibers
is dependent upon the coating or sizing applied to the fiber
by the manufacturer.The bond to fiberglass bars depends on
the polymer used to make the bar and the polymer used in the
PC. Where development length is an important criterion in
design, tests with the specific PC and reinforcement to be
used are recommended.®

2.4—Chemical and physical characteristics

Several physical and chemical characteristics of PC affect
its performance in structural applications. Each of these char-
acteristics should be considered as it applies to a particular
structure. The primary mechanism of aging is the splitting of
the complex molecules of the polymer. This is a very slow
process.* The phenomenon has not yet been fully studied, but
the effect of aging does not seem significant over the expected
life of a structure. Building curtain wall panels and under-
ground utility enclosures have been in service for up to 30
yearsin the United States and have not shown any decreasein
serviceability based on visual evaluations of these structures.

2.4.1 Ultraviolet light and temperature resistance—Aging
of polymersissignificantly affected by exposureto ultraviolet
rays and high temperature. PCs should, therefore, be selected
based on their resistance to aging when they will be exposed
to these conditions. Because high filler loading increases the
opacity of a PC, degradation caused by ultraviolet raysisre-
duced. Thus, behavior of the binding polymer alone may not
be a good indicator of ultraviolet light resistance.

2.4.2 Moisture absorption—The moisture absorption of
PC islow, generally 1 percent or less by weight. All of the
liquid components of the fresh mix polymerizeto asolid dur-
ing curing, so no interstitial capillary poresare created. Most
moisture absorbed will bein discrete pores at or near the sur-
face created by air entrained during the mixing and placing
processes. Some research has shown that strengths of partic-
ular polymers are reduced by exposure to water, presumably
because of deterioration of the aggregate-polymer bond.3®
Some commonly used polymers are affected much more
than others by water exposure. This phenomenon is particu-
larly noted in distilled water exposures and depends on the
polymer used. Performance histories for similar PCs or for
glass-fiber reinforced composites with the same polymer
system should be reviewed to determine the effects of sub-
mersion. Polymersthat, by themselves, have alow resistance
to water, will also tend to lose strength when used in PCs ex-
posed to water. Strength reductions are generally small and
occur only over long exposure times for PC that is properly
consolidated with few voids.

@Seismiciso
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Furan-based PC swells when penetrated by water or other
liquids. However, water can be removed from the furan-
based PC if the specimens are transferred to a drier environ-
ment. In this respect, a furan-based PC is similar to wood,
except that it has alower water content and does not swell or
shrink as much as wood.

2.4.3 Permeability—PC is less permeable than portland
cement concrete or wood but more permeable than metals.
PC does not have an interconnected internal pore structure
and any voids produced by entrapped air during casting op-
erations are discrete and isolated within the hardened poly-
mer matrix.

2.4.4 Freeze thaw resistance—Alternate freezing and
thawing degrades non-air-entrained portland cement con-
crete. Freeze-thaw cycling hasllittle effect on PC since there
is no internal pore structure to trap and retain water. Tests
have been completed to 1600 cycles with no weight loss ex-
hibited; by the PC.

lation
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2.4.5 Curing shrinkage—V olumetric shrinkage occursin
PCs as the monomer or resin system changes from aliquid
to asolid and asthe PC coolsfrom the exothermic polymer-
ization reaction. The liquid monomer or resin decreases in
volume and increasesin density when the liquid is convert-
ed by the polymerization reaction into asolid polymer. The
polymerization reaction is exothermic and causes expan-
sion as the temperature rises. This temperature rise occurs
before or during solidification. As the solid PC cools, the
PC shrinks and may crack. The volumetric changes of PC
vary depending on the type and amount of the monomer or
resin used. Zero and low shrinkage binder systems have
been devel oped to compensate chemically for these shrink-
age mechanisms.*® A gradual cooling of the PC will allow
some stress relief due to creep effects that will decrease the
likelihood of crack formation.?”

2.4.6 Chemical resistance—One valuable property of PC
isits chemical resistance. Aggregate and polymer selection
affect the chemical resistance of PC. Polymers are relatively
chemically inactive materials. Most PCs areresistant to alka-
lies, acids, and a wide range of other aggressive media such
as ammonia, petroleum products, salt environments, and
some solvents. The main exceptions to this resistance are ox-
idizing acids (such as nitric and chromic) which react with
most polymers and alkalies, which react with phenolic and
polyester polymers. In acidic environments, aggregates that
are resistant to acid attack should be selected. Organic sol-
vents will attack many commonly used polymers but where
such an environment is anticipated, polymers are available
with high solvent resistance such as vinyl esters.

UP PCs have excellent resistance to weak chemical so-
lutions (salts, acids, etc.). General purpose UP PC has poor
resistance to strong alkalis and is attacked by certain strong
acids (such as nitric) or high temperature acidic solutions
[over 140 F (60 C)]. Certain solvents such as ketones (ace-
tone) and those containing chlorine (carbon tetrachloride and
chloroform) attack all polyesters rapidly.

2.4.7 Vibration dampening—PC possesses excellent vi-
bration dampening characteristics, leading to its use in ma-
chine bases. In a study by Kane,?” the dampening factor for
an epoxy PC was 0.003 to 0.005 compared with 0.0003 for
cast iron. With polymer composites, the continuous solid
matrix is an interlocked long chain of complex-shaped and
configured molecular units. These polymer chains are creat-
ed through an in situ polymerization reaction from low mo-
lecular weight reactive resin monomers. Once complete
polymerization (curing) is achieved, structural behavior is
primarily controlled by volume, distribution, and character-
istics of the polymer, along with composition, size, and dis-
tribution of the aggregates. Compared with metals, the less
dense polymers have more energy absorbing mechanisms
that are available to attenuate vibration.

2.4.7.1 Dynamic modulus—Experimental work present-
ed by Kane?” suggests that a general relationship exists be-
tween the dynamic modulus and material density for
polymer concretes with between 5.7 percent and 10.7 per-

cent by weight of epoxy polymer where dypaiiesmodulusis
defined as @T eism
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4905.944
where

E = dynamic modulus, psi
f, = frequency of the first mode, Hz
| = specimen length, in.
W = weight of the specimen, Ibs
I

section moment of inertia, in.*

Maximum moduli were observed at a maximum packing
density of 6.5 percent binder. Comparison of axial dynamic
moduli with separate static elastic moduli testing according
to ASTM C 496 showed very close agreement. This type of
agreement was not true with the transverse dynamic modulus
test results.

2.4.7.2 Specific damping factor —A tenfold increasein the
specific damping factor with all the epoxy-based PCs tested
was found?” compared with a cast iron control where the spe-
cific damping factor is defined as

= = 2
2= o 2
where
z = specific damping factor
and
A
D= l|oge—1 3)
n A,
where
n = number of amplitude cycles
A, = amplitude of thefirst cycle
A, = amplitude of the nth cycle

2.4.8 Thermophysical properties

2.4.8.1 Response to elevated temperatures—Organic
polymers exhibit a characteristic abrupt change in physical
properties at some elevated temperature. Thistemperatureis
defined as the glass transition temperature (T,), where the
polymer changes from arigid, glassy stateto amoreflexible,
plastic state. The glass transition temperature can vary over
abroad range and is dependent on the molecular structure of
the finished polymer. For the polymers commonly used in
PC, the glass transition temperature generally ranges from
50 F (10 C) for very flexible PCs to over 400 F (200 C) for
rigid, high temperature resistance formulations. Resistance
to high operating temperatures is a function of the binder
used. Fig. 4 shows an example of strength reductions that
may occur as the operating temperature increases.*® UP-
based systems are generally limited to 150 to 200 F (65 to 90
C) as are acrylics and some epoxies. Vinyl ester, furan, and

- phenolicscan generally withstand higher temperatures, up to
Cisklation

3

0to 150 C). Only very specialized PCs can
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withstand temperatures over 300 F (150 C) and these mate-
rialsare usually expensive or not readily available. The prop-
erties of some resins change dramatically during exposure to
high temperatures, when the temperature approaches or ex-
ceeds the heat distortion temperature (HDT) of the resin. At
the HDT, the resin begins to soften and will distort or flow
under loading. When formulating PCs, physical property
measurements should be made at the upper and lower service
temperatures expected. The anticipated response of a partic-
ular PC formulation can be measured by determining its
heat-deflection temperature using ASTM D 648. For struc-
tural applications, a heat-deflection temperature above the
highest expected ambient temperature of the structure should
be specified.

Where performance at elevated temperatures will be re-
quired, it is suggested that specifications require testing over
a range of temperatures that includes the highest expected
service temperature. A graph of the test results versus tem-
perature would then show any anticipated strength loss.

Koblischek®® showed that both compressive and tensile
modulus of elasticity began to decrease rapidly as the tem-
perature exceeded 140 F (60 C) for an epoxy PC used in the
manufacture of machine tool bases.

2.4.8.2 Fireresistance—PC formulations generally will
not support combustion if their resin content is 10 percent or
less. Most PCs with resin contents over 10 percent require
special fire retarding additives if non-flammability is need-
ed. Furan-based PCs have a higher specific heat compared to
other PCsand arelesslikely to burn. However, under con-
ditions of continued heating at temperatures of 360 F (180 C)
and above, the strength of a furan-based PC is considerably
reduced, followed by decomposition of the material and evo-
lution of gases. Abrupt changesin the mechanical properties
of the polymers occur when the temperature approaches the
heat distortion temperature of the resin used.

2.4.8.3 Coefficient of thermal conductivity and specific
heat—Values for the coefficient of thermal conductivity
from 11.6 to 13.9 Btu-in./ft2to hr/F (1.7 to 2.0 W/m.K) have
been reported for PC. The specific heat of PCis0.19 Btu/lb/F
(795 Jkg). Additional values are shown in Appendix 2.

2.4.8.4 Coefficient of thermal expansion—The coeffi-
cient of thermal expansion will vary over a broad range.
PCs with low polymer contents (less than 10 percent) tend
to have lower expansion coefficients, being influenced
more by the aggregates. As the polymer content increases,
the expansion coefficient increases approaching that of the
binding polymer. PC may also exhibit one or more changes
in its thermal expansion coefficient, occurring near room
temperature. Measurements of a UP PC, with a polymer
content of 9 percent by weight, showed an expansion coef-
ficient of about 6 x 10¢ in./in. F (11 x 106 mm/mm.K) be-
low room temperature and about 8.35 x 10°® in./in. F (15 x
10 mm/mm.K) above room temperature. In the same
study, aHMWM PC showed a much higher expansion co-
efficient (approximately double) and an epoxy PC exhibited an
expansion coefficient between that of the Péand the
HMWM acrylic PC.% @
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548.6R-9

120%
Effect of Temperature on Strength
Polyester PC

2
®

% of Strength at 23 deg C
N
[=)
®
T

0 20 40 60 80
Temperature, deg C

100 120

Figure4

The coefficient of thermal expansion for PC can vary from
7.2t070.0 x 10¢in./in. F (13 to 126 x 10-* mm/mm.K). The
coefficient of linear expansion of PC is normally 1.5to 2.5
times greater than that of steel or portland cement concrete.
This property becomes important and significant for PC
structures rigidly attached to other materials, such as build-
ing fascia panels.:

2.4.9 Electrical properties—With proper selection of ma-
terials, the diel ectric properties characteristic of good el ectri-
cal insulation can be achieved. This characteristic of PC
makes it suitable for use as an electrical insulator. Formu-
lations, testing, and casting procedures required to produce
insulator grade PC have been developed and are reported by
Gunasekaran.*

2.4.10 Density—The density of PC is principally depen-
dent on the fillers used. With the use of normal concrete ag-
gregates and resin contents of less than 15 weight percent
(normal weight PC), densities are about 135 to 150 pcf (2200
to 2400 kg/m?). PC mortar generally has a density near the
lower end of this scale. Lightweight PC, using low density
fillers, is typically in the 70 to 90 pcf (1100 to 1400 kg/m?)
range with some special materials having been developed
with densities as low as 40 pcf (640 kg/m?).

2.5—Standards and guides applicableto PC

2.5.1 Design guides—Service loads are established by
governing codes. Building design loads may be found in
ASCE A7, Building Code Requirements for Minimum De-
sign Loads in Buildings and Other Sructures, The Uniform
Building Code, and The Standard Building Code Design
loads for highway bridges are given in AASHTO's Specifi-
cations for Highway Bridges. Underground structures used
under or near roadways should be designed to withstand
loads specifiedin ASTM C 857, Minimum Structural Design
Loading for Underground Precast Concrete Utility Structures.

The American Concrete I nstitute has previously published
aguideto polymer concrete materials entitled “ Guide for the
Use of Polymersin Concrete, ACI 548.1R-92.”

2.5.2 Test methods and standards—Tables 1, 2, and 3
show tests and standards tabulated by Ohama® that are cur-
rently in use to characterize the properties of PC in Britain,
;L an ﬁ the United States. Table 4 shows test methods

in:elg
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TABLE 1—ASTM TEST METHODS FOR
POLYMER MORTARSAND MATERIALS

ACI COMMITTEE REPORT

TABLE 4—SPI COMPOSITESINSTITUTE
POLYMER CONCRETE TEST METHODS

Standard Test Method for Chemical Resistance of Test Method for Making and Curing Polymer Concrete
ASTM C 267 L > 1.0 :
Mortars, Grouts, and Monolithic Surfacings Specimens
Standard Test Method for Tensile Strength of 20 Test Method for Compressive Strength of Cylindrical
ASTM C 307 Chemi_cal-Resistant Mortars, Grouts, and Monolithic ’ Polymer Concrete Specimens
Surfacings 30 Test Method for Compressive Strength of Polymer
Standard Test Method for Working and Setting Times ’ Concrete Cubes
ASTM C 308 ¢ Chernical Resistant Resin Mort
0 emical Resistant Resin Mortars 4.0 Test Method for Splitting Tensile Strength of Polymer
ASTM C 413 Standard Test Method for Absorption of Chemical- ’ Concrete Specimens
Resistant Mortars, Grouts, and Monolithic Surfacings oo Test Method for Flexural Strength of Polymer Con-
Standard Test Method for Linear Shrinkage and ’ crete (Using Simple Beam with Third-Point Loading)
ASTM C531 | Coefficient of Thermal Expansion of Chemical- :
. e . Test Method for Compressive Strength of Polymer
Resistant Mortars, Grouts, and Monolithic Surfacings 6.0 Concrete Using Portions of Beams Broken in Flexure
Standard Test Method for Compressive Strength of
ASTM C579 | Chemical-Resistant Mortars, Grouts, Monolithic 7.0 Testt I\/IUet'hodeor lFIeg(ural Sttrﬁrgtht of qul);Te;d(.:on'
Surfacings, and Polymer Concretes crete (Using Simple Beam wi enter-roin . oading)
Standard Test Method for Flexural Strength and 9.0 'I(;gs;tnMethpd for Creep of Polymer Concrete in
g - ; pression
ASTM C 580 Modulus of Elast.|C|_ty Chem_lcaJ-Resstant Mortars, — _ _
Grouts, and Monolithic Surfacings and Polymer 10.0 Test Method for Specific Gravity and Water Absorption
Concretes ’ of Polymer Concrete
Standard Test M ethod for Apparent Density of . 11.0 Test Method for Flammability of Polymer Concrete
ASTM C 905 Cheml_(:aI-Re5|stant Mortars, Grouts, and Monolithic Test Method for Resistance of Polymer Concrete to
Surfacings 13.0 .
S— _ _ Chemical Reagents
ASTM D 3262 g‘;\r}gfﬁ Sepecmcatlons for Reinforced Plastic Mortar 14.0 Test Method for Impact Resistance of Polymer
P ' Concrete by Means of a TUP (Falling Weight)
ASTM D 3517 Standard Specifications for Reinforced Plastic Mortar
Pressure Pipe
Standard Specifications for Reinforced Plastic Mortar Concrete (ACI 548.1R). Manufacturers and distributors of
ASTM D 3840 | pe Fittings for Nonpressure Applications . . . . . . .
the materials being used will also provide information in

TABLE 2—JAPANESE INDUSTRIAL STANDARDS
(J1Ss) FOR POLYMER CONCRETES

JISA 1181 Meth_od of Making Polyester Resin Concrete
Specimens
Method of Test for Compressive Strength of Polyester
SIS ANLLSS Resin Concrete
Method of Test for Compressive Strength of Polyester
JISA 1183 Resin Concrete Using Portions of Beams Broken in
Flexure
Method of Test for Flexural Strength of Polyester
SIS ANLLSS Resin Concrete
Method of Test for Splitting Tensile Strength of
JISA 1185 Polyester Resin Concrete
JISA 1186 Measuring Methods for Working Life of Polyester
Resin Concrete
JIS A 5350 Fiberglass Reinforced Plastics Mortar Pipes

TABLE 3—BRITISH STANDARDSFOR
CONCRETE-POLYMER COMPOSITES

BS6319 Testing of Resin Compositions for Use in Construction
BS 6319, Part 1 | Method for Preparation of Test Specimens
BS 6319, Part 2 | Method for Measurement of Compressive Strength
BS 6319, Part 3 | Method for Measurement of Flexural Strength

Method for Measurement of Bond Strength (Slant
Shear Method)

Method for Determination of Density of Hardened
Resin Compositions

BS 6319, Part 4

BS 6319, Part 5

Method for Determination of Density of Modulus of
Elasticity in Compression

BS 6319, Part 7 | Method for Measurement of Tensile Strength
BS 6319, Part 8 | Method for the Assessment of Resistance to Liquids

BS 6319, Part 6

2.6—Safety

MSDSs and other publications. This information should be
read and thoroughly understood by everyone planning and
doing work with PC. The key safety information is presented
here since it is vital to the continued safe use of PC.

2.6.1 Initiators and promoters—Initiators, or catalysts, re-
quired for PC are usually organic peroxides, such as methyl
ethyl ketone peroxide (MEKP) or benzoyl peroxide (BPO).
By their nature, organic peroxides are combustible and may
decompose with explosive violence under certain conditions.
Heat and contamination are potential sources of problems
when handling organic peroxides. Organic peroxides should
not be exposed to any source of heat, such as direct sunlight,
steam pipes, radiators, open flames, or sparks. Heat may
cause them to decompose violently and they will burn if ig-
nited. The manufacturer’s recommended storage tempera-
ture should not be exceeded.

Organic peroxides are particularly sensitiveto contamination
from metals and should not come in contact with easily oxi-
dized metals such as copper, brass, and mild or galvanized
steel. Grinding dusts from finishing operations can be a
source of contamination for the organic peroxides and care
should be taken to prevent exposure. If replacement parts
must be installed on peroxide handling equipment, the same
materials of construction aswere originally used or specified
by the manufacturer of the equipment should be used. Or-
ganic peroxides should always be stored in their original
containers. For transfer of peroxidesinto process equipment,
clean polyethylene, polypropylene, Teflon, or stainless steel
containers and funnels should be used.

Dry, granular, pure (98 percent or higher) benzoyl perox-
ide (BPO) should not be used since it can react explosively

- if subjected to shock or heat. Dilute forms of BPO are avail-

Current and detailed safety informatit@g%t- to PC-
production is given in the Guide for the ETHIC 3@

| ns and suspensions at various concentrations.
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These forms of BPO are safer to handle and use and are rec-
ommended. Additional information on initiator systems, and
the use and application of MMA concretes, has been pub-
lished by Fowler, Paul, and Meyer.*

Some solvents, such as acetone, can react with peroxides
to form unstable peroxides of their own. Small amounts of
these peroxides can cause the explosive decomposition of
commercial peroxides.

Promoters (also referred to as activators or accelerators)
aregenerally used in PC formul ations when ambient temper-
ature polymerization is desired. A promoter is a chemical
compound that greatly increases the decomposition rate of
the initiators. The promoter-initiator system can be designed
to cause polymerization over awide range of times and tem-
peratures. More commonly used promoters are di-methyl
paratoluidine (DMpT), di-methyl aniline (DMA), cobalt oc-
toate (CoO), or cobalt napthenate (CoN). Promoters and ini-
tiators should never comeinto direct contact with each other,
due to the potential for an explosive reaction of some initiator-
promoter systems. To reduce the chance of an explosion, the
resin or monomer can be divided into two batches and the
initiator added to one-half the resin and the promoter added
to the other half. Premixing the initiators with an unpromoted
portion of the monomer or resin may be done several hours
before combining the two premixed components with aggre-
gatesto make the PC. Some resin systems can be prepromot-
ed, that is, with the promoters premixed into the resin by the
manufacturer before delivery or mixed into the stored resin
by the user, and the initiator added at the time of use. Pre-
packaged materials generally consist of aliquid resin com-
ponent and a dry aggregate component that contains the
initiators and hardeners. These procedures eliminate the dan-
ger of combining the promoter and initiator directly. Some of
the promoters commonly used are extremely hazardous. Di-
ethyl aniline (DEA) and DMA are particularly toxic and
even small splashes should be immediately washed off. Con-
taminated clothing should be removed immediately.

2.6.2 Monomers and solvents—The chemicals used in
MMA, UP, VE, and epoxy concretes are flammable and may
be toxic. Trained workers and proper handling and safety
practices are required during handling, mixing, and placing
operations. Eye and skin protection should be used, and also
chemical respirators. Extended exposure to the vapors may
cause dizziness, headaches, or nausea. Contact with the skin
may cause a rash and should be avoided. The resin is flam-
mable, so open flames must be avoided. The cured resin will
burn, but will not sustain combustion.

Styrene and MMA are flammable liquids. Accumulations
of styrene or MMA vapors within the flammable limits for
the chemical can lead to aflash fire or explosion that can be
started by any spark or flame.

2.6.3 Epoxies—Different epoxy resins can be combined
with anumber of curing agents, flexibilizers, fillers, and oth-
er chemicals to produce several hundred different products.
The flash point of epoxies is higher than that of styrene or
MMA, so epoxies are less of a fire hazard. Two typical

health problems that may be encountered w@ érjnate
rialsare skinirritations such as burns, rashes S(
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sensitization, which is an allergic reaction similar to that of
certain people upon contact with wool, strawberries, poison
ivy, or other allergens. Sensitization reactions may occur im-
mediately, but in other cases they occur only after long peri-
ods of continual exposure. The user should refer to current
MSDS information for health and safety effects of each com-
ponent being used in any epoxy formulation.

2.6.4Fire safety—Fire safety provisions are particularly
important in PC manufacture since flammable and reactive
chemicals are routinely used. Besides standard fire pre-
vention practices, PC manufacturers must consider: 1) proper
storage and handling of flammable or combustible liquids;
2) the possibility of explosive vapor concentrations; and
3) the dangers associated with oxidizing initiators. A com-
prehensive fire safety plan should be developed and imple-
mented before any work is begun with the chemicals used
in PC manufacturing.

2.6.5 Plant safety programs—PC manufacturing operations
should have asafety program with specific personnel or ade-
partment assigned to and responsible for safety. Plant safety
inspections, worker training, protective equipment, etc.
should all be managed by the safety supervisor. Plants
should maintain a separate designated area for the storage
and blending of promoters and another separate areafor stor-
age of initiators. These two areas should be well separated
from each other and the initiator storage should, preferably,
bein aseparate storage building.

2.6.6 Toxicity—Most chemicals used in PC manufacture
are considered toxic. Each chemical should be considered
separately and then together with chemicalsthat it may react
with to form new chemicals. Chemicals can be hazardous de-
pending on how they enter the body, i.e., through inhalation,
taken internally, or absorbed through the skin. Some chemi-
cals are dangerous through only one exposure route; others
are dangerous through a combination of entries or all of
them. The level of exposure and its duration also influence
thetoxicity. All contact with toxic materials must be reduced
to asafe health level. Liquid resins, monomers, solvents, ini-
tiators, and promoters should not be allowed to contact the
skin. Protective equipment such as clothing and gloves must
be used and all spills should be cleaned up at once

Breathing or skin exposure to DMA or DEA can lead to
headache, nausea, breathing irregularities, or fainting. Pro-
longed exposures cause even more Severe reactions.
MEKP initiators are particularly corrosive to the eyes and
any such contact should be prevented. Solvents and thin-
nersaretoxic. Dueto their volatility and frequent use, they
can easily accumulate in sufficient quantity to cause a
physiological reaction.

2.7—Regulatory matters

Local, state, and federal regulations govern PC manufac-
turing. The key regulations are outlined here. Copies of the
regulations and implementation requirements should be ob-
tained from the appropriate agency before beginning any PC
manufacturing or construction activity. Federal, state, and

kocal rEulﬁions are constantly changing and PC producers
hese changes.
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Under the Clean Air Act Amendments of 1990, styrene
monomer, the most widely used reactive diluent for UP res-
ins, has been classified as an “air toxin.” Over the next sev-
eral years it is anticipated that regulatory processes will
require precasters and applicators to adopt additional manu-
facturing controls to reduce styrene monomer emissions.
These controls are not likely to prove too onerous to manu-
facturersinvolved in casting operations. L osses of styreneto
the atmosphere during these processes are low and they re-
spond well to simple engineering controls such as covering
mixingvessels.® SARA TITLE Il (EPA) requires emergen-
¢y planning, chemical inventory reporting and toxic chemi-
cal release reporting.

The Occupationa Safety and Health Administration Hazard
Communication Standard, 29CFR1910.1200, requires employ-
ersto evaluate chemicals used in their workplaces to determine
if they are hazardous and to transmit information on hazardous
chemicalsto employees by means of acomprehensive training
and hazard communication program. OSHA also regulates
exposure limits for certain chemicals.

The Environmental Protection Agency (EPA) has devel-
oped “cradleto grave” regulations governing the generation,
storage, treatment, and disposal of hazardous materials and
wastes. The Department of Transportation regulates ship-
ment of hazardous materials and wastes. States have reg-
ulations concerning hazardous materials, their disposal, odor
abatement, and nuisance laws and label requirements. These
regulations require specific permits for any discharge of air
or water pollutants. Local ordinances govern zoning, fire
safety, building permits, and building codes.

2.8—Materialsresearch
The commission of the European Communities (EC), Di-
rectorate General for Science, Research and Development, is
funding a major materials research project, Epoxy PC for
Precision Engineering (EPOC) to be completed during the
years 1991-1994. The major objective of this project, as re-
ported by Sasse,*” is to improve the manufacturing technolo-
gy of PC structural elements. Priorities of this research
program include: devel opment of methods for predicting and
controlling the influence of processing conditions on the
product performance; polymeric materials with optimized
packages of both mechanical and nonmechanical properties;
new approaches for overall optimization of building ma-
terials; prefabricated products; and new construction tech-
nologies and methods, with respect to specific applications.
Specific aims for the project include:
a) Development of a PC mix design method
b) Development of anumerical method for theinvestiga-
tion of the thermal and reaction shrinkage induced in-
ternal strains, and of the deviations from the ideal
geometric dimensions
c¢) Development of a numerical method for the pre-
diction of internal stress distributions (due to thermal
history and reaction shrinkage) and for the risk of
crack formation

@Seismiciso

ACI COMMITTEE REPORT

d) Optimization of manufacturing technology (including
mix design) and thermal curing

€) Development of specific quality control systems for
materials and production

This research project has been divided into seven identi-
fied tasks that are to be accomplished:

Task 1: Determination of characteristic polymer binder
properties

Task 2: Development of a PC mix design method

Task 3: Formulation of characteristic material properties

Task 4: Prediction and experimental verification of time
dependent temperature fields, deformations, and residual
strains and stresses within structural elements

Task 5: Determination of the formation and propagation
of cracksin PC

Task 6: PC element manufacturing techniques

Task 7: Performance of PC structures

While this project is directed primarily at prediction and
optimization of epoxy PCs for use in machine tool con-
struction, the results will increase understanding of PCs in
al structural applications.

2.9—Suggested additional research
Materials research parallel to that being undertaken in Eu-
rope described should aso be carried out in the United
States. A U.S. effort should concentrate on additional poly-
mers including polyesters and acrylics. Such research efforts
should be directed at determining:
a) Definition of working stress limits based on short term
ultimate strength testing
b) Characterization of the effects of creep on long-
term performance
¢) Studies of the fatigue properties of the materials,
d) Development of equations for design of tensile re-
inforcement
€) Design parameters required to prevent radial cracking
around tensile reinforcement near the surface

CHAPTER 3—STRUCTURAL MEMBERS

3.1—Flexural members

Many structural PC applicationsto date are in the form of
flexural members. The ultimate moment resistance of steel
reinforced sections may be determined by, satisfying the
compatibility of the strains and equilibrium of internal forc-
es. The stress distribution at ultimate load may be assumed
to be an equivalent rectangular stress block, similar to that
for conventional concrete. Hsu® found that a value of 0.87
for b and 0.86 for k best approximated actual stress response
for PC wherekf ¢isthe compressive stressintensity and bcis
the depth of an equivalent rectangular compressive stress
block. However, he also suggested that for simplicity, values
of 0.85 can be used for b and k similar to conventional con-
crete. PC has been found to have a higher modulus of rupture
than conventional portland cement concrete. Y eon? reported

thejncr, to vary from 17 to 73 percent.
[ation
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Limited PC shear testing data have been published to date
including work done by Knab,* Helal,** and Dang.*> As the
result of hiswork, Dang proposed a shear equation similar to
the one proposed by ACI-ASCE Committee 326 (now 426)
for reinforced concrete.*®

3.2—Compression members

Currently, there are no known applications or research re-
sults in the United States for components subjected to pre-
dominantly axial loads. Some research work done in Russia
was reported at the Seventh International Congress on Poly-
mers in Concrete and may be found in ACI Publication
ICPIC-1.

3.3—Reinforced PC

Precast PC is frequently reinforced with a high-tensile-
strength material, generally fiberglassor steel in either rod or
fiber form. When steel reinforcement is used, it must be me-
chanically bonded to the PC, either with a deformed surface
or through mechanical shear devices designed to transfer
stresses between the steel and the PC. Where fiberglass rods
are used, they should be deformed. All rod reinforcements
must be embedded deeply enough in the PC to prevent thera-
dial tension developed by the deformed bars from causing
tensile cracksin the nearby surface.

Surface fiberglass fabric is also frequently used as arein-
forcement. Sections reinforced in this manner generally ex-
perience one of two failure modes. Thefirstisabrittlefailure
with a sudden breaking of the fiberglass. In these cases, the
section is under-reinforced. The PC portion of the section
has a sufficiently high flexural strength so that when tensile
cracking begins, the fiberglass reinforcement isimmediately
overstressed in tension and fails. The second mode of failure
is evidenced by tearing and delamination of the surface fi-
berglass reinforcement in areas of high tensile stress. This
mode indicates that the failure is caused by excessive shear
buildup at the interface between the surface fiberglass rein-
forcement and the underlying PC. Both failure mechanisms
should be examined during design.#

3.4—Unreinforced PC

Cast-in-place PC bearing and leveling pads have been
used for bridge rehabilitationin the US and Europe. They are
designed so that all of the stressesin the PC are compressive.
Since PC is brittle under tensile or flexural stresses, unrein-
forced PC should not be used for structural applications in
which the load and/or supports could produce these stresses,
possibly leading to a sudden, catastrophic failure.

3.5—Sandwich panels

Research performed by Fridley et a* examined the behavior
of PC asafacing material over three different core materialsin
sandwich panels. The results indicated that flexural and shear
behavior of the beams could be predicted by conventional sand-
wich beam theory. PC sandwich beams provide durable, light-
weight structures in corrosive environments.

@Seismic
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CHAPTER 4—APPLICATIONSIN STRUCTURES

Precast PC utility components include a variety of struc-
tures used in various industries and in general construction
projects. The types of PC structures and structural compo-
nents currently being commercially produced are shown in
Table5.

4.1—Architectural panels and facades

Precast PC panels have been commercially available since
1958. PC made from UP resins and silica sand was used to
produce single skin panels 0.75-in. (19-mm) thick or sand-
wich panels with 0.75-in.- (19-mm)- thick facings that en-
capsul ated polyurethane foam. Fiberglass cloth and, in some
cases, steel bars were used as reinforcing for spans up to
15ft. (4.5 m) to withstand wind |load. Exposed aggregate was
typically used on the exposed face. Prusinski®* gives many
examples of PC panels and facades used around the world
(Fig. 5). Many companies produced PC panels. Some of
these companies were unsuccessful due to failures in the
panels. Reasons for failures included:

a) Laminated panels that delaminated in service

b) Steel reinforcing bars placed too close to the surface
which resulted in cracking

c) Inadequate reinforcement

d) Useof impuresilicasand which caused blotchiness or
discoloration

e) Irregular placement of aggregate on the surface that
caused an unsightly finish

f)  Warping and bowing due to improper fabrication

UP PC panels reinforced with fiberglass have been pro-
duced since about 1970 in the Netherlands. Flat single skin
panels are 0.6-in. (15-mm) thick; panels that have returns or
which form corners are 0.8-in. (20-mm) thick. Insulating
sandwich panels are produced in thickness of 4 in. (100 mm).
Spandrel panels, channel-shaped in cross section, are made
using sandwich construction in lengths up to 17 ft (4.5 m) %2

Since 1972 a Quebec firm has been producing precast PC
panels using UP resins and a variety of surface finishes in-
cluding (a) ribbed with granitefiller; (b) exposed aggregate;
and (c) gel coat. Single skin facing panels are generally used,
although some panels use 1-in. (25-mm) PC skins with 3in.
(75 mm) of polyurethane foam sandwiched between. Some
panels are curved at the top and bottom, and some interior
panels used in subways have a bench formed monolithically
within the panel. Some panels are reinforced with a me-
talliclattice.ss

Spence* gives examples of thin facing panels used for fa-
cades and column coversin the UK. UPresin PC with awide
range of aggregate fillers, and in some cases with pigments,
is used. Other sources in the UK indicate a wide range of in-
terior and exterior wall panels using PC have been used.

An innovative composite panel has been produced which
consists of a thin 3/16-in. (5-mm) polymer mortar facing

bonde(i to ffei nforced plastic panel that has foam-filled ribs
1ISOIation
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TABLE 5—STRUCTURAL APPLICATIONS

Component Description and advantages Ref.
Wall fascia panels Et)frtgtr)li?irtybu”dmg cladding; strength, weight 51

Highway lane separators; color, reflectivity, 51

Median barriers strength, weight

Electrical Support electrical conductors; electrical 37

insulators properties, mechanical strength

Underground Cable splice enclosures; lightweight, tough-| 58,

handholes ness, durability 46
. Gas, water, etc. metering boxes; lightweight,| 58,

Service boxes toughness, durability 46

Underground equipment housings; strength,| 58,

Equipment vaults impermeability, corrosion resistance 46

gr?vr}trréjrl]ln?dem Underground housing for delicate phone equip- 58
vaults ment; impermeability, high strength

Control cable enclosures, easy accessibility, 58

Cable trenches strength to weight characteristics

Support for power and telephone equipment;

strength to weight characteristics 58

Equipment pads

Shunt reactor Support tower for electrical equipment; non- 58

stands magnetic, insulation properties
: Collect surface water; impermeability, strength,
Catch basins corrosion resistance 58
Separate sludge, etc. from effluents; corrosion
Separators resistance, impermeability 58
Drainage systems Collect and transport surface water; strength, 58

impermeability, corrosion resistance

Pipe and pipe lin-| Transport corrosive fluids; corrosion resistance, 58
ers impermeability

Precision machine tool assemblies; strength,| 33,

Machine bases | \ipration, thermal properties, cost 34

Hazardous waste| Enclose or encapsulate wastes; impermeability, 65
containers chemical and physical inertness

to provide stiffness. The panels were developed as an alter-
native to glass-fiber reinforced panels that were too heavy
for recladding an old church.

4.2—Transportation

Several applications of PC for the transportation industry
have been identified. For several years, median barrier sys-
tems consisting of shells have been produced which are used
to encase existing deteriorated concrete barriers. Portland ce-
ment concrete is used to fill the void between the PC shell
and the existing barrier. The shell serves as the permanent
form that provides adurable, reflective surface and resultsin
considerable savings in construction time.>> Half shells can
be used to provide a new surface for bridge parapets or tun-
nel walls with concrete used to fill the void.

PC curb facing is also produced with dowels that permit it
to be attached to cast-in-place portland cement concrete. The
stay-in-place form comesin heights of 4to 18 in. (100 to 450
mm) and lengths up to 10 ft (3 m)."

Ribbed PC railroad crossing panels have been produced in
the UK. The panels have awaffle-like pattern on the bottom
and are heavily reinforced. The panels span between and rest
on the bottom flanges of the rails with the top surface at the
same elevation as therail.

* “\jgi- curbTM Transpo Industries, Inc., New Rochelle, @ Selsm I Clwiﬁt
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Figure5

A PC railroad tie under development uses two elongated
shells connected by two struts (Fig. 6). The weight is about
one-half that of a normal concrete tie. Advantages are reduced
weight, greater durability, greater stability on the ballast,
and significantly improved damping of the PC compared
to concrete.””

4.3—Electrical insulators

High-voltage PC electrical insulators have been produced
for many yearsasan alternativeto porcelain. Both MMA and
UP resins have been used to produce the insulators. The ad-
vantages compared to porcelain are low-cost, simple process
technology, energy conservation since lessfuel isrequired to
produce PC insulators, durability, strength, excellent dielectric
properties, and great design flexibility. Several companiesin
the U.S. are producing PC insulators.

4.4—Utility structures

4.4.1 Underground structures—Many types of under-
ground enclosures, handholes, vaults, and manholes are pro-
duced from PC. These units typically use glass-fiber
reinforcing. The smaller units are generally cast monolithi-
cally while the larger units are cast segmentally and erected
at the site.

PC underground equipment enclosures are used by power
and communication utilities throughout the United States
and in other countries. The primary advantage of PC enclo-
sures is the light weight compared to portland cement con-
crete. PC enclosures are produced by several manufacturers
in sizesvarying from about 1 ft* (0.03 m?) to unitsthat are
8 ft wide by 8 ft high by 8 ft deep (2.4 x 2.4 x 2.4 m). Most
of these units can be placed manually by two workers. The
larger units require only a light boom hoist on the delivery
truck. Design requirements for underground enclosures in-
clude use of high-strength materials to reduce product
weight, low total creep to reduce deformation under soil
loading conditions, and high fatigue and impact strength to
resist traffic loads on the tops or covers.

©.M., Fowler, D.W., and Wheat, “ Development of a Polymer Concrete
mgs of the Compos te Institute’s 45th Annual Conference and
February 1990, pp. 12-C/1 to 12-C/9.
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Figure 6

Enclosures are designed for loads from light vehicles such
as cars, pickups, and light trucks, or heavier vehicles such as
heavy commercial trucks and tractor-trailer trucks. Designs
available account for the standing weight or slowly moving
weight of the vehicle, either on the cover or on the soil or
pavement adjoining the enclosure. To date, PC enclosures
have not been designed to withstand the heavy, high-speed
traffic encountered in primary and secondary roadways.

Typical construction of an enclosure includes afour-sided
box, generally without a bottom, but with a cover (Fig. 7).
Sometimes, an extension isincluded that can beinstalled be-
low the box to produce a deeper enclosure. The covers are
fiberglass-reinforced PC (FRPC). The boxes are either
FRPC or a composite of fiberglass reinforced polymers
(FRP) and FRPC. In the composite construction, the upper or
collar section is of FRPC to provide rigidity and abrasion
resistance. The lower wall portion of the box is FRP, provid-
ing very high strength and low weight. FRPC/FRP compos-
ite boxes provide lightweight, strong enclosures and are
preferred by many utilities.

Vaultsare used for housing larger equipment and are char-
acterized by their size, fixtures and accessibility. Vault sizes
vary from 30-in. wide by 48-in. long by 24-in. deep (750 x
1200 x 600 mm) to 48-in. wide by 96-in. long by 60-in. deep
(0.12 x 0.25 x 0.15 m). They are typically equipped with
cable support racks, bell ends, and/or duct terminators. Bell
ends and terminators are fittings to which the utility can con-
nect underground conduits feeding the vault. Vaults are
available completely preassembled or packaged in compo-
nentsfor assembly at the construction site. Several manufac-
turers also offer an adjustable upper ring or collar to permit
field changes to the top grade and level.

The smaller vaults are called handholes. Handholes are
used to enclose cable splices for underground distribution
systems. These splices may bein fiber optics communication

typically 12 to 26-in. (300 to 650-mm) deep and 12 x 24 to
30x 48in. (300 x 600 to 750 x 1200 mm) in plan area. These
handholes are generally installed within astreet or road right-
of-way. PC handholesare generally one-third to onefifth of the
weight of an equivalent portland cement concrete handhole.
This lower weight results in covers that can easily be re-
moved by one person without special lifting devices and
substantially decreases the risk of injury. The handhole and
its coversare also extremely tough. Utilities, asaresult, have
amuch lower replacement rate for covers cracked or broken
by handling or unexpected heavy traffic on the enclosure.
Handholes are also used as service boxes. Service boxes
are used to house meters for water or gas distribution. Their
sizes are similar to those of handholes. An added feature in
service boxes is a small hinged or lift-out reader lid that
allows servicemen to read the meters inside the enclosure.
Service boxes are generally installed in residential and com-
mercial areas in sidewalks, lawns, and boulevards.
Thelargest underground structures used by the utilitiesare
manholes. They can be similar in size and construction to
vaults but are deep enough to permit a worker to completely
enter the enclosure, typically 7 ft (1.8 m) or more. At these
sizes and depths, the primary design concern is the lateral
soil loading on the walls. A higher safety factor is also re-
quired because the life safety of anyone entering the enclo-
sure is involved and the soil pressures are continuous long-
term loads subject to creep effects® This increased safety
factor may be applied by reducing the maximum design
stress used. A value of 50 percent of the ultimate stress is
suggested for these structures. Precast PC manholes have
been used extensively in Japan since 1967. These manholes
were first developed by Nippon Telephone and Telegraph
Public Corporation. Annual production was reported to be
about 20,000 tons (18,000 Mg) in 1978% The greater
strength, lighter weight, and better chemical resistance are

lines, wire telephone service distribution @S under- - _eited agr ns for their popularity. Typical dimensions are
Rieni ISRy

ground power distribution splices and taps.

t24)

{Mde by 6.3-ft (1.65-m) high by 9.2-ft (2.4-m)
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Figure7

Figure8

long, with wall thicknesses ranging from 2 to 3.5 in. (50 to
90 mm). The units weigh about 3.3 tons (3 Mg). Based on
testing and field experience, units that develop cracksin the
endwalls are still capable of carrying the design loads. How-
ever, it isnecessary to repair the cracks with glass-fiber cloth
and polymer mortar to prevent water intrusion.*

4.4.2 Equipment pads and support structures—PC equip-
ment foundationsarelighter than equivalent portland cement
concrete foundations because of the thin ions used. -
This weight reduction allows the use of pl

baibh3 1 C
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for many applications where previously cast-in-place con-
cretewasused. Installed costsarelower sinceless equipment
and smaller crews are required to install the lightweight PC
foundations. In northern climates, PC foundations have a
much longer service life than concrete due to PCs better re-
sistanceto freeze-thaw damage. Tests conducted on polymer
concrete have shown no specimen weight loss after 2000 cycles
of freezing and thawing.®* There are many U.S. producersfor
precast PC equipment foundations. Primary design parame-
tersinclude physical strength, resistanceto UV and water ex-
posure, dimensional stability, resistance to dilute acid or
base solutions, resistance to salt solutions, and resistance to
transformer oils and fuels.

There is a variety of surface, pad mounted telephone
equipment being used in the communications industries.
This equipment is generally light, weighing 250 to 1000 Ibs
(100 to 450 kg). The primary criteriafor supporting pads are
dimensional stability and resistance to UV and weather expo-
sures. Composite FRPC/FRP pads (Fig. 8) provide these char-
acteristicsin addition to being very lightweight. Typically, the
precast FRPC/FRP pads are light enough to allow their instal-
lation by the same crew and with the same equipment used to
install the cabinet. As aresult, only one trip to the worksite
with one crew isrequired to provide an installation.

Power transformers and switches are also frequently pad-
mounted. This equipment is typically much heavier than
telephone cabinets, weighing from 600 to 6000 pounds (270
to 2700 kg) for secondary distribution equipment and up to
30,000 pounds (13,600 kg) for primary transformers. Sup-
port pads vary in size from about 3 by 3 ft (0.9 by 0.9 m) to
10 by 11 ft (3.0 by 3.4 m) and are typically 3to 6in. (75 to
150 mm) thick. Composite FRPC/FRP construction again
provides avery strong, durable pad with very low weight.

Large shunt reactors, equipment used on high voltage,
3-phase transmission lines have been supported by FRPC
stands. Shunt reactors are installed at the ends of long dis-
tance transmission lines and can weigh 15,000 pounds
(6800 kg) or more. A shunt reactor isalarge electromagnetic
device. The magnetism around the shunt reactor precludes
the use of any metal in the support structure. For electrical
safety, the preferred mounting height for a shunt reactor is 8 ft
(2.4 m) above the ground. PC reinforced with glass-fiber
rods and glass-fiber mats has been found to provide a supe-
rior support stand for these units.

4.4.3 Cabletrenches—Cabletrenchesaretypically usedto
hold control cablesin electrical switch yards, extending from
the control house to the equipment on the power linesin the
yard. Thetrench isusually 2- to 3-ft (0.6- by 0.9-m) wide by
12- to 18-in. (300- by 450-mm) deep and has only a partial
bottom. The trench is also equipped with covers. Trenches
are preferred for control cable distribution because of the
easy accessibility they provide for repairs and changes. Cov-
ers are commonly designed to support pedestrian loads.
Where the trench crosses a service road in the yard, however,

- the govers are required to support loaded line trucks and
iRl

le@;md for these loads.
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4.5—Hydraulic structures

Hydraulic structures include drainage components (catch
basins, separators, and drain trenches), pipe, and lined pipe.

4.5.1 Drainage systems—Drainage systems, in theform of
catch basins, sand and grease interceptors and trench drains
are also produced in PC and have been widely used during
the last 15 years. PC area drainage systems consist of modu-
lar, presloped trench sections. Sections interlock to form
continuous drain trenches up to 200-ft (60-m) long. Manu-
facturers supply avariety of cover gratings with the trenches
including fiberglass, cast iron, and galvanized steel. The
units are installed at the site. Portland cement concrete is
usually placed around the sides and bottom of the drainage
system. Drainage systems are produced in the U.S., Europe,
and Japan. PC drains are lightweight so that one or two
workers can lift and install each of the modular components.
Thedrains are used in exterior areas, such as parking lots, to
intercept sheet water runoff and at tennis courts and playing
fields. Inside applications include auto or truck maintenance
garages, agricultural facilities, and food processing plants.

Precast modular interlocking components are manufac-
tured with a built-in slope. The built-in slope permits sur-
rounding surface areas to be designed with less grade than
would be required with a single catch basin design. PC
drainage systems are corrosion resistant and can be used to
collect and transport chemical effluents. The low porosity
and smooth finish possible with PC al so make these systems
easy to clean and, therefore, acceptable to the United States
Department of Agriculture for use in food-producing oper-
ations. These systemstypically have abottom radiusto pro-
vide superior hydraulic characteristics and a high degree of
self-cleaning.

Catch basins are used to collect surface water and route it
into the drainage piping underground. Precast PC catch ba-
sins are used where inflows might be corrosive, in areas sub-
ject to freeze thaw cycling, and where weight is a concern.

Another form of catch basin is a separator. These units are
partitioned internally to separate floating and settling mate-
rials carried by the effluent. These materials include oils,
greases, sand, and dirt. Separators are required by many
building codes and by EPA regulations governing discharges
into public waters. PC separators are frequently used where
USDA regulations require a high degree of clean ability in
food processing installations. PC provides a smooth, imper-
vious surface that can be easily scrubbed and disinfected.
PCSformulated with corrosion resistant resins are al so unaf -
fected by the strong cleaners used in these installations.

4.5.2 Pipes and pipe liners—PC pipe and PC-lined pipe
are used where advantage can be taken of PC’simpermeabil -
ity and corrosion resistance. Both portland cement concrete
pipe and steel pipe have been successfully lined with PC for
various applications. Pipe and liners for geothermal power
plant piping have been developed by Brookhaven National
Laboratory.s2 PC materials used in this application have to
withstand operating environments of 460 F (280 C) and 600
psig (42 kgf/cmz gauge) and contain acidic fluids with high
dissolved solids contents.” The PC develop g use has
performed well and is currently in comm:v@ algScrn
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thermal sites in the Salton Sea area of southern California
Pipe and liner design must include a review of chemical re-
sistance, water resistance, mechanical strengths, and operat-
ing temperature requirements.

PC-lined portland cement concrete pipe has been used to
produce pipes and other components for a sewer system in
Czechoslovakias PC-lined pipe was chosen to provide re-
sistanceto alternately acid and alkaline effluents being trans-
ported. The PC-portland cement concrete composite pipe
resulted in the use of a thinner wall pipe and reduced the
overall cost of the project. Similar work has been completed
inJapan with PC mortar lined portland cement concrete pipe.
Kawakami et al & described devel opment of sewer pipelined
with apolymer mortar. Portland concrete pipe will corrodeif
it is exposed to effluents with a pH of 4 or less. An epoxy-
based mortar liner was chosen that is resistant to the low pH
environment. Theliner was applied centrifugally immediate-
ly after the portland cement concrete was al so cast centrifugal -
ly. The epoxy liner was then polymerized with infrared
radiation before the portland cement portion was steam-cured.

4.6—Hazardous waste containment

Many approaches used to solidify or stabilize hazardous
wastes originated in radioactive waste management. For the
past several decades a great deal of development and re-
search has taken place in the solidification and/or contain-
ment of radioactive, industrial, and other waste materials®

Geothermal resources are inexpensive and environmental -
ly clean energy sources compared to coa and oil, yet they
can present a variety of pollution problems. The disposal of
spent brines and waste waters generated in drilling, construc-
tion, and operation of a geothermal plant presents a major
problem associated with geothermal energy.

Geothermal fluids generally contain a variety of inorganic
compounds and heavy metals. If these contaminated fluids and
residues are not properly disposed of, surface and/or ground
waters can be polluted. The specia proceduresrequired for the
handling and disposal of hazardous materials will result in a
significant increase in the cost of geothermal energy. Consid-
erable savings can berealized if the waste materials can be en-
capsulated or solidified to render them nonhazardous. Studies
conducted by Brookhaven National Laboratorys” have suggest-
ed that geothermal wastes can be solidified in polymer com-
posites and portland cement mortars that will render them
nonleachable and therefore nonhazardous.

4.7—Machinetools

A machinetool isadevice used to shape solid materials by
grinding, cutting or forming. It is an assemblage of partsthat
transmit or modify forces, motion and energy in a predeter-
mined manner. The machine builder must consider all
possible design considerations required simultaneously.
These considerationsinclude: 1) low-cost manufacturability,
2) machine performance specifications (degree of precision),
3) machine function (grinding, milling, turning, etc.), 4) avail-

i C = * Kukagka, Lawrence E., “Polymer Concrete Pipe for Use in Geothermal Energy
!r$ aa

lume, Second International Congress on Polymersin Con-
asat Austin, Austin, 1978.
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able materials and component technology, 5) configuration,
structure and joints, 6) vibration control, 7) control and anal-
ysis systems, and 8) assembly, reliability, safety, and ser-
vice. PCis being used to replace cast iron in the manufacture
of the frame or base of these machines (Fig. 9).

PC used for machine tool casting specifically requires
castable composite materials having low resin content and
predicable performance. Less than 10 percent by weight of a
rigid polymer resinis normally used as the composite binder.
The binders are typically ambient temperature-cured epoxy
resin systems, or other specially designed reactive resins,
having low viscosities, i.e., less than 300 centipoise, low
shrinkage and high heat deflection temperatures, over 200 F
(93 C). The extenders for these PCs are inexpensive com-
modity aggregates, usually of specific igneous origin, and
certain mineral fillers. However, special ceramic, metal ox-
ide, or metd fillers are also used to provide special properties.

Polymer composites used in machine tools are designed to
be homogeneous, stiff, and temperature-insensitive over the
operating range of the machine that may differ between ma-
chine types. The composite castings must meet the perfor-
mance specifications and production requirements of either
general purpose or high precision machine tools. As such,
machi ne specificationsdictate the design of the particular PC
material and process.

An important requirement for a PC used in machine tool
applications is that it must be reliable and predictable. This
predictability is especially necessary in terms of the PC’sre-
actions to deformation produced from externa or internal
forces, either static, dynamic, or thermal. Consequently the
stiffness-to-weight ratio and dynamic stability of the PC
component is important in design and construction of any
type of machine.

Machine tool bases must be designed so that vibration
from either external sources or moving components in the
machine isreduced or completely attenuated. Surface finish,
part tolerances, and tool life are directly related to the
amount of vibration transmitted in the loop between the tool
and the part being machined. Increased machining speed,
heavier cuts, or higher productivity produces greater vibration.

Figure9
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Machine components must remain rigid so that during
their warm-up and operating cyclesthey do not greatly influ-
ence the tolerances or surface finishes of the parts being ma-
chined. Overall machine resistance to deflection during
operation, i.e., directly related to base and joint stiffness, and
vibration damping are the two key parameters to which pre-
mium machining characteristics are associated.

Precision machine tool builders achieve machine and ma-
chining specifications through optimizing machine design
stiffness, vibration damping, and the machine controls. Part
of this machine optimization was traditionally accomplished
by using careful component and joint design and use of
massive cast iron bases. Vibration damping, dynamic and
thermal stability, rigidity, and chemical resistance are inher-
ent PC characteristics.

When properly designed, a high-performance PC will
show superior stiffness-to-weight and vibration damping
performance versus conventional gray cast iron. Since a PC
casting does not involve ametal liquid-solid transformation
over alarge temperature range, the volume change, that is,
the PC casting shrinkage, is much less than that of cast met-
als. Near-net-shape castings are achievable with PC, elimi-
nating post metal-casting machining operations.

Along with better as-cast tolerances, PC also offersthe de-
sign opportunity to reduce weight or produce complex
shapes that otherwise could not be cast or machined. Weight
reduction is realized with castable polymeric materials hav-
ing material stiffness-to-weight ratios greater than cast iron,
if the machine bases are designed to have equal stiffness.®
Examples of machines using or able to use PC bases include
grinders, milling machines, turning machines, saws and cut-
off machines, drilling machines, honing and lapping ma-
chines, and surface plates and blocks. Instrumentation
applications include coordinate measuring machines; acous-
tical, optical and electronics test equipment; and vibration
test equipment. PC has also been used in the manufacture of
pump bases, gear housings, and motor mounts.

CHAPTER 5—GLOSSARY OF TERMS

A/B components—The individual parts of a polymer
binder system. The components typically consist of (a) pro-
moted resin and (b) curing agent/hardener.

Accelerator —A chemical used to increase the rate of cure
of aresin at 68-86F (20-30 C). The accelerator increases the
formation of free radicals by reacting with the initiators. Ex-
amples are dimethyl aniline (DMA), diethyl aniline (DEA),
cobalt naphthenate (CoN), and cobalt octoate (CoO) (see
aso Promoter).

Catalyst—A substance that markedly speeds up the cure
of abinder when added in minor quantity as compared to the
amounts of primary reactants (see also I nitiator).

Cross-linking—The reaction between a monomer and a
polymer system. The monomer reacts with the polymer be-
cause the unsaturated groupsin each will react with each oth-
er. This reaction cross-links or ties together the polymer
chairs, producing a solid, thermoset polymer mass. This re-

LQ)la:e by afree radical mechanism.
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Cross-linking agent—Bifunctional or polyfunctional
monomer or polymer whose addition to a polymer systemin-
creases the rigidity, resistance to solvents, and softening
point of the polymer.

Curetime—The interval after mixing in which a PC sys-
tem gains adequate strength to support loads such as foot
and/or vehicular traffic; see also Curing, Working life.

Curing—The changein properties of achemical by anin-
crease in molecular weight via polymerization or cross-
linking, usually accomplished by the action of heat, catalyst,
cross-linking agent, curing agent, or any combination, with
or without pressure.

Curing agent—The chemical component that causes the
resin to cure (see also Catalyst and Initiator).

EC—European Community

EPA —Environmental Protection Agency

EPOC—Epoxy PC for Precision Engineering

Exother m—Heat produced by the polymerization reaction.

Exother m curve—A graph of temperature plotted against
time during the curing cycle. The peak exotherm isthe high-
est temperature of aresin during the curing period.

Fiberglass—Fibers similar to wool or cotton fibers, but
made from glass; sometimes called fibrous glass. Glass fiber
forms include cloth, yarn, mat, milled fibers, chopped
strands, roving, and woven roving.

Fire point—The lowest temperature at which a liquid in
an open container will give off enough vaporsto continue to
burn onceit isignited. Thefire point is generally only slight-
ly higher than the flash point.

Flammable liquid—Any liquid having a flash point be-
low 100 F (38 C).

Flash point—The minimum temperature at which aliquid
gives off vapor within a test vessel in sufficient concen-
tration to form an ignitable mixture with air near the surface
of theliquid.

Flexibilizer—A monomer added to the PC formulation
that decreases the modulus of elasticity and may increase the
toughness of the finished PC. Compressive strength and flex-
urd strength are also reduced by the addition of aflexibilizer.

Gel—The state of theresin just before its becoming ahard
solid. At this time, the binding material has the consistency
of agelatin and can no longer be “worked.”

Gel time—The time required to change a flowable liquid
resin into a nonflowing gel.

Impermeable—Not permitting passage, as of a fluid,
through its substance. See Per meability.

Inhibitor—A substance that retards polymerization, thus
extending the shelf life of aresin or monomer. Also used to
influence gel time and exotherm. Inhibitors seek out free rad-
icals (which can be formed in aresin by sunlight, heat, and
other sources) and prevent them from reacting with the
monomer or polymersin the resin system.

Initiator—A substance capable of causing the polymer-
ization of a monomer by a chain reaction mechanism; often
incorrectly called a catalyst.

Methyl methacrylate (MM A)—A monomer frequently
used in PC systems. MMA istypically crossH with tri-
methylopropane trimethacrylate (TMPT
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multifunctional acrylate to produce a rigid thermoset poly-
mer. MMA-based PCs are particularly weather and UV re-
sistant and can be mixed at low resin-to-aggregate ratios
because of the low viscosity of the monomers.

M SDS—Material safety data sheet.

Mold release—A substance used to coat PC molds or
forms to prevent the part being cast from sticking to the
mold, thus facilitating the removal of the part from the mold.
Examples: polyvinyl alcohol; wax; certain greases, etc.

NIOSH—National Institute for Occupational Safety
and Health.

OSHA—Occupational Safety and Health Act.

Organic peroxides—Sources of free radicals used as 1)
initiators for fre radical polymerization and/or copolymer-
ization of vinyl and diene monomers, 2) curing agents for
thermoset resins, and 3) cross-linking agents for elastomers.

Polyester—A condensation product resulting from a
chemical reaction between a dicarboxylic acid and a di-
hyrdroxy alcohol or by the polymerization of a hydroxy car-
boxlic acid.

Polymerization—A chemical reaction in which the mole-
cules of a monomer are linked to form large molecules
whose weight is a multiple of that of the original substance.

Premix—A polymer concrete formulation prepared and
packaged in advance of use with compatible ingredients pre-
blended together in the correct ratios for the final mix. Ag-
gregates and the catalyst are frequently premixed as one part
and the monomers, additives, and promoters as another part
of premixed methacrylate systems, for instance.

Prepolymer—A polymer, often of low molecular weight,
i.e., afew hundred or thousand, which is subsequently to be
converted to a higher molecular weight polymer.

Promoter s—Often called accelerators, promoters are re-
ducing agent compounds added to the monomer system to
cause the decomposition of the peroxideinitiatorsin the sysem.

Resin—Certain liquid prepolymer products, such as un-
saturated polyester and epoxy prepolymers, which are subse-
quently cross-linked to form a hardened polymer.

SARA—Superfund Authorization and Reorganization Act.

Substructure—Material surface on which aPC overlay
is placed.

Surface failure—In PC, theloss of top surface aggregates
from the polymer binder.

Surface seeding—Application of aggregate to the freshly-
applied PC to provide an architectural finish.

Surface tyning—Scoring or grooving of the PC to pro-
vide for an architectural finish.

Thermal compatibility—Ability of a PC to withstand
thermally-induced stresses and strains without debonding
from a substrate.

Thermoplastics—Materials that will soften and reform
repeatedly when heated and harden when cooled. Typical
thermoplastics are styrene polymers and copolymers, acryl-
ics (uncross-linked), polycarbonates, nylons, and the various
fluorocarbons.

Thermosets—Materials that will undergo or have under-
i]one chemical reaction by the action of heat, catalyst, ul-
rg/g e{j—p&} leading to a relatively infusible state.
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Typica materials are aminos (melamine and urea), most
polyesters, alkyds, epoxies, and phenolics. Thermosets are
not reformable upon heating.

Ultraviolet (UV) light—Invisible light having a wave
length between 290 and 400 mm.

Unsaturated polyester (UP)—See “Polyester.”

Wear—Deterioration of a surface due to traffic, use,
and/or the environment.

Working life—Time period between the mixing of a PC
and the point at which its viscosity has becometoo high to be
workable, or too high to bond properly to the substrate.
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APPENDIX 1—EXAMPLE PC FORMULATIONS
The following formulations are given as presented in the
reference. The reader should refer to the appropriate refer-

ence for complete details before using these formulas.

MMA-TMPTMA PC FORMULATION®®

Component ~ Composition Weight, percent
Aggregate 3/ ,-in. to flour sand 92
Monomer MMA - 90 percent 8

TMPTMA - 5 percent

APPENDIX 2—TYPICAL PC PROPERTIES

PMMA - 5 percent

Initiator Benzoyl peroxide - 70 percent
(percent of monomer) 3
Promoter DMA (percent of monomer) 1

VE PC FORMULATION"®

Component  Composition Weight, percent
Aggregate 3/4-in. to flour sand 93
Resin Vinyl ester - 90 percent 7
Styrene - 10 percent
[nitiator MEK peroxide - 70 percent 15
Promoter Cobalt napthenate 0.75
Additives Silane (percent of resin) 05
POLYESTER-STYRENE PC FORMULATION
Component  Composition Weight, percent
Aggregate t/,-in. to flour sand 88
Resin Polyester - 55 percent 12
Styrene - 45 percent
Initiator MEK peroxide - 70 percent 15
Promoter Cobalt napthenate 0.75
Additives Silane (percent of resin) 0.5

EPOXY PC FORMULATION

Component  Composition Weight, percent
Aggregate 1/, in. to 200 mesh 80
Resin Resin - 50 percent 20

Hardener - 50 percent

Binder MMA-TMPTMA Epoxy Furan Polyester-Styrene Vinyl Ester
Binder, percent by weight 6 8 o’
12 20 — 18
Flexurdl strength, psi (GPa) 1200 (8) 2500 (17) 3000 (21) 4000 (28) 2500 (17)
9000 (62) 4900 (34) 3500 (24) 8600 (59) 22,000 (149)
Flexural MOE, psi (GPa) 4.5 x 10° (31)
6 _ _ —
5.7 x 10° (40) 4.1x10° (28)
Compressive strength, psi (MPa) 10,000 (70) 8500 (59) 9000 (62) 10,000 (70) 9000 (62)
20,000 (140) 17,400 (120) 15,000 (102) 20,000 (140) 16,000 (110)
Compressive MOE, psi (GPa) 1.0x 10° %) 1.2 x 106(8)
5.3 x 108 (37) 5.8 x 10° (40) 4.0x 10°(28) - 4.8x 10°(33)
Tensile strength, psi (MPa) 1200 (8) 1300 (9) 1400 (9.6) 1600 (11) 1400 (10)
2100 (14) 3500 (24) 2000 (14) 10,000 (70) 13,000 (90)
Shear strength, psi (MPa) 3700 (26) — — 275(2) —
162 (2596) — —
Poisson’s ratio 0.23 0.22
0.35 — — —
Linear shrinkage, percent 15 0.02 0.1 0.3
5.0 0.20 0.2 3 —
Water absorption, percent 0.6 — — — 0.1
Freeze-thaw resistance 1670 cycles, 0 2024 cycles, 0
percent weight loss — — — percent weight loss
Coefficient of thermal expansion, 10 in./in. F 5.3(2.9) 31(1.7) 11(6.1) 1.2(0.67) 12.(6.7)
26 (14) 14.2(7.9) 12 (6.7) 7.2 (4.0) 15 (8.3)
Working time, min 20 30 15
40 60 — 40 —
Curetime, hrsat 65-90 F 1 1 0.25 2 2168
4 48 12 96

Note: The table contains a normal range of values reported i li ure.=A particular formulationgwill not normally give results with al high values or al low values. The
reader should refer to the references to determine the properfl tod 7 er@r{v aj:l O n
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