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ABSTRACT

REINFORCEMENT OF THIN CEMENT PRODUCTS WITH RECYCLED
WASTEPAPER FIBERS

By

Zahir Shah

The main intent of this research was to determine the technical feasibility of utilizing mag-
azine wastepaper fibers, obtained through dry processing of paper, as reinforcement in thin
cement products. Dry-processed magazine papers have high levels of non-cellulosic impu-

rities, and the recycling process also breaks and damages the fibers.

In order to produce wastepaper fiber-cement composites, first the influential variables in
slurry-dewatering method of processing the composites were identified in an experimental
study based on fractional factorial design. Among the proportioning and processing vari-
ables investigated, fiber mass fraction, level of substitution of virgin fibers with recycled
ones, and fiber refinement conditions were found to have statistically significant effects on
the flexural performance of composites. Subsequently, response surface analysis tech-
niques were used to devise an experimental program which helped determine the optimum
combinations of the selected influential variables based on flexural performance and cost.
The optimized recycled composites were then technically evaluated versus virgin compos-
ites. They were shown to possess acceptable flexural strength, dimensional stability, den-
sity, water absorption and moisture content. Specific size distribution of recycled fibers
(with higher fine contents) were used to justify their differences with virgin fibers in

cement composites.

The effects of moisture and weathering on the performance of recycled wastepaper fiber-
cement composites were investigated through accelerated laboratory tests simulating the



effects of wet-dry and freeze-thaw cycles as well as carbonation and chemical interaction,
in natural weathering. Microstructural studies were conducted in order to establish the
mechanisms of ageing in the composite material. These mechanisms provided the basis
for selection of certain refinements in the matrix composition, which were successfully
evaluated for the control of weathering effects on the composite material structure and
properties. The effects of ageing and moisture on composites were best controlled by mea-
sures which reduced the calcium hydroxide content of hydration products and improved
the water-tightness and the structure of interface zones; these refinements were made
using relatively high levels of replacing cement with silica fume or through full substitu-
tion of Portland cement with a special cement.

A cost analysis was performed on the optimized wastepaper fiber-cement composites ver-
sus alternative siding building materials. The optimized recycled composites were found
to present the best initial and life-cycle cost positions among commercially available sid-
ing materials.
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CHAPTER 1

INTRODUCTION

1.1 ENVIRONMENTAL ASPECTS OF WASTEPAPER

1.1.1 Magnitude of Solid Waste Problem

Approximately 250 million tons of residential, commercial and industrial wastes are gen-
erated in the U.S. each year [1]. The corresponding number for Michigan is 11.8 million
tons per year [2]. Leaving industrial discard aside, EPA estimates that residential and com-
mercial wastes account for around 160 million tons. This figure is projected to reach about
193 million tons by the year 2000 [3].

In 1986 only 10 percent of all municipal solid waste was recycled and 10 to 15 percent
was incinerated (mostly with energy recovery), while almost 80 percent - about 130 mil-
lion tons - was disposed of in landfills. The Michigan recycling (about 12 percent) and in-

cineration (about 19 percent) levels roughly correspond to the national values [4].

1.1.2 Wastepaper
1.1.2.3 Contribution of the Paper and Paper Products to the Solid Waste Stream: The

available data on different materials excavated from landfills indicate that paper and paper
products have increased steadily and now comprise approximately 55 percent by volume
(and almost one-half by weight) of the materials excavated [3]. Information on specific
types of paper products excavated from landfills suggest that glossy magazine paper has

increased steadily to comprise 2.5 percent of landfilled municipal solid waste.



U.S. paper industry represents 30% of world capacity [5]. U.S. primary paper and paper
board products in 1989 were 82.44 million tons, and are expected to be 91.07 million tons
in 1992 [S]. The increase in waste paper use is expected to rise twice as fast as other fibers
[5). Within two years Michigan is expected to enjoy a rise in total paper and paper board
capacity from 17.9 to 22.3%. Annual waste paper use in Michigan will increase from
20.87 million tons to 24.98 million tons in 1992 [S]. In Michigan there are total of 35 pa-
per mills producing 9621 tons of paper per day of which 27 mills use recycled paper utiliz-
ing 4986 tons per day [6].

On the world-wide basis, recycled waste paper is already the largest fiber stream used for
paper making. Fiber consumption by grade in 1987 was: recycled fiber 31%; bleached
kraft 26%; un-bleached kraft 15%; mechanical pulp 14%; semi-chemical pulp 4%; sulfite
pulp 5%; and non-wood 5%. Recycling rates are low -- around 10% - in fiber rich coun-
tries such as Finland and Canada, and range upward to SO percent in fiber poor countries,
such as Europe and Japan. The U.S. falls in between these extremes, at about 27%.

Although there are over 50 different grades of wastepaper, these grades are generally di-
vided into five categories [7]): (1) News-predominantly old newspaper (ONP), (2) Corru-
gated- includes old corrugated containers (OCC), (3) Mixed- color papers, magazine, and
envelopes, (4) pulp substitutes, and (5) High grade deinking. Paper’s inherent qualities
(strength, durability, printability etc.), and ultimately its utility, are determined by its fiber
composition e.g., softwood or hardwood, bleached or unbleached, virgin or recycled. Soft-
wood fibers, for example, impart strength and tear resistance and printability. Newsprint
generally includes 80-85% ground pulp (mechanical wood pulp) [8]. Fiber length is short-
ened in the grinding process and lignin, which remain in the unprocessed pulp, hastens its
deterioration. Papers made from the ground wood pulp are weak to begin with and deteri-
orate easily upon ageing. Magazine paper fibers are mostly from chemical pulp. Generally,

a mix of softwood and hardwood fibers are used to get the desired performance.

Recycling is the first step to reduce the solid waste dilemma, because both the landfills and
incinerators are becoming increasingly costly because of new requirements and siting dif-
ficulties. The important point to recognize is that recycling is not the only solution for the
solid waste problem. Recycling is only part of what must be a comprehensive plan to bat-

tle solid waste.



Magazine papers are often coated for aesthetic reasons. Coated paper is smoother, has a
finer pore structure and, therefore, the quality of print is much enhanced. Conventional
coatings consist of clay and pigment particles bound with a latex or a soluble binder such
as starch [8,9]. The use of coated waste papers in the paper mills results in the production
of large amounts of sludge, which can amount to as much as 30 percent of the input by
weight [1]. This sludge then becomes industrial waste.

1.1.2.2 Landfill Crisis: Landfilling has been the most available disposal method, but
many areas of the country are experiencing shortfalls of permitted landfill capacity and
rising landfill costs. The “capacity crises” has become a significant concern around the
country, particularly in the Northeast (Figure 1.1). According to EPA, for example, more
than half of our existing landfills will reach their capacity within eight years.

BB Less Than 5 Years
5-10 Years
O Greater Than 10 Years

Figure 1.1 State Landfill Capacity Map [3].

Assuming that the existing landfills close at their current rate (11.2 million tons per year of
lost capacity) and the new facilities are built at the same pace as in the recent years (4 mil-
lion tons annually), at today’s recycling and recovery levels, our disposal requirements



will exceed existing capacity by around 1998 [1,3]. For every ton of recycled paper pro-
duced, landfill space is reduced by three cubic yards [7]. To bring our disposal needs
roughly into balance with the supply of landfill space, other steps must be taken, such as
meeting EPA’s national recycling goal (25 percent, which is also the median statewide
goal in Michigan) within the next two or three years, and tripling the number of waste-to

energy plants (Figure 1.2).

1.1.2.3 Recycling of Paper: Paper and paperboard account for a larger fraction of munici-
pal solid waste than any other single category of material. In 1987, total wastepaper recov-
ery (including pre-consumer waste) in the United States reached 24 million tons, a
recovery rate of 28.5 percent [1]. Recovered wastepaper, or secondary fiber, is used to pro-
duce new paper products, construction materials, animal bedding, insulation, etc. Current-
ly in Michigan old corrugated cardboard is recovered at the highest rate, 59 percent of the
generation [10]. The recovery rates are much less for glossy magazine paper, coated old
corrugated cardboard, and mixed paper [10]. Certain trends in recovery and utilization of
wastepaper together with some technical and economic factors, as described below, are

making it necessary to look beyond paper mills for the utilization of various grades of

wastepaper.
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Figure 1.2 Landfill Capacity in the Year 2000 [3].

In North America, as more local recycling programs come on line, the old newsprint mar-

ket is being saturated. Within the next five years, the supply of old newsprint will reach 20



million tons annually. About one-fourth of this total will be recycled by domestic mills.
Combined with export of old newsprint, this means recycling old news into new paper

only accounts for one-third of the total output [11].

As higher amounts of old newsprint are being recovered, this relatively cleaner wastepa-
per is substituting other grades (e.g., mixed paper) in mills producing boxboard and roof-
ing products, and also in the export markets [11]. True progress in solid waste
management can not be made by substituting 1 ton of mixed paper for 1 ton of old news-

print in our landfills.

Paper is not a closed-loop recyclable like glass. It can not be used indefinitely for its origi-
nal use, because the cellulose fibers break down into smaller pieces each time the paper is
recycled [11, 12].

The use of glossy magazines and coated old corrugated cardboard for the reproduction of
paper products in paper mills results in the production of large amounts of sludge, which
can amount to as much as 30 percent of the input by weight [1]. The wet sludge, produced
while separating the coating material currently has no commercial value and has been re-
moved for disposal in landfills [13]. This generally makes the use of glossy magazines and

coated old corrugated cardboard in paper mills uneconomical.

Markets for paper are historically volatile, causing major fluctuations in the prices of vir-
gin wood pulp; prices for wastepaper are even more volatile than those for wood pulp (this

kind of relationship is typical of secondary materials) [1,14].

Other barriers to increased recycling of various grades of paper for reproducing paper
products include capital investment in equipment, competitiveness of market, higher lev-
els of contaminants found in news supplies of wastepaper, and restrictive specifications
and rules [1,10]

Given the above constraints against recycling wastepaper into paper products, and the in-
creased collection of wastepaper, we have to look beyond the paper industry and broaden
the base of paper recycling. Advantages can be taken of the insulating, absorptive, and re-
inforcing qualities of recycled wastepaper to produce a whole range of products from in-
sulation to cement boards [11, 12, 13]. These non-paper applications can grow in

importance as increasing supplies of recovered wastepaper becomes available.




1.2 WASTEPAPER APPLICATIONS IN CEMENT PRODCUTS

1.2.1 Why Look into Cement Products Than Other Forms of Recycling

Recycling of wastepaper into non-paper products generally starts with grinding up the pa-
per with augers or hammer mills and screening them to various sizes for different prod-
ucts. In some applications chemicals are added to give cellulose fibers different properties.
Non-paper products that can be produced using wastepaper include cellulose insulation,
animal bedding, mulch, cat litter, fire logs, worm bedding, roofing materials, absorbent for
hazardous wastes and sludges, and thin sheet cement products. These non-paper markets

for secondary fibers are briefly analyzed below.

1.2.1.1 Cellulose Insulation is made by grinding newsprint and then adding some addi-
tives as flame retardants. Old newsprint seems to be more suitable than other grades of
wastepaper (e.g., magazine) because of its insulation properties. The market for cellulose
insulation has declined in the recent years due to the popularity of fiberglass insulation,
and also because of the loss of a healthy retrofit market after the federal government elim-
inated the energy tax credits in December, 1985 [11]. Also cellulose insulation is inferior
to glass fiber, rock wool and polyurethane insulations [15].

1.2.1.2 Mulch made from wastepaper is generally made by shredding and fluffing the pa-
per, mixing dye and water with the fluff, and then adding the seed prior to spraying the
mulch. All grades of wastepaper are reported to be used. Currently the majority of seeding
uses straw mulch and, partly due to economic factors, it is highly unlikely that State’s use
of recycled mulch will increase much beyond the one to five percent (less than 1000 tons

per year) currently being used [10].

1.2.1.3 Cat Litter is another non-paper product that can take advantage of the high absor-
bency and biodegradability of wastepaper; particularly old newsprint. Sand and wastepa-
per are the primary ingredients of the litter. The materials are combined, then formed into
granules. The impact that this product could have on the Michigan waste stream appears

insignificant, mainly because its potential market is very small [10].




1.2.1.4 Other Products: Fire Logs are also being produced from old newsprint to replace
raw firewood for residential uses (Goldgerg, 1989). A new product made with wastepaper
is worm bedding, which is used to fill boxes in which the “herds” are shipped. Some re-
search has also been done on using old newsprint to clean up hazardous liquids and slud-
ges. Roofing products such as shingles, ply felts, base ply and cap sheets are also made
from wastepaper. This market, however, has declined sharply in the recent years mainly

due to the popularity of fiberglass roofing products [13].

In summary, non-paper products, other than thin-sheet cement products, appear to have lit-
tle impact on the solid waste stream [10, 11]. These markets are either too small or they
are declining, and can only be effective in some small or concentrated areas. Many of
these markets also use old newsprint as the dominant wastepaper grade, and will not be
suitable for other grades such as glossy magazine papers. Increased recovered volumes of
wastepaper and the limited capacity that can be offered by paper mills for wastepaper in
general and coated grades of wastepaper (glossy magazine and coated corrugated card-
board) in particular, however, provide strong incentives for searching alternative markets
for wastepaper [1,11]. The use of recycled paper as reinforcing fibers in thin-sheet cement
products presents an attractive market for wastepaper. Relatively large volumes of differ-
ent wastepaper grades can potentially replace some costly and energy-intensive virgin fi-
bers currently used by the thin-sheet cement products industry, which is still suffering
from the elimination of asbestos fibers from the U.S. market. Potentials for the utilization
of secondary cellulose fibers in thin-sheet cement products are discussed below.

1.2.1.5 Thin-Sheet Cement Products: World use of hydraulic cements is close to one bil-
lion tons per year [16] and, along with steel and wood, they are the most important con-
struction materials used today. It has been proposed that the use of cement could be
doubled by the year 2000. The low cost and ready availability of raw materials (limestone,
clay, etc.), the fact that the energy consumed for the manufacture of cement is consider-
ably less than for metals and plastics, and that hardening takes place with water at ordinary
temperatures, provide the incentives for widespread use of cement products. Cement-
based materials, however, suffer from one common shortcoming, they fail in a brittle man-
ner under tensile stresses or impact loads. An effective approach to resolve this problem
involves the use of short, randomly distributed reinforcing fibers in cement-based materi-
als.




The reason why brittle materials like cement are made stronger by very small addition of
fibers is that cracks are stopped or deflected by the presence of fibers and, as a result, the
toughness and tensile strength are dramatically increased. Fibrous cement materials, with
their desirable toughness characteristics and cracking resistance, have found broad appli-
cations for the construction of various thin-sheet products including cladding panels, parti-
tion components, ceilings and walls, garden fencing, silo lining, green house panels,
ducting, drainage and irrigation channels, tiles, pipes, water troughs and fittings, and labo-
ratory surfaces. The global use of thin-sheet fibrous cement products is estimated at 2.5

million tons each year, consuming about 0.5 million tons of reinforcing fibers annually.

1.2.1.6 Replacing Asbestos: World-wide, the asbestos cement sheet industry has been
searching for an alternative reinforcing fiber owing to the health risk associated with the
use of asbestos [17]. Consumption of asbestos for cement reinforcement reached 1.5 mil-
lion metric tons of fiber in 1970’s [18]. Usage was principally for factory-made cement
cladding panels and pipes produced in some 800-900 manufacturing units operating virtu-
ally in every country of the world. The asbestos replacement activity in recent years has
resulted in vast world-wide research into alternative cement reinforcement fibers. Virgin
cellulose, glass and polyethylene are among the fibers considered to substitute asbestos in
cement products. Cellulose fibers derived from softwood and hardwood, being fairly
strong and stiff as well as cheap and relatively energy-efficient, have emerged as the dom-

inant fiber types currently used in non-asbestos thin-sheet cement products [19].

Preliminary research studies conducted in Japan and Australia have demonstrated the po-
tentials of recycled fibers obtained from various grades of wastepaper to substitute virgin
cellulose fibers in thin sheet cement products [20, 21]. While Japanese workers uses a
combination of recycled cellulose and asbestos fibers[19, 20, 21], the research in Australia
concentrated on full substitution of all virgin fiber types with recycled wastepaper (includ-
ing coated magazine paper) in thin-sheet cement products [19]. Wastepaper fiber rein-
forced cement has shown to provide mechanical and physical performance characteristics
close to those obtained with virgin cellulose fibers. The relatively high fine contents of re-
cycled fibers act more like fillers than reinforcing fibers, and thus higher fiber contents
were found to be needed in the case of recycled fibers to reach optimum levels of mechan-
ical performance comparable to those obtained with virgin fibers. The promising results of

the preliminary studies conducted so far on the use of recycled wastepaper as reinforcing



fibers in cement products encourage more thorough investigation of on such critical as-
pects of the material behavior as long-term durability, moisture-sensitivity and dimension-
al stability. The resulting technical information should be accompanied with economical
feasibility studies in order to facilitate commercial applications of wastepaper fiber rein-
forced cement products in applications where recycled wastepaper presents a viable alter-

native to the virgin fiber types.

The uses of wood fiber reinforced cement sheets are diverse. They range from major

components in industrial manufacturing to uses in commercial, residential and agricultural
construction (Figure 1.3). The desirable flexural strength and toughness characteristics, di-
mensional stability, fire resistance and impact strength of wood fiber-cement composites
suggest that they could be valuable in areas of application with demanding requirements on
materials. Heat shields and spray booths, sound barriers and modular flooring, duct lining
and air shafts, gaskets and seals, laboratory tops and splashbacks, and fire walls in dry kilns
are some of the typical industrial components made of wood fiber reinforced cement com-
posites. Commercial and residential uses of wood fiber reinforced cement is mainly for the
production of flat and corrugated sheets roofing elements, exterior and interior wall panel-
ling, equipment screens, fascias, facades and soffits, substrate for tiles, window sills and
stools, stair treads and risers, substrate for applied coatings, and utility building cladding
panels. Agricultural uses of wood fiber reinforced cement composites are mainly for farm
buildings sidings, stalls and walls, poultry houses and incubators, green house panels and
work surfaces, and fencing and sunscreens.
The use of recycled paper as reinforcing fibers in thin-sheet cement products, where cur-
rently about 0.5 million tons of virgin fibers are used annually, presents an attractive mar-
ket for wastepaper, with potentials to divert about 10 percent of the waste magazine paper
from U.S. landfills.
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Figure 1.3 Application Areas of Cement Products Reinforced with Cellulose Fi-
bers[21].
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Reinforcement with short, randomly distributed fibers p an effective app h to

the solution of problems with the brittle nature of failure in cement products [21, 22, 23].
These fibers are effective in stopping and deflecting the cracks propagating inside cemen-
titious matrices, there-by substantially enhancing the toughness characteristics and crack-

ing resistance of the material (Figure 1.4).

Fibrous cement products using virgin cellulose, polyethylene and glass fibers have found
broad applications for the construction of various thin-sheet products such as cladding
panels, sidings and soffits, roofing tiles, ducting, drainage and irrigation channels, tiles-
substrate, pipes, water troughs and laboratory surfaces. The reinforcement action of the

relatively low-cost cellulose fibers in cementitious matrices is quite good relative to other

fibers such as glass (Figure 1.5).

e

(a) Crack Arrest (b) Tensile Behavior

Figure 1.4 Reinforcement Action of Fibers in Cement-Based Materials [23].
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Figure 1.5 Flexural Performance of Cellulose Fiber-Cement Composites Compared
with Glass Fiber Reinforced Cement and Asbestos Cement [18].

1.2.2.1 Fiber Types

Cementitious materials are relatively brittle with relatively low tensile strength. Different
types of fiber have been used to overcome this shortcoming. Asbestos, steel, glass, carbon
and synthetic and natural fibers are among those fiber types successfully used for the rein-
forcement of cement-based matrices. Properties of virgin cellulose fibers are compared in
Table 1.1 with those of other fiber types used in cement products. It is evident from the ra-
tio of cost to load carried by fibers that virgin cellulose fibers are highly cost effective.
This illustrates why they are now dominating the thin cement-products market [19].

1.2.2.2 Cellulose Fibers.

Figure 1.6 briefly illustrates the structure of wood and wood fiber. If a piece of lumber is
considered, it may have defects (knots, cracks etc.); by selection, a piece of clear wood
(near macro defect-free) could be obtained with a tensile strength of say 70 Mpa (9.31
Ksi). However, single fiber which constitutes the reinforcing unit of bulk wood has been
tested and found to have tensile strengths greater than 700 Mpa (93.1 Ksi [16]. If one con-

siders cellulose as the basic molecule which makes up the fiber, and if one could express
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the strength of the chemical bonds which make up the structure of cellulose in terms of

tensile strength, an even greater value of around 7000 Mpa (931 Ksi) would be recorded.

Table 1.1 Comparisons of Cost and Strength of Wood Fibers with Other Fibers [19]

Rel. Cost Specific Tensile Rel. Cost per
Fiber per Unit Gravity Strength* f./ Sg unit Weight
Weight (Sg) (f,, MPa) (f;/ Sg)
— _————|
Wood 1 1.5 500 333 1
(Kraft Pulp)
Glass Rav- 4 25 1,400 560 22
ings
Steel 1.4 79 2,100 267 1.6
Kevlar Pulp 20 1.5 2,800 1,867 33
Asbestos 1.2 2.6 700 269 1.3
(JM 5R)

* Realistic tensile strength values for commercial fibers

Trees serve as the major raw material for cellulose fibers. The trees harvested for the pro-

duction of cellulose fibers are known commercially as “softwoods” and *“hardwoods.”

Among commercial trees, softwoods are the source of so-called ‘long fibers.” The unbro-

ken cellulose fibers in important softwoods range in length from about 2.5 mm (0.098 in.)

up to 7 mm (0.28 in.), but the vast majority of these fibers average in length between 3 and

5 mm (0.12 and 0.20 in.). Even within the same tree species, fiber lengths can vary consid-

erably. Softwood cellulose fibers have widths, or diameters, that range form about 15 to 80

microns (30 to 45 microns for most softwoods) [24]). Hardwoods yield cellulose fibers

that, on an average are about 1/3 to 1/2 the length and about 1/2 the width of softwood fi-

bers. Cellulose fibers produced from hardwood also have higher fines content when com-

pared with those obtained from softwood.
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Figure 1.6 Structure of Wood and Wood-Fiber [16].

Figure 1.7 provides information on the geometry and appearance of the major fiber types
in softwoods and hardwoods. All diagrams are at the same magnification to show the rela-

tive sizes of these elements.

The major chemical components of wood are cellulose, hemicellulose, lignin and a very
small fraction of extractives. The cells in their natural arrangement in solid softwoods and
hardwoods are bonded together by a layer of amorphous cementing material. It is this
bonding that must be broken in the cellulose fiber production (pulping) process, by either

chemical or mechanical means.

Pulping processes are classified as either chemical, semi-chemical, or mechanical. This
classification refers to the nature of the defiberization process. In mechanical pulping, the
reduction of logs or chips to fibers occurs by mechanical action which is usually aided by
thermal softening of the lignin between wood cells. No chemicals are added in mechanical
pulping to dissolve the lignin or any other wood component.Semi-chemical processes use
a combination of both chemical reactions and mechanical power [24]. Chemical Pulps
also called kraft pulps are commonly used in the production of book paper and writing,

while mechanical pulps are regularly used for the manufacture of newsprint.
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1.2.2.3 Recycled Coated Magazine Paper Fibers

Recycled coated magazine paper fibers are different from virgin cellulose fibers in some
aspects. These have broader length distribution (mostly from 0.1 mm to 5 mm) and have
fibers that are damaged and shortened as a result of recycling. In composition these “fi-
bers” actually a combination of fibers and impurities (e.g. clay) [25]. Cellulose fiber is the
major constituent comprising about 80% of mass. These fibers are formed by mechanical
processing and are grey in color because of the coating pulverization. Recycled cellulose
fiber have surface area of 6-7 sq.m /gm and the pH value in 5% slurry has been found to be
about 7.2.

—_—
Softwood Fibers Herdwood Fibers

Figure 1.7 Geometry and Appearance of Major Fiber Types of Fibers in Softwood
and Hardwood [24].
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1.3 OBJECTIVE, SCOPE AND SIGNIFICANCE OF THIS RESEARCH STUDY

1.3.1 Objective: The main thrust of this research is to assess the technical feasibility of
using recycled wastepaper as reinforcing fibers in thin-sheet cement products (to substi-
tute more expensive virgin fibers such as glass, polyethylene and virgin cellulose). Rec-
ommendations are also made for the production and use of cement products reinforced

with recycled paper fibers.

1.3.2 Scope: This research dealt with magazine wastepaper fibers, which cause problems
in recycling back into papers due to their high level of impurities. Dry-processed maga-
zine paper fibers were evaluated as reinforcement in thin-cement products. Short-term and
long-term performance characteristics of the composites were evaluated, and microstruc-
tural changes associated with the ageing processes were investigated. Refined composites
were produced with recycled magazine fibers with a desirable balance of short-term engi-

neering properties and long-term weathering resistance.

1.3.3 Significance: = Recycling in construction provides opportunities for long-term di-
rection of major volumes of market-limited (impure) waste from landfills, and also for the
development of lower-cost and energy-efficient construction products. A large-volume
component of the municipal solid waste stream (magazine paper) is targeted in this re-
search, which concerns high-value utilization of this waste product in thin cement prod-

ucts for residential and commercial construction.



CHAPTER 2

LITERATURE REVIEW

Every composite of materials represents an individual chemical system with its own set of
problems. In discussions on cement composites reinforced with recycled paper fibers we
are focussing on cementitious environments which are alkaline in nature and a paper pulp
(wood fiber) which may be acidic and thus unstable in alkaline environments (if excess of
alum was used in its manufacture [9]) or basic. Whether paper lasts indefinitely or briefly
depends on the materials and methods used in its manufacture as well as the environments
in which it is stored. Since the early observations of Murray and the practical solutions
suggested by Sutermeister and Barrow it has been repeatedly demonstrated that additives
which create acidity within paper hasten its deterioration [9]. Acidic environments cata-
lyze hydrolytic degradation of the polymeric cellulose molecules, reducing their chain
length; even a few chain scissions per molecule cause a substantial loss of physical prop-
erties. Mildly basic environments such as calcium or magnesium carbonate minimize the
acid concentration and therefore the rate of the acid hydrolysis reaction. The cellulose
molecule can also suffer hydrolytic cleavage in an alkaline environment. Residual lignin

in wood pulp can also accelerate the degradation of paper [9].

2.1 WASTEPAPER FIBERS IN CEMENT

Wastepaper is shredded mechanically by a dry process to get the wastepaper fibers. These
fibers as compared to virgin cellulose fibers are shorter, splintered and flattened or col-
lapsed. The use of recycled magazines and newsprint as source of cellulose fibers for the

reinforcement of cement products has been reported by Coutts [26] and Hirajima et al
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[22]. The main fiber constituents of the wastepaper fiber used by Coutts [26] were kraft
pulped P. radiata and mixed eucalypts, thermomechanical pulped P. radiata, neutral sul-
phite semichemical pulped mixed eucalypts, and other fiber types present in small
amounts in waste products. The distribution of fiber lengths in the wastepaper sample is
shown in Table 1 along with the data for kraft P. radiata and kraft E. regnans virgin fibers.
At least 10000 fibers were analyzed for the wastepaper and E. regnans pulps, and in excess
of 5000 fibers for the P. radiata pulp. The wastepaper fibers are observed to have smaller
average lengths, and to contain a relatively a relatively large fraction of fines. For the pro-

duction of wastepaper fiber reinforced cement, the wastepaper was treated in the laborato-
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ry in a Valley beater; the matrix was prepared from ordinary portland cement.

Table 2.1 Fiber Length Data [26]

Weighted
Distribution
(%)
Length (mm) P. radiata E.regnan | Wastepaper
— ——————
<0.2 2.6 2.0 6.6
0.2-0.6 40 12.8 212
0.6-1.2 9.1 74.2 40.0
1.2-2.0 18.0 9.0 153
2.0-3.0 28.0 L5 11.0
3.0-4.0 250 - 5.2
4.0-5.0 11.0 - 1.0
>5.0 3.0 - -
Weighted Average 3.2 1.0 1.9
(mm)

Composites were prepared from the wastepaper fibers using different fiber fractions (2-

16% fiber by mass). In earlier studies of cellulose fiber reinforced cement matrices, flexur-




19

al strength was at a maximum value at about 8-10% fiber mass fraction [27, 28, 29]. The
wastepaper fiber reinforced cement (WPFRC) developed maximum flexural strength of 18
MPa (2,600 psi) at about 12% fiber content by mass, when tested in a controlled atmo-
sphere (Figure 1). The effect of moisture on samples is to reduce flexural strength to ap-
proximately 47-75% of the dry strength (Figure 1). This is in general agreement with the
reduction in strength observed with other air-cured wood fiber reinforced cement compos-

ites when tested both wet and dry [28, 29].

The wastepaper considered by Coutts [24] contained softwoods and hardwoods, but these
fibers had experienced considerable damage due to processing and recycling as shown by
high fines content (Table 2.1). Much of the damaged material acts more as a filler-diluent
than as a reinforcing fiber. The flexural strength increased up to higher than usual fiber
loadings before the maximum value was reached at 12% fiber content by mass. This could
be due to the fact that much of the short material (say <0.6 mm) offers little reinforcement
to the composite and so a greater mass of fiber must be added to achieve sufficient num-
bers of the longer reinforcing fibers. The flexural strength values were lower than those of
cement composites reinforced with the short E. regnans fibers (Figure 2.1). This might be
attributed to the fact that although the numbers of long fibers are sufficient to provide high
strength, inefficient fiber packing had already taken place due to the total volume of fi-

brous material.

A similar shift of the maximum flexural strength value, with respect to fiber content, was
noted for P. radiata thermomechanical pulp reinforced air-cured cement [30], the maxi-
mum being around 10% by mass. In that instance, the higher fiber content required and the
lower flexural strength achieved were related to the lower number of fibers for a given

mass (due to the extra mass of extractives not removed during the pulping process).

In addition to reduced fiber length, the altered surface properties of physically and chemi-
cally recycled fibers my also influence both flexural strength and fracture toughness prop-

erties of fiber-cement composites.



20

FLEXURAL STRENGTH (MPa)

[ |
| ¢ . -
20|
!
181 o\ I
c c 2 .
1
s O WASTE PAPER WERC RN TESTED ‘
]
| O WASTE PAPER WERC WET TESTED i
. ° S I
! ' / @ E. REGNANS WFRC RM TESTED (REE.7) |
. /ol i
12 //
L ¥4
10 | ~
T
6!
1
4
o 2 4 [ ] [] 10 12 14 16

FIBRE CONTENT (% BY MASS)

Figure 2.1 Flexural Strength Versus Fiber Content [26].

The mechanisms that take place during the fracture of a composite include fiber breakage
and fiber pullout. The latter can have a considerable influence on the value of fracture
toughness. If the fiber is short, then the energy used up in pulling the fiber through the ma-
trix after the fiber to matrix bond is broken can contribute little to the dissipation of energy
contained in the advancing crack. Therefore, the crack continues to propagate through the
sample and the material appears brittle. In Figure 2.2 a comparison is made between the
fracture toughness versus fiber content of wastepaper and E. regnans fiber reinforced ce-
ments The E. regnans fiber provides fracture toughness values almost twice those of
wastepaper fiber at comparable fiber mass fractions. This would confirm the presence of
shortened fibers derived from wastepaper. Of course, other factors such as refining, which
takes place during paper manufacture, would have an effect on fiber performance; this has
been reported elsewhere [25]. Kraft E. regnans fiber reinforced cement composites [29]
produce fracture toughness values which are almost half those of the P. radiata fiber rein-

forced cement [30]. This would support the hypothesis that fiber length is highly important
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in increasing of fracture toughness, noting that the average fiber lengths of E. regnans and
P. radiata being approximately 1.0 to 3.2 mm (0.04 to 0.1 in), respectively (Table 2.1). Al-
though the average fiber length in the wastepaper pulp is 1.9 mm (0.07 in), the amount of
fine material (<0.6mm) constitutes almost 28% of the mass of the fiber whereas P. radiata
and E. regnans have values of only 6.6% and 14.8%, respectively (Table 2.1).

When the wastepaper fiber reinforced samples are tested wet, there is the expected in-
crease in fracture toughness value [28, 29]. The increase is, however, very small, never ex-
ceeding 40% of the dry value. With P. radiata reinforced samples [29], increases of up to
150% of dry values have been recorded at certain fiber loadings (6-8% by mass).
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Figure 2.2 Fracture Toughness Versus Fiber Content [26].

The physical properties of air-cured cellulose-fiber reinforced cement containing E. regn-

ans fibers are compared with wastepaper reinforced cement composites in Figure 2.3.

Density, water absorption and porosity are all inter-related in so far as their magnitude de-
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pends upon the free space or void volume present in the material. The higher density of
WPFRC could be attributed to the ability of the fine fiber fragments to pack more effi-
ciently with the matrix and so to produce fewer voids. This in turn would account for the
lower water absorption of WPFRC compared to the E. regnans reinforced material at any
given fiber content.

Hirajima et al [20] have also used refined pulps recovered from municipal solid waste for
the production of thin-sheet cement boards. The results showed that there was no need to
modify or change the production process adopted for virgin cellulose fiber in the case of
newsprint waste utilization as reinforcing fibers. Thin-sheet cement boards produced with
wastepaper fibers fulfilled Japanese specifications. Refined wastepaper pulp proved to be a

suitable reinforcing fiber for thin-sheet cement boards.
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Figure 2.3 Water Absorption and Density [26].
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2.2 POTENTIAL PROBLEMS - WEATHERING EFFECTS

It is important to ensure that the improvements achieved in the properties of cement based
materials though recycled cellulose fiber reinforcement would be retained over a long pe-
riod of time in actual exposure conditions. In particular, one should be careful about the
affinity of cellulose fibers for moisture, their durability in the alkaline environment of ce-
ment, and the possibility of biological attacks on wood fibers. As far as the biological at-
tacks are concemed, it is worth mentioning that no evidence is available to indicate that
natural fibers can be decomposed biologically when used in cement materials [31]. There
are no test data available on durability characteristics of wastepaper fibers reinforced ce-
ment composites. However, studies carried out on natural and virgin cellulose fibers in ce-
mentitious matrix provide insight into general durability characteristics of lignocellulosic
fiber-cement composites. A brief review of the mechanisms of deterioration of natural
and virgin cellulose fibers in cement-based matrices along with long-term performance of

composites is presented below.

2.2.1 Mechanisms of Deterioration

Virgin kraft cellulose fibers are the key fiber type used in cement composites; they have
minimum lignin content and, noting the susceptibility of lignin to alkaline attack, have
been used in applications involving outside exposure. Different weathering conditions ac-
tually increase the flexural strength and modulus of elasticity of the composite. However,
weathered kraft cellulose fiber reinforced cement composites are more brittle than the

original composites [32, 33, 34].

Much of the available test data on long-term durability of wood fiber-cement composites
deals with the use of natural fibers (e.g., sisal) in cement-based materials. In this case, un-
less measures ate taken to reduce the alkalinity of cement matrix or to protect the natural
fibers, the repeated action of wetting and drying results in the transport of alkaline pore
water to fibers and the removal of neutralized pore water (which would be produced in the
vicinity of fibers) as well as the decomposed products from these fibers, causing decompo-
sition of some natural fibers like sisal [31]. This can lead to the embrittlement and loss of
flexural strength in natural fiber reinforced cement composites. Repeated wetting and dry-
ing is a key factor accelerating this deterioration process of natural fibers, and it depends
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on temperature and humidity history in the vicinity of the cement product. Interior expo-
sure conditions or continuous immersion in water at ambient temperatures can not pro-
duce cycles of wetting and drying which are particularly harmful to the composite. Two
years of exposure in such conditions did not lead to any embrittlement of sisal reinforced

cement composites in test results reported by Gram (1983) [31].

A description of the mechanisms leading to the embrittlement of natural fiber reinforced
concrete under the action of repeated wetting and drying (rain-heat) is presented in Gram
(1983) [31]. According to this description, the alkaline pore water in concrete reacts with
the lignin and hemicellulose existing in the middle of lamellae causing decomposition of
these constituents of fibers. This leads to the weakening of the link between individual fi-
ber cells in natural fiber (Figure 2.4). External changes in moisture and temperature which
can provide a supply of water to and removal of water from concrete pores generate the
moisture movement needed for alkaline pore water to reach and progressively decompose

the natural fibers, leading to the embrittlement of the composite material.

Wood kraft fibers, as mentioned earlier, contain negligible amounts of lignin and thus they
can withstand the alkaline pore water attack better than natural fibers. The reduced tough-
ness accompanied with the strength gain in these composites with ageing may be associ-
ated with the petrification process (filling of the core of the fiber with hydration products)
and the consequent changes in fiber failure mode [3S5, 36, 37, 38, 39]. The filling of fiber
cores and possibly cell wall pores with hydration products is expected to result in an
increase in strength and stiffness. In addition to that, it seems that the petrified fibers are
more stable dimensionally and no separation and debonding between the fibers and the
matrix could be observed. In short, this petrification process increases the stiffness,
strength and bond strengths of fibers, but reduces their ductility; these conditions lead to

improved stiffness and strength and increased brittleness of the composite.
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Figure 2.4 Schematic Sketch of the Decomposition of Natural (sisal) Fibers in the
Alkaline Pore Water of Concrete [31].

2.2.2 Durability Test Results

2.2.2.1 Natural Fibers

Gram (1983) [31] has reported test results on the durability characteristics of sisal and coir
fiber reinforced mortars, in which a typical matrix had 1:2:0.5 binder: aggregate: water
proportions. Fiber content ranged from 0.5-4% by volume. Tests were performed under
natural ageing and also accelerated ageing conditions. In order to reproduce weathering
effects simulating the alkaline pore water attack on natural fibers (e.g. conditions involv-
ing repeated exposure to rain and sun shine), an accelerated wetting-drying test equipment
was developed (Figure 2.5). The panel specimens used in this “climate box” measure 10
mm (0.4 in) in thickness and are subjected to half-cycles of moistening and cooling by
spraying them with water, followed by half cycles of heating with the temperature reach-
ing 105 deg. C (221 deg. F) and maintained at this level for a sufficiently long period so
that the capillary pore system in the specimen dries out.



Figure 2.5 CBI Climate Box [31].

As a result of the above wetting-drying cycle, the capillary pore system of specimens is
both filled with and emptied of water during the conditioning cycle that lasts about 6
hours. This means that the fibers embedded in specimens come in contact with the alkaline
pore water of the during the moistening phase, and that any decomposition prod-

ucts which are formed as a result of the reaction b the fiber p and the
pore water can be transported away from the fiber during the drying phase. Figure 2.6 (a)
presents the reduction in flexural strength of specimens incorporating sisal fibers due to
ageing under repeated wetting-drying cycles. Considerable decrease in flexural strength is
observed as the number of cycles increases. This can be attributed to the attack on natural
fibers by the alkaline pore water of concrete.

The alkalinity of pore water in the matrix can be reduced and the weathering resistance of
the composite can be improved by replacing part of the cement with silica fume. The pH
value for the pore water reduces from 13.2 for a matrix with ordinary Portland cement to
12.0 for a matrix in which 33% of Portland cement by weight is substituted with silica
fume. Figure 2.6 (b) shows the flexural strength of specimens reinforced with sisal fibers
after 0 and 120 cycles of wetting and drying as a function of the percentage of cement by
weight substituted with silica fume. Specimens in which up to 20% of Portland cement
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was replaced with silica fume show comparatively insignificant drops in strength after 120
wetting drying cycles when compared with specimens without silica fume. A dramatic
improvement is obtained when 30-50% of the cement is replaced with silica fume. Hence,
an effective approach to reducing the alkaline attack and thus enhancing the durability of
natural fiber-cement composites is through reducing the alkalinity of concrete pore water
by the use of silica fume [39, 40, 41].

2.2. 2.2 Processed Fibers

Earlier durability test results with processed cellulose fibers (paper pulp) suggest that cel-
lulose fiber-cement composites may be prone to degradation in certain exposure condi-
tions. Four potential ageing mechanisms were investigated by Sharman (1983) [32] and
Sharman, et al. (1986) [32] for autoclaved cellulose fiber reinforced cement sheets. The
ageing mechanisms considered were carbonation, microbiological attack, moisture stress-

ing of wood fibers, and increase in fiber-to-matrix bond, acting independently or together.

Carbonation is an important ageing mechanism in asbestos cement, causing embrittle-
ment. In the case of cellulose fibers, carbonation may also increase susceptibility to micro-
biological attack by reducing the alkalinity of the cement pore water and/or increasing the
bonding of cementitious matrices to cellulose fibers. The rate and extent of carbonation
depends on the physical conditions of the sheet (e.g. porosity) and local climatic condi-
tions (relative humidity and temperature). Microbiological attack on cellulose fibers in
cement products was studied by Mansur and Aziz (1982) [42], who found it to be unlikely
in the highly alkaline environment of cementitious matrices. Long-term drop in the pH of
cement products after weathering and carbonation effects, however, may have adverse

effects on resistance to biological attack.

The behavior of cellulose fiber reinforced cement composites has been investigated under
various accelerated ageing effects, including (1) hot water soak, (2) moisture cycling, (3)
carbonation, and (4) fungal cellar exposure. Comprehensive ageing test data have been
reported by Sharman et al. (1986) [32] for autoclaved cement sheets consisting of 8% kraft
pulp (P. Radiata), 46% cement and 46% silica sand, and also by other investigators. A

brief review is presented below.
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Figure2.6 (cont’d) Flexural Strength of Composites Reinforced with Sisal Fibers
After Wetting-Drying Cycles [31].

Hot Water Soak

Hot water soak tests have been used to accelerate the ageing process and the subsequent
strength loss of glass fiber reinforced cement composites. In the case of cellulose fiber

reinforced cement, this test has been used to investigate any ageing effects on fibers or
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their bond to cementitious matrices. Effects of 350 days of immersion in 50 deg. C (122
deg. F) water on various aspects of the engineering properties of cellulose fiber reinforced
cement composites are presented in Table 2.2. It should be noted that changes in material
properties in warm water soak occurred dominantly in the first 20 days of immersion;
thereafter, the material properties stayed practically constant. These test results indicate
that warm water immersion, as an accelerated weathering condition, causes an increase in
elastic modulus of wood fiber reinforced cement composites; other effects of accelerated

ageing under warm water do not seem to be significant.

Harper (1982) [43] has observed similar effects of warm water immersion on wood fiber
(kraft pulp) cement composites, implying that degradation of chemically processed wood
fibers under weathering effects is unlikely. This ca<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>