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ABSTRACT

TECHNOLOGICAL AND ECONOMIC ASPECTS OF
GLASS FIBER-REINFORCED CEMENT COMPOSITES

by

TAKEO NISHI

Submitted to the Department of Civil Engineering on
August 23, 1974, in partial fulfillment of requirements for
the degree of Master of Science in Civil Engineering.

The research on glass fiber-reinforced cement compo-
sites (GRC) has been progressively accelerated with the
development of alkaline resistant gless fiber. Some of the
advantages offered by glass fiber addition to cement
include improved tensile properties, higher toughness and
better crack resistance. From the analytical point of view,
GRC is an intractable material because of the inherent
variations of the fiber-reinforcing mechanisms. As 3
result, theoretical investigations have not satisfactorily
explained actual experimental results. Furthermore, there
are still several problems in both economic and technolo-
gical phases.

Among those, two important problems are investigated
in this thesis which are :
1) evaluation of glass fiber-reinforced cement
composites in terms of cost-effectiveness and
2) corrosion properties of alkaline-resistant
glass fiber-reinforced cement composites.

Linear and non-linear multiple regression analyses
were used for the investigation of the experimental results.
The three parameters sand/cement ratio, water/cement ratio
and volume content of fiber, were chosen as independent
variables. The magnitude of the influences of these para-
meters on flexural strength and toughness of GRC is
discussed. A method of determining an optimal composite
composition in terms of usage requirement on properties is
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presented as well as the assessment of various types of

fiber-reinforced cement composites.
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Chapter 1

Introduction

1.1 Preface
As is commonly known, cement has for a long time played
an important role in the construction world. Because of
the stability in supply of this material, we can expect
continued use of cement far into the future. However,
cementitious materials have some shortcomings in the form
of brittleness and low tensile strength that prevént them
from gaining into more widespread usage. To improve these
shortcomings, cement concrete has conventionally been used
in conjunction with steel reinforcement. But recent trends
in construction technology such as modular and mobile homes
demand a new type of construction materials which meet the
following needs : (1)
1) to reduce the labor cost of the placing of reinforce-
ments
2) to decrease the thickness and weight of structural
components in order to improve construction efficien-

cy and reduce the material cost
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3) to open new possibilities for prefabricated elements
4) to increase the fatigue life of structures
5) to give greater fire resistance

6) to allow for time-saving in design and construction

The fiber-reinforced cement composites which are investi-
gated here are the key materials strongly compatible with

above
these,requirements. By definition, fiber-reinforced cement

N
composites are composed of some kind of discrete fibers
diépersed throughout the cementitious (usually portland
cement) matrix. From the technological point ci view, the
idea of improving the shortcomings of brittle materials
such as brick and cement with fibrous reinforcement is not
new. Straw has been used to reinforce sunbaked bricks and
clay wall since ancient times. Asbestos cement products
were the first commercialized fiber-reinforced cement com-
posites, and have recently been widely used for modern
building materials. However, tiie current demands in the
construction field which have been accelerating the develop-
ment of fiber-reinforced cement are substantially different
from those of the oid ages. Furthermore, the great success

of fiber-reinforced plastic for the last two decades has
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led to a lot of knowledge both on the fiber-reinforcing
mechanism and on the fabrication process of fiber-reinfor-
ced composites.

As for fibrous reinforcement, a very wide range of
fiber types is currently availaﬁle. Almost all types of
fiber have been investigated in view of their compatibility
as a reinforcing material to portland cement-based matrices.
Some types of fiber have been eliminated from the list of
possibilities because of poor resistance to deterioration
by the highly alkaline environmént of cement paste or the
low cost-effectiveness as reinforcement to cement composi-
tes. Currently, steel and alkaline resistant glass fiber
arc very promising fibrous reinforcements because of their
excellent mechanical properties, comparably low price and '
the possibility of stable supply to a large
demand for fiber. Carbon fiber and some newly developed
plastic fibers, such as fiber-B and PRD-49, hold a great
potential'for future research and development because of
their attractive fiber properties.

Extensive work on steel and glass fiber-reinforced

cement composites performed mainly in the United States
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and in the United Kingdom during last ten years has
brought about current usage of these two méterials which
are being assesséﬁiﬁ%%ir potentiality as new construction
materials in terms of cost-effectiveness. As this moment,
there are still ambiguities in the evaluation of the true
effectiveness of fiber addition. So far available litera-
ture on the subject are sufficient for an understanding of
the qualitative tendencies of the improvement of properties
of plain mortar and concrete by addition of fibers. But
these experimental results are not always appropriate for
quantitative comparison. The use of different types of
fiber, form of reinforcement, fabrication method, sand/
cement ratio and water/cement ratio in each experiment
program causes unlimited variability in the results, and
thus makes any sort of comparison extremely difficult. It
is well known that the prices of fiber are much higher than
that of cementitious matrices resulting in a dramatic in-
crease of material cost. = In this regard, more intensive
work on cost analysis is neéded.

So far, most research efforts have been devoted to find-

ing the effect of fiber addition and not to the composition
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the
opratrix.

Cconsequently, there are few studies concerned
with the over-all effect of fiber and matrix composition.
A cost analysis study of fiber-reinforced cement composites
is essential for finding the economical compositions to meet

the variety of usage requirements facing the industry today.

1.2 Present Background of Research and Development on FRC

A wide range of fibers are available for use as

reinforcement to cement-based matrices. The primary

physical properties of the fibers currently under consider-

ation are shown in Table 1-1.

Table 1-1

Typical Physical Properties of Fibers
Currently Under Consideration for Use as
Reinforcement to Cement-Based Matrices (2,3)

Properties|specific|Tensile [Elastic|Ultimate |Resistance
Gravity |Strength|Modulus|Elongation|to Alkalis
Fiber 103psi | 106psi| (%)
Asbestos 2.9 80-140 12-20 2- 3 good
(chrysolite)
Steel 7.8 50-400 28-30 0.5-35 good
(carbon)
Glass fiber 2.7 200-500 9-11 3- 4 fairly
(alkali- ' good
resistant) - poor
Poly- 0.9 80-110 (0.7-1.0 18-25 good
propylene
(filament)
Nylon 1.14 120-280 |0.4-0.6 14-25 good
{mono- - fairly
filament) good
Carbon fiber| 1l.7-2.0 |200-450 28-35 0.4-1.0 good

- 16 -



The effectiveness of reinforcément depends on the modulus
of elasticity, tensile strength and elongation at the
fracture of reinforced fiber. Steel and glass fibers which
have a modulus greater than 107 psi provide improvement in
impact strength and ductility aé well as static and dynamic
flexural strength and compression strength. Asbestos fiber
also hathigh modulus of elasticity and provides improvement
in flexural and compressive strength. But it gives a
comparably low contribution to improvement in impact
strength because of its short length of fiber. The low-
modulus fibers such as nylon and polypropylene provide
improvement in impact strength and ductility of composite,
but they often give negétive effects on the other physical
properties. Consequently, their application is limited.
The criteria for the selection of fiber as reinforce-

ment to cement-based matrices should include :

1) mechanical properties

2) resistance to alkaline (long term durability)
3) cost

4) non-flammability or thermal stability

5) physical and health hazards involved in production
and usagde

- 17 -




. 6) stability in future supply or potential production
level, and

7) ease of fabrication of composite.

The result of a qualitative evaluation of fibers in terms

of these criteria is given in the following table.

criteria
1 2 3 4 5 6 7
fiber

Asbestos A A A A D C A
Glass* A |B:C| C A B B |[A-B
Steel A A C B B B C
Carbon A A D A B C B
Polypropylene C A B D A C A
Nylon c|B|B|D|A]B]| A

A : good C : presents some problems

B : fairly good D : presents severe problems

* alkaline-resistant fiber

Although asbestos is the only fiber which has been widely
used for reinforcement to cement-based matrices, there is

a great uncertainty about its future use because of lung
cancer associated with asbestos. At this moment, glass

and steel fibers seem to have a good possibility to provide

an innovative material in the construction market.

The current problems involved with the use of glass
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and steel fibers are described below.

For glass fiber The confirmation of long term deterio-
ration of alkasline-resistant glass

the
fibers in, high alkaline environment of

A

cement matrices

For steel and Fiber producers efforts for reducing

glass fibers
the cost of fiber

. Establishment of an evaluation method
of economical composition

. Establishment of the fabrication method
which gives the best effectiveness of
fiber addition

. Establishment of experience in applica-
tion for specific use

1.3 Brief Review of Theoretical Consideration for Strength
of Fiber-Reinforced Cement Composites

Most theoretical investigations on fiber-reinforced
cement composites developed so far are based on the assump-
tion of an iQeal, uniformly-reinforced matrix. The common
methods are the rule of mixture or its modification. Two
" separate mechanisms have been thought to explain the

increase of tensile properties by the addition of fibrous
- 19 -



reinforcement.
1) Direct strengthening, similar to that achieved with
conventional steel reinforcement
2) The ability of fibers to act as a crack arrestor,
which provide improvement in the ultimate strength of
the cement matrix
The common parameters on which the composite strengths
depend include type of fiber, the degree of fiber alignment
with stress direction (orientation of fiber), aspect ratio
(or length of fiber) and fiber content, as well as the
primary parameters of the strength of cement matrix, sand/
cement ratio and water/cement ratio. The effects of these

parameters are summarized below.

Type of Fiber

One important parameter is the type of fiber and its
properties which affect the properties of the whole
composite. Plastic fibers have low tensile strength, high

. of
ultimate elongation, low modulusA?lasticity and poor bond

the
withAmatrix. These factors combine to give a low contribu-

tion to flexural strength, tensile strength or modulus of

elasticity of the composite, but tend to have a large
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effect on impact strength and toughness, because of the
large amount of energy absorbed in breaking and/or pulling
out fibers.

Glass fibers have a fairly high modulus of elasticity,
high strength, low elongation and good bond witgxaatrix.
These combine to make a composite with high tensile and
bending strength and high modulus elasticity. The impact
strength and toughness are also improved, though not sas
much as with other fibers. Steel fibers have high strength,
high modulugxglasticity, high elongation and a good bond

the

withAmatrix; These properties give steel-reinforced

composites good properties all around.

Fiber Orientation and Fabrication Method

The highest improvement in mechanical properties such
as flexural strength and tensile strength would come from
aligning the fibers unidirectionallyin the direction of
greatest stress. After this,.in descending order of
improvemenglwould be a 2-dimensional ofthognal array, @
2-dimensional random, and finally 3-dimensional random
array. This is due to the fact that the fibers give the
most reinforcement when aligned with the direction of

stress.
- 21 -



Fabrication methods which give the best results, in
decreasing order of gquality, are : aligning long fibers
uniaxially or biaxially, and filling in with matrix, as in
conventional glass fiber - polyester composites. The next
would be a method which arrays the fibers randomly, but
essentially in 2 dimensions, such as the spray-suction
method. The least effective method of fabrication would
be casting the material as premixed, which would give it,
essentially, 3-dimensional characteristics — the least

efficient orientation.

Aspect Ratio and Volume Fraction of Fiber

Volume fraction influences only slightly the first

crack stress. Both volume fraction and aspect ratio have

a large influence on ultimate strength, both bending and

tensile, and some influence on compressive strength.

Ultimate strength seems to increase linearly with a increase

in either Vf or aspect ratio. However, it is not possible
to predict with accuracy the ultimate strength of the
composite because of the combination of cracking and pull-
out that occurs with failure--;probably due in large part

to the nonuniformity of the material.
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Toughness increases significantly with V§ and aspect
ratio. Toughness of fiber-reinforced cement composites is
at least an order of magnitude higher than that of plain
concrete. (4) It is reasonable to assume that the same
factors that influerce ultimate strength (Vg, aspect ratio,
orientation) also inflﬁence toughness. Too high V¢ and/or

aspect ratio create workability problems, and voids.

sand/Cement Ratio

Tncreased sand/cement ratio increases the toughness
of plain mortar because of the increased microcracking and
pathways for energy absorption. 5o it should improve the
toughness of fiber-reinforced cement composite---up to &
certain limit, of course. Problems include increased
number of voids which would decresse ultimate strength,
and decreased bonds between matrix and fiber. Increasing
sand/cement also decreases workability and requires more

water for easier working.

Water/Cement Ratio

As is commonly known, decreased water/cement means
increased mortar strength and decreased workability. A

problem in fiber-reinforced cement composites occurs with
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water-absorbent fibers like glass, which would tend to
reduce significantly the water/cement ratio. Water-
reducing agents may help, but caution must be taken to

insure that no adverse chemical reactions occur.

1.4 Objectives of This Research

As is described in the previcus section, glass fiber-
reinforced cement composite has been getting into the
final stage of research and will possibly be introduced to

the market in the near future. However, there are still

several problems. in both economic and technological phases

amongst which two important problems are investigated in
this thesis =
1) Evaluation of glass fiber-reinforced cement compo-
sites in terms of cost-effectiveness

2) corrosion properties of alkaline-resistant glass

fiber-reinforced cement composite

As for problem 1), first the magnitude of the effect
of fiber addition is investigated by a comparison with the
effects of the other impqrtant factors on strengths.

Three parameters are chosen which include volume fraction

of fiber, sand/cement ratio and water/cement ratio.
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Considering the faqt that the addition of fiber results in
a dramatic increase of cost, the magnitude of the
increase.of strengths should largely exceed that of the
others.

Regression analysis is primary used for the analysis
of the effect of each parameter on physical properties.
Bgfore determining the experimental program which is shown
in Chapter 3, regression analysis is applied to some
previous work to observe the potentiality of this method,
and to obtain some ideas on the experiment condition and
on the limits of this method. These case studies will be
developed in Chapter 2.

The experiment results will be given in Chapter 4.
The relative magnitudé of the effect of the variables on
flexural strength and toughness is evaluated, based on the
regression equations obtained. Furthermore, the adapta-
Bility of the estimation through regression equations are
inv?stigated under the consideration of the valid region
oféthe analysis. Finally in Chapter 5, a model for the
seﬁection of an economical composition under a given usage
requirement will be introduced and some case study is
performed based on the regression equations obtained in

- 25 -



i

Chapter 4.

For investigating problem 2), flexural bars reinforced
with glass fiber were exposed to 2, 5, 8 and 11 cycles of
corrosion bath (NaOH soln. pH 12.5)/ oven-drying and were
tested after the indicated number of cycles. Besides,
pull-out experiments were performed to observe the deterio-
rétion of bond between matrix and fiber. These results

will be given in Chapter 4.
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Chapter 2

Regression Analysis of the Experimental
Results of Previous Work

The objectives of this chapter are to determine some
experimental conditions for the main body experiment and
the limits of the statistical method. The data selected
for this analysis comprise two experimental studies on steel
fibers, and two experimental studies on glass fiber. The
main aspects of these cases are summarized in the following
table below.

Case Fiber Matrix Type of Mixer
1 Steel Mortar Food Mixer
2 Steel Concrete Kitchen Type Mixer
Foot Tilting Mixer
3 Glass Concrete Drum Mixer
4 Glass Mortar Rotary Type Mixer

2.1 Steel Fiber-Reinforced Cement Composites

Case (1) : Tensile Test Results by A. E. Naaman (5)

The objective of Naaman's work is to clarify the
causal effects of fiber volume percent and aspect ratio on
the composite cracking strength and the maximum post-crack-
ing strength. The body of his experimental program com-
prises tensile tests on fiber;reinforced prisms.

The Data used for regression analysis is tabulated in

Table 2-1. The procedure of regression analysis is given

- 27 -
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in the following :

Regression Model : Multiple Linear Regression

Computer Program : 1130 IBM Statistical System
Stepwise Linear Regression

1st Run 2nd Run
Dependent variable Cracking Post-cracking
(Variable name) strength strength
(CRST) (PCST)
Independent variable Fiber volume Fiber volume
(Variable name) percent percent
(VOLF) (VOLF)

Aspect ratio Aspect ratio
(ASPR) (ASPR)

Variable range 1< VOLF £ 3 (%)
50 < ASPR < 100

Regression equation :

(CRST) a; + bj (VOLF) + cy (ASPR) + eg

(PCST) ap + b2(VOLF) +-02(ASPR) + ey

The results of the first run of a computer program
using the above equation and the data in Table 2-1 are

shown in Table 2-2, 2-3 and Appendix B l.
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Table 2-2 Matrix of Correlation Coeficients
(case la)
Variable CRST VOLF ASPR
CRST 1.0000 0.6968 0.6863
VOLF 1.0000 0.0000
ASPR 1.0000
Table 2-3 Regression Equation for Cracking Strength
(case la)
Variable Coefficient Standard Error t-ratio
Constant | a;* 163.0742 | sa;” 8.2823
*
VOLF by 29.3750 | sb;* 2.9282 10.0314
ASPR c;¥  1.3094| sc;” 0.1325 9.8823
R2 = 0.957, R = 0.978 F ratio = 99.122
Degree of Freedom = 9, t-critical(d =0.05) = 2.262
Standard Error of Mean = 2.3908
Residual Standard Deviation = 8.2467

We can examine the simple correlation matrix shown in
Table 2-2 to determine whether multicollinearity does exist
and to see how each independent variable is reiated to the
cracking strength.

The

All statistical tests are perfectly accepted.

final equation is given by :

CRST = 163.1 + 29.4(VOLF) + 1l.3(ASPR)
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Our main objective for applying regression analysis to
the experimental results is to clarify the magnitude of the
contribution to strength with one unit incrément in each
independent variable. Before we evaluate how large an in-
fluence these variables have on the cracking strength we
should be very careful of the units of each variable, and
the reliability of the estimated coefficients, b* and c”,
which are obtained by the least squares of the limited
number of sample points. However, the coefficients of
variables calculated by least squares (a*. b*, c*) are
unbiased estimates of the coefficients of the true regres-

sion equation (a, b, c) that is :
E(a*] =a , E(b") =b , E(c¥) = ¢

where E refers to the expected value. According to the
statistical evaluation, the coefficient of variables of the
true regression equation would fall in the ranges given

below.

p* - t-criticalx Sp* ( b ( b* + t-criticalx Sp*

* PR PR
¢’ - t-criticalx S * c 4 c¢® + t-criticalx Sc*
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where Sy¥ and S denote the standard errors of estimate of
variable VOLF and ASPR reépectively.
Suppose we choose 0.05 as a degree of significance
) (ol ), we will find 2.262 as the value of t-critical (o =
?( 0.05, DF=9). If we insert this value into the above equation,
! we can find some ranges in which the coefficients of VOLF
i and ASPR might fall with ninety five percent confidence

level.

Table 2-4 The Magnitude of the Effect of Variables
on Cracking Strength (case la)

Variable Coefficient Amount of Change in
Change in Cracking
Variable Strength (psi)
VOLF 29.4 f 6.6 1% (€91%-» 2%) 29.4 * 6.6
ASPR 1.3 £ 0.3 23 (€950-» 73) 29.9 t 6.9

(95% confidence level)

'Taking into account the unit of each variable, the effect
on cracking strength of an increase of fiber content by
one volume percent is equivalent to that of an increase of
the aspect ratio by 23, approximately.

In the second run, maximum post-cracking strength is
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.—"r

substituted for cracking strength of the first run as the
dependent variable. The results of computation are given
in Table 2-5, 2-6 and 2-7. The computer printout of the

final step equation is given in Appendix B2 .

Table 2-5 Matrix of Correlation Coefficient

(case 1b)

Variable PCST VOLF ASPR
PCST 1.0000 0.6968 0.6863
VOLF 1.0000 0.0000
ASPR 1.0000

Table 2-6 Regression Equation for Post-cracking
Strength (case 1b)

Variable coefficient Standard Error t-ratio
Cconstant -93.5971
VOLF 48.3750 5.8307 8.2966
ASPR 1.7214 0.2636 6.5303

R2 = 0.9292, R = 0.9619 F = 55.729

Degree of Freedom = 9, t-critical(o =0.05) = 2.262
Standard Error of Mean = 2.3908

Residual Standard Deviation = 16.4919

Table 2-7 The Magnitude of the Effect on Post-
Cracking Strength (case 1b)

Variable Coefficient Amount of Change in
Change in Cracking
‘Variable Strength (psi)
VOLF 48.4 * 13.2 1% (egls— 2%) 48.4 *+ 13.2
ASPR 1.7 % 0.6 |28 (eg50-82) | 47.6 ¥ 16.8
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The results of statistical tests given in Table 2-6
are acceptable and show that the effect of the addition of
steel'fiber on post—craéking behavior is much greater than
that on cracking strength.

In the original paper by Neaman, he observed a diffe-
rent trend o%X%einforcing effect between the fibers with a
0.006 inch diameter and those with a 0.010 inch diameter.

the
SinceAregression equation merely gives the average effect
of reinforcement of two different variables, VOLF and ASPR,
it is difficult to predict this type of observation. The
result also points out the shortcomings of aspect ratio as
a parameter since fiber of vastly different lengths and
diameters can have the same aspect ratio. Further discus-
sions on the results of the application of regression analy-
‘sis are developed later in this chapter.

case (2) Flexural Strength of Steel Fiber-Reinforced
Concrete (6)

This work was done by G. Williamson(Ohio River Division
Lab.,CorpéuEnginéerSfiﬁ 1965), 'and ‘is one' of the important
studies done in the early stages of steel fiber-reinforced
concrete development.

The main objectives of their research were to study

= 34 -



—— W = -

L AR

Y-

various materials suitable for use as random fibrous rein-
forcements and to determine which of these materials are
most effective toward improving the flexural strength and
dynamic loading resistance of the concrete by the 7-, 28-
and 90-day tests. The fibers used as random reinforcement
consisted of Nylon, fiberglass, vinyl-coated fiberglass
and steel wire.

Here, regression analysis was applied to the 28-day
flexural test results of SRC. In the original paper it was
pointed out that the amount of increase of the ultimate
flexural strength of SRC was proportional to the percentage
of wire used. However no guantitative investigations were
developed there.

The materials and concrete mixes used in the experi-

ment are shown below.

Materials : Type of cement Portland cement Type I
Steel fiber Brass-plated steel wire
Concrete Mix : Three basic concrete mixes were used.
a. Neat Cement W/C = 0.29
b. No.8 Maximum Size Aggregate
Aggregate/Cement = 2.47
w/C = 0.46
c. No.50 Maximum Size Aggregate

Aggregate/Cement = 0.55
w/C = 0.36
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tre
The variables inAregression equation are shown as follows.

Dependent Variable : The 28-day Flexural Strength (FLST)
Independent Variable :
1) water/Cement ratio (wBYC)

2) Percentage of fiber by volume (VOLF)

3) Aspect ratio ( £/4 ) ' (ASPR)
4) Aggregate/Cement ratio (ABYC)
the

The size oanggregate is not taken into account in the
regression model.

FLST = a + b(WBYC) + c(VOLF) + d(ASPR) + e (ABYC)

The data used for regression analysis is tabulated in Table
'2-8. As is shown in the above concrete mix program, the

authors used the same W/C ratio for a given aggregate size
and aggregate/cement ratio. Consequently, the correlation
coefficient between (ABYC) and (WBYC) has an extremely high

value (0.921). (See Table 2-9)

Table 2-9 Matrix of Correlation Coefficient (case 2)

Variable FLST WBYC VOLF ASPR ABYC
FLST 1.000 -0.491 0.680 -0.205 -0.494
WBYC 1.000 -0.128  0.083 0.921
VOLF 1.000 -0.452 -0.136
ASPR 1.000 0.025
ABYC 1.000
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So, we have to elimincte either WBYC or’ABYC from our final
equation based on the appropriate criteria described in
Appendix A . The final results obtained from the stepwise
regression analysis are given in Appendix B 3, and are

summarized in Table 2-10.

Table 2-10 Regression Equation for Flexural Strength

(case 2)
Variable Coefficient Standard Error t-ratio
Constant 3122.8
WBYC -3781.2 1157.6 3.2665
VOLF 346.7 69.5 4.,9804
RZ = 0.63, R = 0.79 F = 20.2
Degree of Freedom = 24, t-critical(ol =0.05) = 2.064
S;andard Error of Mean = 92.5
Residual Standard Deviation = 480.8

The variables, ABYC and ASPR, are eliminated as suggested
by the statistical evaluation (t-test & multicollinearity).
And the final equation of the two independent variables

explains sixty three percent of the experimental results.
FLST = 3192 + 346.7(VOLF) - 3781.2(WBYC)

Note that aspect ratio and agéregate/cement ratio are not

significant parameters within the experimental ranges of
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each variable.
The amounts of increase of the flexural strength with
a given increment of each varisble are shown in Table 2-11.

Table 2-11 The Magnitude of the Effect on
Flexural Strength (case 2)

Variable Coefficient Amount of Change in
Change in Flexural
Variable Strength (psi)

VOLF 346.7 T 143.4 1 % 346.7 t 143.4

WBYC -3781.2 * 2389.3 -0.1 378.1 * 238.9

(Confidence level 95%)

This shows the effect of one volume percent addition of
fiber on flexural strength is almost the same magnitude as
that of the reduction of water/cement ratio by 0.1l. But
from the economical point of view, the latter is more
efficient in terms of cost effectiveness where fabrication

_is simple.

2.2 Glass Fiber-Reinforced Cement Composites

Two cases of GRC are selected for the application of
regression analysis. The first is the work done by H. N.

Marsh.and L. L. Clark (7), where - : alkaline-resistant

- 40 -



a

glass fiber andApremixing-cast method, was used. . The
other is the work by J. Takagi (8), where he used E~glass
fiber and high alumina cement, and the conventional pre-

mixing-cast method.

case (3) : Flexural Strength of GRC (7)

In the program of this study, five parameters are taken
into account : glass fiber length, smount of glass fiber,
cement factor, water/cement ratio and coarse/fine aggregate
ratio. Among them the following variables were used for
our regression analysis :

Dependent variable Flexural strength (FLST)

Independent variable 1 Glass fiber length (LENF)

2 Amount of glass fiber (VOLF)

Cement factor " 846 1lb/cu yard

Water/Cement ratio 0.5

Fiber : Alkaline-resistant glass fiber

Fabrication Method :

FLST = a + b(LENF) + c(VOLF) + d (RTAG)

the
The data used forAregression analysis is shown in Table

2-12. The correlation coefficients are given in Teble2-13
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Table 2-12 Flexural Test Results by
H. Marsh and L. Clark

Sample # Flexural Sand/Cement Percentage Length of

Strength Fiber by Fiber
Volume (%)
1 864 0.33 0.5 0.5
2 892 0.33 0.5 1
3 946 0.33 0.5 1.5
4 1070 0.33 0.5 2
5 1200 0.33 1.0 0.5
6 1140 0.33 1.0 1
7 1210 0.33 1.0 1.5
8 1020 0.33 1.0 2.0
9 1290 0.33 1.5 0.5
10 1520 0.33 1.5 1
11 1370 0.33 1.5 1.5
12 1420 0.33 1.5 2
13 1340 0.33 2.0 0.5
14 1630 0.33 2.0 1.0
15 1790 0.33 2.0 1.5
16 1480 0.33 2.0 2
17 1310 0.33 2.5 0.5
18 1640 0.33 2.5 1
19 2320 0.33 2.5 1.5
20 1800 0.33 2.5 2
Control 475 0.33 0 0
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where a strong correlation between VOLF and

FLST.is shown,

Table 2-13 Matrix of Correlation Coefficient

(case 3)
Variable FLST LENF VOLF
FLST 1.000 0.203 0.837
LENF 1.000 0.000
VOLF 1.000

The computed results based on a linear regression

model are given in Table 2-14.

Table 2-14 Regression Equation of Flexural Strength
(case 3a)

Variable Ccoefficient Standard Error t-ratio

constant | a” 584.0498

LENF b* 126.8799 76.7955 1.6522
VOLF c* 413.3001 60.7122 6.8078

R2 = 0.7427, R = 0.8618 F = 24.536

Degree of Freedom = 17, t-critical(ef =0.05) = 2.110
Standard Error of Mean = 42.9300

Residual Standard Deviation = 191.¢87

According to the t-test, the variable, LENF, has a
lower t-ratio than t-critical and should be eliminated
from the equation. The final equation obtained is given

by :
- 43 -



FLST = 742.65 + 413.30(VOLF)
(Sc* = 63.5)
RZ = 0.701, R = 0.837 F-ratio = 42.2
t-ratio = 6.50
Degree of Freedom = 18
t-critical(ol =0.05) = 2.101

The expected range in which the coefficient of VOLF might

fall in a true regression equation is :
285.2 { b £ 541.4

Looking at the Table 2-11, we can observe a tendency
of increase of flexural strength with an increase of glass
fiber length up to 1.5 inches. However, the specimens with
2-inch lengths of fiber give lower strengths than those
which are 1.5 inches in length. 1In the linear regression
model, it is very difficult to explain this type of devia-
tion. It only gives the average tendency of the effect of
fiber length on the strength, and the positive effect is
canceled with- the negative effect.

The comparative low effectiveness of reinforcement -
with 2-inch fiber possibly comes from difficulties in the
mixing or in the fabrication method.

There may be two possible ways to eliminate this type
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of problem. One would be to reduce the variable range, and
the other would be to use a non-linear model. In this case,
the latter is not an appropriate method bécause there are
only a few discrete values of length, even though there are
twenty sample points from the statistical point of view.

The additional computer run was carried for the reduced
sample size. There the data of 2-inch fiber were eliminated

from those for the first run.

Table 2-15 Regression Equation for Flexural Strength

(case 3Db)
Variable Coefficient Standard Error t-ratio
Constant a* 403.1
LENF b* 326.4 117.7 2.773
VOLF c* 423.0 67.9 6.230
R2 = 0.79, R = 0.89 F = 23.3
Degree of Freedom = 12, t-critical(ol =0.05) = 2.179
Standard Error of Mean = 48.0
REsidual Standard Deviation = 186.0

FLST = 403.1 + 326.4(LENF) + 423.0(VOLF)

The resulting equation shows a better fit to the first
equation in terms of overall significance, and the variable,
LENF, is accepted this time. However the possible range of

the coefficient of LENF is too wide to predict a reasonable
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value (see following table) .

variable Cchanges 1in strength Aamount of Change
of vVariable

LENF 70.0 £ b £ 582.8(psi) | 1 inch (0.5"51.5")

VCLF 275.0 4 ¢ £ 571.0 1% (1% = 2%)

Note: the coefficient of VOLF is not sensitive to a reduc-

tion of sample size and the entering variable, LENF.

case (4) : Flexural strength of GRC by J. Takagi (8)

The objective of this work is to clarify the effect
of the length of randomly distributed fibers and the glass
content on the flexural strength, compressive strength,
tensile strength and Young's modula of fiber-reinforced
mortar and concrete. Here, the results of the flexural
tests are used for the regression analysis.

Material : Matrix : High Almina Cement

River Sand (Maximum size : 0.1 ")
s/c = 2
w/c = 0.63

Fiber : E-glass chopped strand containing
200 monofilaments of 9 micron each.

Mixing = Rotary type mixer
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Table 2-16 Flexural Test Results by

J. Takagi

Specimen Fiber Fiber Flexural

No. Length Content Strength
: mm (inch) (% by weight) Kg/cm2
1 3(0.12) 0.25 59.7
2 ") 0.50 63.2
3 ") 0.75 71.3
4 ) 1.00 65.0
5 6(0.24) 0.25 65.4
6 ) 0.50 67.2
7 ) 0.75 66.5
8 et 1.00 65.9
9 13(0.51) 0.25 62.7
10 et o) 0.50 73.0
11 o) 0.75 68.9
12 e ) 1.00 64.2
13 25(0.98) 0.25 67.1
14 o) 0.50 75.3
15 o) 0.75 77.1
16 ") 1.00 67.1
Control 0.00 62.0
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Dependent Variable Flexural Strength FLST

Independent Variable 1. Percentage of fiber by weight
(%) WGHF

2. Fiber length (mm) LENF

Regression Model

(FLST) = a + b(WGHF) + c(LENF)

The data used here is given in Table 2-16. The regres-
sion equation obtained through a computer run is given in
Table 2-17 and Appendix BS5.

Table 2-17 Regression Equation of Flexural Strength
(case 4)

Variable Coefficient Standard Error t-ratio

Constant 62.3

LENF 0.30 0.12 2.500
WGHF 2.70 3.65 0.7397
R? = 0.34, R = 0.58 F = 3.33

Degree of Freedom = 13, t-critical(d =0.05) = 2.16
F-critical(o =0.05) = 3.34

Standard Error of Mean = 1.02

Residual Standard Deviation = 4.08

According to the criterion for - overall éignificance, this

equation is not sufficient to predict a reliable value.

The reasons of low multiple correlation could come from :
1. Relatively short fiber lengths, some of which are
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probably less than the effective length of glass fiber
in cement mortar.

2. Relatively low content of fiber where the effect of
fiber addition is not likely to exceed random fluctua-
tion.

3. Linear-model is not sufficient to predict actual

phenomena.

2.3 Discussion of the Case Studies

Although the multiple correlation coefficients (R2)
of the linear regression analysis obtained in the four
cases are widely scattered, the results of these studies
imply that there is a good possibility to apply regression
analysis for investigating the strengthening mechanism of
fiber-reinforced cement composites. However, care must be
taken to insure the valid region of the application of
reg;ession analysis. The poor fit of the linear regression
ejquation could be observed when experimental programs
include an irrelevant variable range. This could be
encountered either if the effect of the variable on the

strength does not exceed stochastic and inherent experi-

mental errors or if the composition of the mix is too
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harsh for the fabrication method used, (which causes a poor
strength specimen). The fractural behavior of such a poor
specimen is difficult to explain without a consideration of
the parameters associated with the differences in struc-
turally defective specimens.

In general, the region where consistent experimental
results are expected to be obtained seems rather narrow.
consequently, the region where a straight line prediction,
based on either theoretical or statistical investigation,
is expected to have a good fit to the actual is also narrow.

The magnitudes of the effect of fiber addition on the
strength wére relatively small. 1In Naaman's Case, the
cracking strength increasedigverage7§9 psi with 1 percent
increase in fiber volume content which corresponded to only
12 percent of the strength of the control specimen (VF=0).
And in case 2, the increase of flexural strength with
‘1 volume percent increase of steel fiber content, fall in
the range of 20 to 30 percent of the strength of plain
mortar and concrete. Only in Case 3 where glass fiber was
used as reinforcement to concrete, the increase of flexural
strength with 1 percent change of fiber volume content

reached 80 percent of the strength of the plain concrete
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specimens, The result of Case 4 does not show any
significant effect of addition of glass fiber on the
flexural strength of composite.

considering the possible range of fiber volume content,
the increase of strength achieved by means of conventional
pre-mixing and casting methodsis limited up to 2 or 3 times
that of plain mortar or concrete.

Fiber length could be an important factor. However,
increased length results in poorer workability and disper-
sion of fiber, and decreased length results in ineffective
reinforcement. Therefore, the variable range in length is
rather narrow (usually 0.5" to 1.5"). As a result, fiber
length is not always an important variable. 1In this respect,
aspect ratio is a variable which is more interesting than
the fiber length itself, because aspect ratio can be changed
over a relatively wide range by changing the fibers' diameter.

Through all the cases, the observed points are not
always scattered throughout a given multi-dimensional space
composed of variables. This includes the danger of system-
atic biases in data. In the experiment developed in a
later chapter, randomization is applied for the determina-
tion of sample points.
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Chapter 3

Experimental Program

3.1 Introduction

The main portion of the experiment was concerned with
a regression analysis of GRC composition to determine the
contribution of each parameter to the over-all performance
of the composite, as well as to determine an optimum compo-
sition. Some preliminary work was done to know the limits
of the values of water/cement ratio, sand/cement ratio, and
volume fraction, and to have some data on physical proper-
ties as one variable was changed at a time. Then the main
body of work was performed with a number of different compo-
sitions selected from a random table. Finally a series of
tests were made to determine the effects of corrosive con-
ditions on the strength and toughness of GRC.

Flexural tests were performed on specimens in all
phases of the experiment, with the addition of pull out

tests in the corrosion series.

3.2 Somple Preparation

All mortar was made with type III Portland cement and
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20-30g Standard Ottawa Silica Sand. Glass fibers, where
used, were Owens-Corning K885CA chopped strand alkaline-
resistant glass, in-one inch lengths. The fibers come in
bundles averaging 204 filaments, each filament diameter
0.0005 inch. The filaments are held in bundles by organic
sizing (polyvinyl alcohol).

All mixing was done by hand. First, the cement and
sand were weighed and mixed, then fibers added where necce-
sary, and mixed in until uniformly dispersed. Then the
water was added and mixing continued for another 1-2 minutes,
once again insuring even dispersion of fibers and a uniform
mix.

Flexure specimens were cast in specially designed
plexiglass flat sheet molds, 8% wide by 9% in long by 3/8
in deep. For one sheet, 1.5Kg confined weight of cement and
sand plus water and fibers were needed. The fresh mortar
was trowelled into the mold by hand and levelled off, then
given 2 minutes gentle vibration on a vibrating table to aid
settling and elimination of voids. The sheets were allowed
to "set up" in air for 3-4 hours to prevent water damage in
the curing room. Then they were placed in the room at 100

percent humidity and 75° F for seven days, and unmolded after
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one day. After seven days curing, the sheets were cut into
9 strips,each one-inch Wide,thevends of the sheet being dis-
carded. The specimens were then dried in air one day and
either tested, in the optimum composition experiment, or
placed in a corrosive environment for the corrosion experi-
ment.

Pull-out specimens were prepared from a standard mortar
of 4 parts sand to two parts cement to one part water.
They were cast in ASTM standard briquette molds. 1In half
of each mold was placed a styrof;am—cardboard sandwich which
held a single fiber strand. The fibers embedded % inch. (9)
The prepared mortar was then carefully trowelled into the
other half mold around the protruding fiber, rodded several
times, and leveled.. The molds were given % minute gentle
vibration, then placed in the curing condition for seven
days. They were unmolded after the second day. After
curing, the specimens dried in air one day, then half were
placed in corrosion solutions and the other half were kept
in air as controls. The fibers protruding on specimens
kept in corrosive solutions were protected first by coating
with wax to facilitate removal of the coating before test-
ing, and "5 minute" epoxy, to prevent corrosive damage to
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the fibers themselves.

3.3 Experimental Conditions

The preliminary work on GRC optimum composition invol-
ved selécting a series of compositions detailed in Table
3-1. These were chosen as the extreme values for each
variable in a given variable range, and to give an indica-
tion of the effect of each individual component of the mix
on over-all performance. Nine specimens (one sheet) of each
composition were cast, cured cut and tested.

These data indicated guidelines for the next portion
of the experiment. Twenty additional compositions, given
in Tablé 3-2, were selected from a table of random values.
The ranges of each variable are :

0£{s/c<3 , 0.4€W/C<0.7 and 1< VF <€ 4 (%)

These also were cast, cured, cut and tested, as specimens for
each compositiqn. When all data were compiled, a series of
statistical regression analyses were performed to determine
the optimum composition to give the desired flexural strength,
and toughness,and to develop a formula for the contribution

of each component to these properties.
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The corrosion portion of the experiment dealt with the
effects of a corrosive environment on the fiber-matrix bond,
and how this affected the material's physical properties.
Table 3-3 gives the conditiohs to which specimens were sub-
jected. The aklaline condition was intended to simulate the
weaker alkaline condition of normal concrete over a much
longer period of time.

All corrosion specimens for flexure tests were made
with a staﬁdard mortar of the following composition :

w/c = 0.5, s/c=2, VF =2%.

They were prepared the same as for the other flexure speci-
mens. Half of them were then placed in corrosive conditions
with the pull out specimens after curing and one day drying.
The other half served as controls. In addition, an equal
number of plain mortar (without fiber) specimens were pre-
pared at the same time, and subjected to the same conditions
as the fiber-reinforced specimens. This additional measure
was taken to determine the effects of the corrosive condi-
tions on the mortar matrix itself. Specimens were tested
after the predetermined number of corrosive cycles was

reached.
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3.4 Testing

All testing was performed with an Instron universal
testing machine. The pull-out specimens were held by an
ASTM standard mortar brigquette test grip and the fibers
were fastened by epoxy to cardboard, which was held in a
set of flat jaws. The flexure tests were performed on a
2-point roller support over a span of 7 inches with one-

point center roller loading.

Test conditions are given below.
Pull-out Test
Loading rate = 0.02 "/min
Chart speed = 0.5 "/min
Full scale load = 20 1lb
Flexure Test
Loading rate = 0.05 "/min
chart speed = 1 "/min

Full scale load = 100 1b

All specimens were weighed and measured to determine
their density, and the thickness and width of each at frac-
ture were measured. A note was also made of the distance

off center at which fracture occurred.
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The Instron machine gives a direct Load vs, Deflection
graph, from which directly were read ultimate loads for
determination of ultimate flexure stress. The area under
the curve was determined by an OH Planimeter and used as a

the
measure of toughness, or,energy absorbed to complete rupture.

Table 3-1 The Mix Program for Preliminary
Experiment (Flexural Test)

Specimen| S/C | W/C } VF (%) Specimen| S/C | W/C | VF (%)
No. No.
p-1 0.00}0.4| 0.5 p-11 |2.00|0.4 | 0.0
2 0.00] 0.7 | 0.5 12 2.001{0.7 | 0.0
3 0.00| 0.4} 4.0 13 2.00 |0.4| 0.5
4 0.00{0.7]| 4.0 14 |[2.00|0.4 1.0
5 3.00( 0.4 0.5 15 |2.00}0.4 ]| 1.5
6 3.00} 0.7} 0.5 16 |2.00 0.4 |2.0(1")
7 3.00| 0.4 4.0 17 |2.00|0.4 | 3.0
8 3.00} 0.7] 4.0 18 {2.00 0.4 2.0(0.5")
19 |2.00 (0.4 |2.0(1.5")
20 |2.00|0.7| 2.0
21 |1.00 (0.4 | 2.0
22 3.00 0.4 2.0
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Table 3-2 The Random Mix Program of the Main
Body Expeiriment (Flexural Test)

Specimen| S/C | W/C |VF (%) Specimen| S/C| W/C |VF (%)
No. No.

M-1 2.57 | 0.59| 1.39 M-11 |1.77{ 0.40| 0.78

2 1.38 | 0.55| 3.00 12 |[2.40| 0.45| 3.68

3 1.88 | 0.69| 3.37 13 |0.30| 0.60| 1l.11

4 1.50 | 0.66] 1.88 14 |[2.57 | 0.47{ 0.99

5 0.40 [ 0.59] 1.50 15 1.11 | 0.66| 1.91

6 2.33|0.68| 1.68 16 |0.70 | 0.69| 1.50

7 1.50 | 0.63| 0.48 17 1.38 | 0.57| 0.50

8 0.40 | 0.54| 2.28 18 |2.57 | 0.42] 2.91

9 2.40 | 0.56| 2.61 19 |2.94]0.47] 1.12

10 ]0.59|0.65] 0.91 20 |0.59 ] 0.53| 3.20

Table 3-3 Condition of Corrosion Experiments

Material : 1. GRC (5/C=0, W/C=0.5, VF*=2%)
: * Glass : Alkaline-resistant glass fiber

2. Mortar
Corrosive Condition : NaOH soln. pH=12.5

Corrosive Cycle :
Stored in corrosive environment 48 hrs

Stored in oven at 120 F 48 hrs
Periodic cycle %6 hrs
(4 days)
Number of Cycle :
Cycle 0 2 5 8 11
days* 7 15 27 39 51

* days after casting specimens

Testing : Flexural Test
Pull-out Test
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Chapter 4

Experimental Results and Discussion

4.1 Preliminary Experiment

TN

The objectives of the preliminary experiment aimed to
observe :

1. whether some substantial changes are likely to occur
in the region which was set up for the main experi-
ment.

2. how flexural strength and toughness are influenced

' with the change of one variable at a time in the same

experiment condition as the main body experiment.

The experinental results are shown in Table 4-1, where
the last column, Da/Di denotes the ratio of the actual den-
sity (weight/volume) to the calculated density based on the
given compositions. The specimens numbered pl to p8 have
the compositions of the eight extreme points in the vari-
able range of the main experiment. The experimental results
of specimens pll - p23 are compared later with the estimated
value calculated from the regression equation obtained by a

computer run.
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A drastic decrease of flexural strength and toughness
was observed on the specimens which have compositions (S/C=
3, W/c=0.4, VF=4%) and (S/C=3, W/C=0.7, VF=4%). As will be
discussed later, the ratio Da/Di can be used for the rough
evaluation of the quality of the specimens and compatibility
of the material composition to a given fabrication meth. 3.

4.2 Main Body Experiment : Flexural Test Results and
Regression Analysis of the Experiment Results

The first run of a computer program of Stepwise Re-
gression Analysis is applied for the experiment results of
28 sample points including the experiment Wo. pl - p8
(extreme points) and No. ML - M20 (random composition).
The experimental results of Ml - M20 are given in Table
4-2. The variables used for this analysis are listed below.

Dependent variable Flexural Strength (FLST)
(two separate runs) Toughness (TOEG)

Independent variable 1. Sand/Cement ratio (sBYC)
2. Water/Cement ratio (WBYC)
(Linear Model 1-3) 3. Fiber volume percent (VOLF)
(Non-Linear  1-9) 4. (sByc)? (scsQ)
Model 5. (WBYC)?2 (WCsQ)
6. (VOLF)2 (VFSQ)
7. 1In(SBYC) (LGSC)
8. 1n(WBYC) (LGWC)
9. 1n(VOLF) (LGVF)
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Multiple linear and non-linear models were used to
analyze the influence of three parameters, S/C, W/C and VP
(Volume percentage of fiber) on flexural strength and tough-
ness. The results of computer runs both in linear and non-
linear models are given in Appendix B6~-B9 and are summarized
in Table 4-3. The required tests of significance for these
four equations are acceptable but not outstanding.
Flexural strength is explained only 56 percent and 61 per-
cent by linear equation and non-linear equation, respec-
tively. Toughness is explained 72 percent by linear
equation and 83 percent by non-linear equation. In both
cases of flexural strength and toughness, the non-linear
model gave a better fit than the linear model. The pre-
dicted value and the actual value are given graphically in
Figure 4-1. In the figure, the actual values were picked
up from the results of the preliminary experiment (Table
4-1, specimens pll - pl4 and p7). Note that these actual
data were not included in those used for calculation of
regression equations except specimen p7. The predicted
curves both of linear and non-linear models are conside-
rably lower than the actual in the range of 0.5 to 2
percent of fiber volume content, A large positive deviation
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Table 4-3 Regression Equation for Flexural Strength
and Toughness (28 sample points)

Type of | Dependent | Independent Coefficient Standard
Model Variable Variable Error t-ratio
Linear Flexural Constant 1794.3 :
Strength SBYC -182.0 42.6 -4,272
(FLST) WBYC -1187.0 418.9 -2,834
VOLF 103.0 35.7 2.885
R2 = 0.56, R = 0.75 F = 10.3
DF = 24 , te-critical(d =0.05) = 2,064
SEM = 44.9, RSD = 237.5
Toughness Constant ~0,383
(TOEG) SBYC ~0.357 0.112 3.188
WBYC 3.448 1.106 3.118
VOLF 0.615 0.094 6.542
RZ2 = 0.72, R = 0.85 F = 20.9
DF = 24 , t-critical(e =0.05) = 2,064
SEM = 0.119, RSD = 0.627
Non- Flexural Constant 1447 .3
Linear (SBYC) 2 -61.5 13.0 4,731
(WBYC) 2 -1180.9 360.5 -3.276
VOLF 107.3 33.9 3.165
R% = 0.61, R = 0.78 F = 12.3
DF = 24 , t-critical(ol =0,05) = 2,064
SEM = 42.6, RSD = 225.3
Toughness Constant - 3.096 _
(SBYC) 2 ~0.125 0,029 -4,310
In (WBYC) 1.534 0.475 3.229
In (VOLF) 1.094 0.125 8.752
R2 - 0.83, R.= 0.91 F = 37.8
DF = 24 , t-critical(ol =0.05) = 2,064

SEM = 0.094, RSD = 0.498

SEM
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Fig. 4-1 Effect of Fiber Content on
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was observed in the range of 3 to 4 percent of fibér
content.

As was described before, the 28 specimens prepared
for the statistical application included poor specimens
such as p7 and p8 which have an extremely low strength.
The decrease of strength of these specimens is so drastic
that it is rather difficult to interpret this behavior
without an investigation of the structural defects inside
the specimens, which could result from an improper material
composition (or improper combination of parameters) in the
fabrication method used.

Limiting scope of the data limits the possibilities
of finding the ranges suitable for the experiment under-
taken through this study, because of the interaction
between components which are difficult to predict. One
common way to avoid this problem is to reduce the ranges
of each variable (S/C, W/C and VF). .This is a sure way to
obtain a better regression equation, but might eliminate
some valid points as well as invalid points.

The ratio, Da/Di, can be used as a criterion for the
validity of a sample point. Da is defined as the actual
density of a specimen which is calculated from the average
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value of the actual weight and volume of the specimens.
Di denote the theoretical density based on the actual
weight of each component in cement mix, which is shown in
the form of :

WC+WS+WW+Wf

Di =
W W W
e . s 4w +F
Sce  Sgs SGf '

where We, Wg, Wy and Wgf are the weight in the mix of cement,
sand, water and fiber respectively and Sger Sgs+ Saw and
Sgf are the specific gravity of these component materials.
Actually, small amounts of air are trapped inside specimens.
In most instances, the air content of mortar and concrete
is of the order of 1 to 3 percent except for air-entrained
cement (10), So, the actual density should be less than the
theoretical. The value of Da/Di of each specimen in Table
4-1 and 4-2 afe widely scattered. 1In some specimens, the
values of Da exceed Di. This violation probably results
from the experimental error of the volume of the specimens.
consequently, the discussion on Da/Di should be limited.
However, it can be assumed that the specimen which has a

low value of Da/Di has a loose packing. Looking at
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Table 4-1 and 4-2, there are five specimens which have a
value of Da/Di less than 0.9. And there was a significant
gap of the value of Da/Di between these five and the
remainder. According to this observation, the data of
these five specimen were eliminated and the second run of
a computer program of Stepwise Regression Analysis was
applied to the remainder.

The results of the computer run are given in Appendix
Bl0OBl3 and are summarized in Table 4-4 . The cut off of
the five low quality specimens gives a remarkable improve-
ment of regression equation in terms of multiple correla-
tion (R2) and F-ratio, both of which are the measure of the
overall significance of a regression equation. Although
the non-linear model gives somewhat better results than
the linear model in the case of flexural strength (see
F-ratio), the difference between them is not significant.
However, the non-linear model gives considerably better
fit than the linear model for the experiment of toughness.
The actual value, the estimated value based on the non-
linear model, and the residual are given in Table 4-5.

Once a regression equation is obtained,
the value of flexural strength and toughness for a given
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Table 4-4 Regression Equation for Flexural Strength
and Toughness (23 sample points)
Type of |Dependent | Independent Coefficient Standard
-Model Variable -Variable Error t-ratio
Linear Flexural Constant 1913.1
Strength SBYC -97.1 31.0 3.132
(FLST) WBYC ~-1761.7 288.9 6,117
VOLF 186.1 27 .2 6,842
RZ = 0.85, R = 0.92 F = 34,7
DF = 19 , t-critical(d =0,05) = 2,093
SEM = 29.6, RSD = 142.1
Toughness | Constant -1.0013
(TOEG) WBYC 3.1507 1.1910 2.645
VOLF 0.8531 0.1079 7.906
RZ = 0.77, R = 0.88 F = 32.7
DF = 20 , t-critical(ol =0,05) =
SEM = 0.122, RSD = 0.586
Non- Flexural Constant 1533.1
Linear (SBYC) 2 -32.8 10.4 3.154
(WBYC) 2 ~1547 .4 254,7 6.075
(VOLF) 2 42.8 6.2 6.903
RZ = 0.85, R = 0.92 F = 36.4
DF = 19 , t-critical(d =0.05) = 2.093
SEM = 29.0, RSD = 139.2
Toughness | Constant 0.7978
{SBYC) 2 -0.0796 0.0358 2,223
fn (WBYC) 2 2.2855 0.9849 2,230
In (VOLF) 2 1.2821 0.1439  8.910
RZ = 0.87, R = 0.93 F = 47.6
DF = 19 , t-critical(d =0.05) = 2.093
SEM = 0.100, RSD = 0.480
SEM : Standard Error of Mean,'RSD : Residual Standard Deviation
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combination of variables within the ranges of each vari-
able can be estimated. According to Table 4-4, the four

regression equations are written in the form of

Linear Model

FLST = 1913.1 - 97.1(53/C) - 1761.7(W/C) + 186.1(VF)
4-1)
TOEG = -1.0013 + 3.1507(wW/Cc) + 0.8531(VF)
4-2)

Non-linear model

FLST = 1533.1 - 32.8(S/C)2 - 1547.4(W/C)2 + 42.8(VF)?
. 4-3)
TOEG = 0.7978 - 0.0796(S/C)2 + 2.2855 1ln(W/C)
4--4)

+ 1.2821 1n(VF)

The estimated values are calculated for the same combina-
tions of variables as the specimens (pl3 - p23) which were
tested to observe the effect of one variable change and
compared with the actual experiment results. Note: the
specimens (pl3 -~ p23) were not used for the derivation of
the regression equations. The estimated line (or curve)
ané the actual line (or curve) of flexural strength and
toughness for the given compositions are shown in Fig. 4-2
to Fig. 4-7. 1In general, the estimated curves align

closely with the actual. However, considerable large
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Figure 4-6 Effect of S/C on
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deviations are observed around the upper and lower bounda-
ries of each variable. ©No significant difference is
observed between linear and non-linear models.

Further improvement of the overall significance of
the regression equation may be achieved by using a higher
cut-off point of Da/Di. However, considering the inherent
variation of the experimengiéata and the limit of the
statistiéigpplication, further excution of a computer is
not likely to give meaningful results unless more data are
added to those used.

- A discussion on the effect of the three primary

variables on the flexural strength and toughness of the

cement composites will be developed later.

4.3 The Effect of Compactness and Uniformity of the
Specimen

When the discussion is extended to the accuracy of
the experiment and therefore the meaning of the statistical
analysis for this study, compactness of specimen should be
taken into account. There exist two different types of
problems for the compactness of-specimen . One problem is

concerned with the loose-packed structure resulting from a
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too harsh composition for the fabrication method used.
In this study, increaséd volume content of fiber and sand
usually results in poorer workability which cause consider-
ably looser-packed specimens thaq expected. The ratio,
Da/Di, can be used as a criterion for detecting these types
of specimen. The other problem belongs to the realm of
stochastic error. It is the error inherent in the irrepro-
ducibility of the experiment, especially in sample prepara-
tion - e.g., the same composition of mix will not give the
same compactness of specimen on two separate occasions.
Considering the first problem of compactness,
regression analysis is applied for the 28 experimental data
(pl - p8, Ml - M20) to find a correlation between Da/Di and
the three parameters (S/C, W/C and VF). The result is
given in AppendixBl4 and in Table 4-6.

Table 4-6 Regression Equation of Da/Di

Dependent Variable RTSD : (Da/Di)

Independent Coefficient Standard Error t-ratio
Variable :

Constant 1.0486

scsQ: (s/c) 2 -0.0166 0.0024 -6.917
VFSQ: (VF) 2 -0.0071 0.0014 5.071
R2 = 0.87, R = 0.76 . F = 39.9

i
N

Degree of Freedom = 25, t-critical(ol =0.05)
Standard Error of Mean = 0.0080
Residual Standard Deviation = 0.0427
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Then the regression equation is written in the form of :

(Da/Di) = 1.0486 - 0.0116(S/C)2 - 0.0071(VF)2
4-5)

The equation obtained explains 76 percent of the

actual value of Da/Di in terms of (S/C)2 and (VF)2. The

actual and the predicted values of Da/Di are shown graphi-

cally in Figure 4-8.

Figure 4-8 Predicted Value and Actual Data of Da/Di
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The actual value shows a more drastic drop of the curve
than the predicted value. As was mentioneéilhe previous
section, the value of Da/Di itself is not accurate in this
study. However, the similarity of the shape of the curve
between the actual and the predicted implies that the
regression equation could be used as a good criterion for
detecting an unsuitable composition to a fabrication method,
and therefore unacceptable specimen to the analysis.

the )
Note thag«water/cement ratio does not appear in the equa-

tion, bugiige amount of water is largely dependent on the
sand/cement ratio.

There is no sure way to predict the slight variation
of compactness resulting from the inherent irreproduci-
bility of the experiment. However, the stochastic error
is probably reduced in large scale production facilities
with modern equipment and tight quality control.

As a whole, the result of this study described above
suggests that regression analysis can be effeétively used
for the prediction of the actual behaviors of fiber-

reinforced cement composites, within the limits of the

variable boundaries.
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the

4.4 The Result ofjCorrosion Experiment

The corrosion of fiber-reinforced cement composite
generally is thought to be an over-all effect resulting
from:separate deterioration of mortar, fiber, or bond
between mortar and fiber.

The object of the experiments in this study is to
investigate the over-all deferioration of alkaline-resistant
glass fiber-reinforced mortar in a harsh corrosive environ-
ment created over a short period of time. (NaOH soln. pH
12.5) Flexural tests were performed both with glass fiber-
reinforced mortar (S/C=2, W/C=0.5, VF=2%) and with plain
mortar (s/c=2, W/c=0.5, VF=0%), after a predetermined number
of corrosive cycles were reached.

Ultimate flexural strength and toughness (the area
under the curve of Load vs, Deflexion graph) were calcu-
lated. The results of flexural tests are given .in Appendix
C;3 and also are given graphically in Figure 4-9 and 4-10.
Both plaiﬁ mortar and GRC specimen. did not show any
significantléhange in f;exural strength within the time
units of the experiment. However, GRC specimen show 2
dramatic decrease in toughness when exposed to the corro-
sive medium. As is suggested in Chapter 4, flexural

- 80 -



Figure 4-9 Flexural Strength of GRC
T with Corrosive Cycles
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strength is less dependent on the fiber addition than
toughness. Consequently, flexural strength would not be
greatly influenced by a deterioration of fiber and bond.
However, since toughness is much more sensitive to fiber
content any decrease in fiber or bond stréngth would have
a significant effect on the toughness.

The purpose of the pull-out test is to investigate
the deterioration of bond betweégrieinforcing fiber and the
matrix. However, the results of these tests were incon-
clusive. The strands exhibited a general tendency of

ing
breaé instead of pulling out. Some broke clearly, with
little or no pull-out, others pulled out partially and
then broke, and still others broke partially and pulled
out. Only a very few strands actually pulled out intact.
In this experiment, corrcsion seemed to have no effect on

this tendency of fibers to break, and did not seem to

weaken the matrix-fiber bond significantly.(Ref.AppendixC4)

4.5 Discussion of the Experimental Results
' . . the
Although slight differences insmagnitude of the
effect of each variable are observed between linear and

non-linear models, both behave almost in the same way.
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This made it difficult to assess which model is more
relevant.

in investigating the strengthening mechanism of glass
fiber-reinforced mortar, a non-linear regression egquation
could accurately predict the variation of the strength with
variable change throughout the entire range. However the
linear model gives a better fit to the actual except in the

range"close to the boundary. (see Figure 4-2 - Figure 4-7)

Linear regression is also easy to understand and to compare

with the theoretical prediction.
The magnitude of the effect of the three primary
variables on flexural strength and toughness based on the

linear model are summarized in the following table.

Variable | Change in| Change in Change in
Variables| Flexural Strength | Toughness (lb-in)

SBYC +1 decrease noneffective
32 - 162 psi

WBYC +0.1 decrease increase
116 - 236 psi 0.315

VOLF +1% increase increase
129 - 243 0.8531

The increase of flexural strength and toughness with the
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increase of 1 volume percent of fiber content (e.g. 1% to
2% or 2% to 3%) corresponds to about 20 and 1000 percent
of that of plain mortar, respectively (¢f Table 4-1).

the
For flexural strength, this magnitude is almost,same as

the one observeéjéase 2, Chapter 2. The change of flexural
strength with one discrete unit change of water/cement
ratio and volume content of fiber are almost same.

Similar- results were also pointed out in Case 2. The
effect of sand/cement ratio is relatively small on flexural
strength and is negligible on toughness. (According to the
non-linear model, a small negative effect is observed.)

The table also shows that increased water/cement ratio
gives a decreased flexural strength but increased. in
toughness. The flexural strength behavior is identical to
the one observed in plain mortar and concrete, while the
toughness behavior ‘is - not. The negative effect of éand/
cement ratio‘on toughness observed in the non-linear model
is also opposite to the plain mortar behavior. These two
contradictions could be explained with a consideration of
other factors such as dispersion of fiber and fiber-matrix
bond associated wigh s/Cc and W/C.

Da/Di is an interesting index which can be used as a
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criterion of an improper composition in the fabrication

method used. The prediction based on the non-linear

equation of Da/Di can not sufficiently explain the severe

drop of the actual data which occur at Da/Di value less
an

than 0.9. But it is possible to getjapproximate region

where the experiment is performed soundly, by the use of

an appropriate cut-off point with consideration of the

gap between the predicted and the actual curve.
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‘Chapter 5

of
Evaluation of Material Cost and ChoichComposition

5.1 Derivation of Cost Function

Assume that a product of cement composite is designed
for a specic use. Usually a product is offered in the same
depth, width and length through a production lot. The total

volume of the products, V, is given in the form of
V=Vg + Vg +Vy + VE + Vg , 5-1)

where v denotes the absolute volume of each component in the
. ‘ to

product and the subscripts, c, s, w, £ and a referAcement,

water, fiber and air respectively. Although the air content

changes with the change of composition, it contributes only

a few percént of the total volume, except in extremely harsh

compositions or in air-entraint cement composites.(l0) As the

objéctive of this study is to find the most economical

composition which is significantly different from the others,

the air content can be ignored. This assumption will reduce

considerably the effort of formulation of the cost function

of fiber-reinforced cement composites, and still be likely
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to give a good approximation of the material cost. The
volume of each component material is given by the
weight of the material corresponding to 3 given volume
divided by the specific gravity of the material, Sg,.

Therefore Eg. 5-1) is given by,

V=Veg + Vg + vy + Vf 5-2)
= + + — o+ ——
Tele Sags Sgw Sgf ’

where subscripts, ¢, s, w and £ refer cement, sand, water
and fiber réspectively.

Now, if the material cost, u, of an ingredient of the
composite is given in terms of dollars per gram and the
weight of each ingredient for a product which has a certain
vélume, v, is given in ferms of grams, the total material

cost of the product, Z, is represented by
Z = UWa + UgWg + UgWy, + UgWe . 5-3)

Define Xj, X, and X3 &s three primary variables, sand/
cement ratio, water/cement ratio and volume fraction of

fiber respectively, which were used in the previous
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chapter. Note X1, X2 and X3 are given in the form of

X] =—, X2 = e— and X3 = =
We We v Sge-V

respectively.
Then, the total volume and the total cost of cement
. composite are described in terms of the three variables by

inserting X3, X and X3 into Eqg. 5-2) and 5-3).

1 1 1

v = Wc( + —X) + -—xz) + VX, 5-4)
SGc Sgs Sgw

7 = Wg (UC + UgX] + waz) + Ug-Sgg- VX3 5-5)

From Equation 5-4), W, is given by

Then the total cost, Z, is described in the form of :

/

(1 - X3XUC + UgXp + waz)'
z =V + Ug-Sgg-Xz| 5-7)

( 1 1 < 1 )
Sge ' Sgs 1 * Sgw2
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Assuming Sgw=l, and Uy=0, the Equation 5-7), is given by

4

(1 - X3)< Ues + USX]_)
zZz =YV + Us-Sge-X3 5-8)

(55 + s + %2)
k SGC + SGSX1+X2

Even if the total volume of a product is not given, it is

still possible to estimate the cost per unit volume for 2

given combination of the three variables, by using Z',
=_%;, instead of Z in Equation 5-8).

5.2 Formulation of Non-Linear Programming Model for the
Optimal Composition of FRC with a Given Fiber

Suppose we are now concerned with the selection of @
material‘for a specific use. An optimization problem comes
from the requirement for finding a composition which has
the minimum cost under a given performance requirement.

The material cost per unit volume is given by :

(l - X3)(Uc + stl)
Z!' ='%“= + Ug-Sgf-X3

1 1
(g-G—c t Bt t xz)

The model is to minimize Z', which is subject to the
several constraints developed below.

" a) Constraint on Properties Requirement
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Suppose flexural strength and Eoughness are chosen as
criteria for the material selection, and the lower limit of
these properties is - determined quantitatively based on the
performance requirement for the particular use.

According to Equation 4-1) - 4-4), the property
reqqirements are given by

1) linear equations
Yl = a; + lel + c1Xg + le3 > Ll

Yo

ay + Xy + dyXy 3 Ly

or 2) non-linear equations

' 1y 2 vy 2 1y 2

Y2 = 32' + b2'X12 + c2'lnX2 + d2'lnx3 > L2

where, Y; and Y, deﬁote flexural strength and toughness
respectively and X;, Xy and X3, sand/cement ratio, water/
cement ratio and volume fraction of fiber , and a1, al',
az'..... denote positive or negative coefficients obtained
from thé regression equation. Ly and L, are defined as thg
lower limits of flexural strength and toughness determined
from the usage requirement. In this study, only regression
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analysis is used for presenting the relationship between
physical properties and the three important parameters.
If 2 theoretical equation can be used for the explanation
of the relationship, it is always a better way than the
experimental description (including regression equation),
because theoretical equation can directly clarify the
causal effects between parameters and physical properties.

- b) Constraints on the Range of Variables

Not only 2 regression eguation but also a theoretical
equation usually have 3 restricted region where the appli-
cation of these equations can be used.

These constraints are usually expressed by

Ly { X é U; (for i=1,2.....n)

—

the
where X; denotegi th variable in n variables which are used

as independent variables, and U; and Lj denote the upper
the

and the lower limit ofp,i th variable respectively. These

constraints merely give a valid range of variables in the

equation of physical properties and the parameters given

above. So, if it is difficult to figure the range of

variables, other appropriate constraints can be used as

substitutes of valid range constraints.
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In this study, Da/Di is one of the substitutes for
the constrains on the range of variables. Assume ¥y as the
ratio of the actual density of a product to the theoretical
density of the product, Da/Di.

non-linear model

Y3 = a3z + b3X_';_2 + C3X32 > L3

5.3 Case Study : Estimation of Properties and Cost of GRC

Instead of solving the non-linear programming, the
estimated value of flexural strength, toughness and Da/Di
are calculated for various combinations of the variables.
The material cost for each combination is also calculated.
Actually this result is more meaningful than that of non-
linear programming, because at the same time it gives
several alternatives as well as the optimal. composition.

Unit.price and specific gravity of ingredients of the
composite used in this study are given in Table 5-1.

The equations used are given below (Ref. Chapter 4),

Flexural Strength

FLST = 1533.1 - 32.8(s/c)2 - 1547.4(w/c)?
+ 42.8(VF)2
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Toughness

TOEG = 0.7978 - 0.0796(S/C)2 + 2.2855-1n(W/C)
+ 1.2821-1n(VF)

Da/Di

(Da/Di) = 1.0486 - 0.0116(S/C)2 - 0.0071(VF)?2

Assuming that the volume of a glass fiber-reinforced cement
sheet (V), is 27000cm® (8'x 4'x 3/8").

Then, total material cost ($/Sheet) is given by :

(1-X3) (3.25X 10~5 + 2.50 x 107%x;)

Z = 27000
(0.32 + 0.38X] + X,)

+ 4.84% 1073x,

(Note X3 = VF/100)

Table 5-1 Unit Price and Specific Gravity of
Materials Used

Unit Price Specific
cravity (56) | 1/g¢
$/Kg $/9 (g/cm3)
Portland cement|3.53x 10~2 | 3.52x 10-5 3.15 0.32
Type I
Sand 2.50x 10”3 | 2.50x 10~© 2.66 | 0.38
Water 0 4 1.00 1.00
Glass fiber® 1.8 1.8 x 103 2.69 0.37
(alkali- '
resistant)

Source : ENR December 20, 1973 p.57
* Glass fiber : Estimated price
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The computed results for given combinations of
variables are given in Table 5-2.
Suppose the minimum requirements for flexural strength,
toughness and Da/Di are given as follows :
FLST ) 1700
TOEG 2 3.000
Da/Di > 0.90

Six possibilities are easily found in Table 5-2, which are

summarized in the following table.

Alternatives|sS/c |wW/c |VF |FLST | TOEG |Da/Di | Cost ($)

0.00|0.40}3.50|1809 | 3.318]| 0.96 5.82
0.00[/0.40;4.00|1970 | 3.489| 0.93 6.47
0.00|0.50{4.00)1830 | 3.719( 0.93 6.31
1.0010.40}13.50|1777 | 3.238] 0.94 5.45 |
1.00{0.40({4.00|1937 | 3.409] 0.91 6.10
1.00/0.50(4.00}1797 | 3.639] 0.91 | 6.02

U W

The most economical combination of variables ' in the six

alternatives with the given constraints is alternative 4.
Actually this is only a simple evaluation method for

a product. There are many methods for evaluating the

economical composition, based on the four primary equations

used above in Table 5-2.
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Table 5-2 Prediction of Properties and Cost of
Fiber-Reinforced Cement Composites

Material
S/C W/C VF FLST TOEG Cost Da/Di
(%) (psi)  (Iln-in) (8'x 4'x%")
0.CO 0e40 0a50 1296, 0eB23 S 1696 1.04
0e0CO 0640 1.00 1328, le711 $ 260 1404
0.00 0640 1,50 1381, 20231 $ 3425 103
0.00 Qo0 2¢00 1456, 2600 % 3489 1402
0.00 0e40 2250 1553, 2986 S 4o54 1400
Q0eC9D Qes0 3s00 1670, 3.120 $ 5018 0e98
0.00 0640 3¢5C 1809, 34318 S 5482 0«96
0s00 Qe40 4,00 1970, 30489 S 6441 0693
Q0e00 (0650 0450 1156, 140563 $ 1.80 1,04
0.00 Ce50 1400 1188, 1e941 5 2e44 le04
Je0C Ce50C 1,50 1241, 20461 $ 3,09 1403
0,00 Ceb50 200 1316, 2830 & 3073 1602
Q.00 0450 2450 1412 3ell6 $ 438 1600
0e00C CeS50C 300 1530, 30350 % 5002 0.98
Ce0C Ce50 3¢50 1669, 36547 S 5467 0e%6
Q00 Ce50 4400 1830, 30719 $ 6431 0e¢93
200 Ce80 0e5% G846 10262 % le67 1e04
0.00 0e6C 1.00 1016, 24171 $ 2032 1:04
0400 0e60 1650 1070, 20691 S 2496 1403
0,02 Ces0 2400 1145, 3,060 S 3461 1402
0.00 Ce60 2¢50 1241, 36346 S 4625 1.00
0+00 0e60 3400 1359, 36579 $ 4690 0+98
CeCO Ceb0 3450 1498, 3,777 $ 5455 0096
0e00 Qe60 4000 1658, 3.948 S 6419 0493
(A als] Ce70 Ce50 782 le512 $ 157 1:04
0.00 Cs70 1.00 8l4, 20401 $ 2622 1604
0e00 Ce70 1.50 867, 2920 $ 2086 1403
0e0C Qe70C 200 942, 3289 5 3651 1402
0.00 Ce70 2¢50 1039, 34575 $ 416 1,00
Ce00 Ca70 3.00 1156, 3,809 % 4680 0+98
0e00C Ce70 3¢50 1295, 42007 S 5645 0s%6
0400 Ce70 4,00 1456, 40178 $ 6409 0s63
1.00 0e40 0.50 1263, O0e743 3 1457 1403
1.00 Ce&0 1.00 1295, 1e632 $ 2.22 le02
1.00 Ce40 1.50 1349, 24152 $ 2.87 101
1.00C QedD 2400 1423, 26521 $ 3451 1400
1.00 Ce40 2450 1520, 2807 $ 4416 098
1.00 Qea0 3.00 1637, 3040 $ 4481 096
1.00 Cet0 3,50 1777, 34238 S 5445 Q0e94
1,00 0e40 4400 1937, 34409 $ 6.10 0s91
1.00 0e50 0.50 1123, 0e973 $ 1450 1,03
l.00 0650 1,00 1155, 14862 $ 2014 1s02
1.00 Qe50 150 1208, 26381 $ 2079 1401
100 Ce50 200 1283, 24750 S 344 16400
100 Ce50 2450 1380, 34036 $ 4.08 0.98
1.00 Oe5¢ 3.00 1497, 3,270 $ 4,73 096
1.20 0e50 3650 1636, 34468 $ 5037 Qed4
1¢C2 Ce50 4600 1797. 36639 $ 6402 Q0e91
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Table 5-2 continued

S/C

1,00
1.0C
1l4CC
1.00
1,09
l.00
l.0C
1.00
1.00
1.00
1.00C
1.00
1,20
1.00
1.00
l.07
2400
2000
2409
2.00
2e¢CO
2400
2400
2.00
2409
2400
2400
290
2.00
2400
2409
2200
2400
2400
2400
2400
2eCC
2400
24CO
2e¢00
2.0C
2CO
2400
2470
24090
2.00
2400
2.00

w/C

0460
Ceb0
Ce690
04690
Oeb0
Cab0
Ceb0
Ceb0
Ce70
Ce70
Ce70
Ce?70
0e70
Ce70
Ce70
Qe70
Cetd
Cad?
Coet?
Q44D
Qe40
Dot
040
Qo4O
Ca50
Ce50
Ce50
Ce50
0e50
Ce5D
0¢850
Ce50
Qe60
0660
0660
Ceb0
CebL
Ceb0
Ceb60
Ceb0
Ce70
0e70
Ce70
06790
Ce70
0790
0e70
0670

VF
(%)

050
1.00
1650
2400
2650
3000
3¢50
4400
050
1.00
1,50
200
2450
3,00
3.50
4400
0e50
1.00
1.50
2000
2450
3400
3¢50
4400
0450
1,00
1450
2.00
250
3,00
3.50
4000
0450
l1.00
1¢50
200
2450
3400
2250
4400
0e50
100
1450
2.00
250
3,00
3450
400

FLST
(psi)

952

984,
1037,
1112,
1208,
1326,
14585,
1626.

T49

781,

835,

5106
1006,
1124,
1253,
1423,
1165,
1197,
1250,
1325,
1421,
1539,
1678,
1839,
1024,
1057,
1110,
1185,
1281,
1399,
1538,
1699,

853,

385

939,
1014,
1110,
1228,
13567,
1527,

651

683,

736,

Rll,

907,
1025,
1164,
1325,
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Material
TOEG Cost
(In-in) (8'x 4'x%'")
14203 S 1443
26091 $ 2408
2e611 $ 2672
24980 $ 3437
34266 S 4402
34500 $ 44666
36697 $ 531
34869 $ 5696
le432 $ 1637
20321 $ 2.02
2a841 S 2067
34210 $ 34,31
34496 % 3,96
34730 % 4461
3927 $ 5e26
44098 $ 5490
0e504 $ 1039
1,393 $ 2,03
1,913 $ 2068
20282 % 3,33
24568 $ 3,97
20802 S 4e67
26999 $ 5627
3.170 $ 5491
06734 $ 1l.34
le623 $ 1.98
28143 $ 2663
24511 $ 3.28
24798 $ 3,93
34021 $ 46057
34229 $ 5,422
34400 $ 5487
0964 $ 1630
l1.852 $ 1494
24372 $ 2459
20741 S 3,24
34027 $ 3,89
30261 $ 4453
3459 $ 5,18
34630 € 5,483
14193 $ 1026
2082 $ 1091
2602 $§ 2455
24971 $ 3,20
34257 $ ¢85
30491 $ 4450
34688 $ 5e14
34860 S 5479

Da/Di

103
le02
1.01
1400
0498
0e96
0094
0e91
1,03
1,02
101
1,00
0e98
0696
Ne94
0491
0098
0e97
0496
095
0493
0091
0e89
0e¢86
0098
097
0e96
0695
0e93
0s91
0489
Qe86
0.98
097
0096
0495
0093
0691
0489
0«86
0e98
097
0e96
0«95
093
0e¢91
069
OeB6



TN

S/C

3400
3400
300
300
24GC9
3400
3,00
3.00
34N0
300
3400
3,00
3.00
300
3,00
3.00
3a09
3.00
34.CO
3.00
3.C0
34CO
3400
3¢M0
3.0C
3,00
3.C0
300
3400
3.09
34090
3.00

Table 5-2 continued

w/C

Qet0
Ce40
Cet0
Ce&0
Qet0
Ces
Cedl
0640
Ce50
Ceb50
0e590
0450
0s50
Oe5C
0050
0e50
0s6(C
Qeb6C
0e60
0e60
Ca80
0460
0e60
0es0
0e70
0a470C
070
0e70
0s70
0e70
0670
0e70

VF
(%)

De%0
1.00
1.50
2400
2450
3,00
3450
4400
0e50
100
1.50
2.00
2450
3.00
3.50
4200
De50
1.00
1450
2600
2450
3,00
3650
4400
0s450
1.00
1.50
2400
2450
3.00
3.50
4,00

FLST
(psi)

1001,
1033,
1C86.
1161,
1257,
1375,
1514,
1675,
850,
893,
946,
1021,
1117,
1235,
1374,
1635,
689,
721
T75,
850,
Q46
1064,
1203,
1363,
487,
519,
5724
6474
T43,
R61,
1000,
1161,
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Material
TOEG Cost
(In-in) (8'x 4'x3%")
Oel06 $ 1e27
0995 S 1692
le515 S 2657
1884 $ 3422
24170 % 3.86
24404 S 4451
20601 $ 5616
26772 $ 5481
0e¢336 3 le24
16225 $ 189
1¢745 $ 2454
20113 $ 3.18
24400 $ 3,83
26323 S 44,48
24831 $ 5013
3002 $ 5677
0ab66 s le2]
leb454 $ 1.86
14974 $ 2451
20343 $ 3.15
26629 % 3,80
2863 S &4eu5
3061 $ 5,10
3232 2 5675
0795 $ 1618
le684 $ 1.83
26204 $ 2448
24573 % 3,13
24859 $ 3,78
3,093 $ Lou?2
34290 $ 5607
34462 $ 5472

Da/Di

089
0489
0e.88
0087
0685
083
Q.81
O.78
0.89
0«89
0«88
087
0,85
0.83
Q.81
Oe78
089
0.89
0e88
0487
0e85
0.83
0.81
0.78
0+89
0s89
0+¢88
0.87
0.85
0e83
0.81
Oe78



5.4 The Other Optimization Model

In the case where material cost is the strongest
restriction, the optimal model is completely different from
the one described above.

The objective fuﬁction should be a function which
explains the total effects on the properties selected as
criteria for a specific use. (If required, weight should
be used to clarify the importance of criteria.) Objective

function, E, might be given in the form of :
E = WY, + WYy

where the notation of ¥Y; and Y, is the same as before and
W1 and W, denote the normalized weight (W3 + Wy = 1).
Instead of the estimated value of flexural strength (Y;) or
toughness (Y2), it is also possible to use a relative
score showing some levels of each property.

For example

Y1 = ag + bi1X1 + c1Xo + diX3

Score
1 if I 5 Yy ﬁ Lo
2 if Lo S Yy 5 L3

- 99 -



The objective of this model is to maximize E, subject to
z' { C

and the constraints on the valid range of variables, where
7' is the cost function developed before and C denote the -
maximum cost allowed. Although the experiment in this study
was devoted to flexﬁral strength and toughness, the results
obtained imply that there is a good possibility of repre-
senting the other important properties in terms of s/c, W/C
and VF. However, there might not be any difference in the
method of the formulation of the optimization model.

5.5 Cost Evaluation of Fiber-Reinforced Cement Composite
with Different Fibers

In the previous section, the cost per unit volume, Z',

is given by

(Us + UgX1)
Z' = (l"X3) + Ug-Sgf-X3

1 1
— + T—X
(SGC tosggtl xz)

Suppose Xj = constant and X, = constaﬁt.

7' is given by simple linear function :

Zl

C(l-X3) + Ug-Sgf-X3

z' c + (Uf-ng'— c)X3
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« U, + UgXy

where c¢c = = constant .
1 1 .
+ 5 X1 +
Sge  Sgs 1 t X2

According to the final equation of Z', it is possible

to figure out the aspects of increasing cost with the

;
:
3

addition of various fibers which have different unit costs

and specific gravities.
Suppose X; = S§/C =0 and X; = W/C = 0.4
Then the constant ¢ is given by

3.25x 1072

c = = 4.51% 10™°
(0.32 + 0.4)

] Therefore
z' = 4.51x 1075 + (Ug-Sge - 4.51X 107°)x3
E The value of Ug-Sgf of the various fibers is given in the

g following table.
|

] Fiber Form(length) Uf(s/g)ﬁ ng(g/cm3) Ug-SGf |
. Asbestos [ Fiber 0.4x10-3 3.20 1.28x10"3
| (chrysotile) '
{ Glass fiber | Chopped 1.8x1073 2.69 4.84x1073
, (alkaline- strand .
1 resistant) Glass mat
i Steel Fiber 0.6x1073 7.80 4.68%x1073
E (brass coated)| (1", round)
f Nylon-66 Monofilament|2.5x1073| 1.14 2.85x1073
(2504d)
carbon fiber |Fiber 20 x 10”3 1.60 3.2 x 1072

Source : Mirerals Yearbook 1972, Modern Textile March, 1974
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In Fig. 5-1, the aspects of unit cost increase of several
fiber-reinforced cements are shown graphically with the
increase of fiber volume percentage. Based on the material
cost of typical asbestos cement products which includes 15
to 30 weight percenc of asbestos fiberf comparable fiber

volume percentage of the other fiber-reinforced cement

* Assuming that S/C=0 and W/C=0.4, then, 15 to 30 percent
of fiber by weight correspond to approximately 10 to 20
percent of fiber by volume.

If V§ and wfg are the volume fraction and weight frac-
tion of fiber then :

Wf Wf
Wf = = ’
Wo + Wg + W, + Wg We(l + X7 + Xp) + Wg
We
Wg = ——— (L + X1 + Xp)Wg 5-1)*
(1 - we)
Wg
S
vE = T e 5-2) *
e =— + =—X1 + X )
c(SGc Sgs 2) * Set

From 5-1)* and 5-2)%* :

W 1

1l +x —_—

_ (1‘Wf)( 1+ X2) SGf
Ve = 1 1 W 1
. +—X1+x)+—f.-—-1+x + X))o
(SGc Sgs 2 (1 - Wf)( 1 2)Ser

SGf=3 .2 . .
For Wg=0.30, Vg=0.204 and for wg=0.15, Vg=0.096 .
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products are estimated in such a way that the total material
cost falls in the range of the asbestos cement product.
The results of the e€stimation are given in the following

table.

Fiber Percentage of Fiber
by Volume (%)

Asbestos 10 - 20
Glass fiber 2.4 - 4.8
(shopped strand)
(Glass mat)
Steel fiber
Nylon fiber
Carbon fiber

BN
o
!

o un
® o

As asbestos cement products are only one FRC which is now
on the market, its cost is an important target for new
fiber-reinforced cement composites. If the properties of
glass fiber~reinfor¢ed cement (GRC) with less than 4.8 per-
cent of fiber are assumed to exceed those of asbestos
cement products with 20 volume percent of fiber, glass
fiber has aAgood chance té enter construction materials
market. Some properties of various types of fiber-
reinforced cemeﬁt composites selected from previous publica-
tions are summarized in Table 5-3 . Glass and steel fiber

have almost the same cost function, but so far there are
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some differences in target.product and application fields
between them. However, it is highly possible that they
will compete with each other in the future when their uses
are extended. Nylon and polypropylene fibers are less
expensive but lack the required positive reinforecing
properties. Carbon fibers are too expensive as reinforce-

ment to cement at this moment.
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Chapter ©

conclusion and Recommendation

1. Regression analysis can effectively be used for the

investigation of fiber-reinforcing mechanisms and for the

prediction of actual behavior. However, a careful conside-

ration should be given to the bounderies of the experimental

region.

2. 1In the conventional pre~mixing method, the range where

a sound specimen is expected to be obtained is relatively

narrow. The effect of fiber addition on tensile and

flexural strength is relatively small, while that on tough-

even the ) ) .

ness is extremely 1argeA1nAconvent10nal premixing method.
If the direct strengthening is of primary importance,

the conventional pre-mixing method is not suitable from

the cost-effectiveness point of view.

3. The fabrication method is one of the most impcrtant

factcrs controlling the strength of cement composites.

Spray suction and laminate methods of fabrication could

give a much more attractive reinforcing effect and a wider

composition range than the pre-mixing.
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4., The ratio of the actual density of specimen to the
calculated based.on the mix composition, (Da/Di), serves
as a practical criterion for a sound composition of the
mix and ensures a sound specimen.

5. Neither plain mortar nor GRC specimens showed any
significant change in flexural strength during the short
life of gﬁé:g?ég?iment, while GRC specimens showed a
dramatic decrease in toughness. This deterioration does
not seem to come from a degradation of either mortar or the
fibers, but from the weakened fiber and matrix bond.

6. It is possible that glass fiber will compete with
asbestos fiber in the future, from the cost-effectiveness
point of view. Steel fiber cement composites are in

the same range as glass fiber-reinforced cement composites

in terms of cost effectiveness.’
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Appendix A

Multiple Regression Analysis : General
Concepts and Computational Procedure

1. Definition and Procedure of Linear Regression Analysis

The term "Regression Analysis" refers to the methods
by which estimateg are made of the values of a variable
kdependent variable : Y) from a knowledge of the values of
one or more other variables (independent variables : Xi,
i=l,2.....n), and to the measurement of the errors involved
in this estimating process. We begin with the case of a
simple linear regression analysis (two variables : Y and
X1). The term "linear" means that the relationship between

Y and X] is specified by a linear equation of the form
Y = a + bXj] + error .

Regression Analysis is a procedure whereby one unique

equation is selected from the infinite number of possible

equations according to the criterion of least square.
Multiple regression is the extension of a simple two-

variable regression inrorder to take into account the effect
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of more than one independent variable Xi (i=2,3.....n) on
the dependent variable Y. It is obviously the appropriate
technique when we want to investigate the effects on Y of
several variables simultaneously. Even if we are interested
in the effect of only one variable on Y, better results are
usually obtained by including the other variables influen-
cing Y in a mulfiple regression analysis, for two reasons :
l. To reduce stochastic error
2. To eliminate bias that might result if we were just
to ignore an uncontrolled variable that substantially
effects Y.

Although regression analysis described above was
devoted exclusively to the linear model, we often encounter
cases where non-linear models give much better results than
a linear model. Two common types of non-linear equation
are shown here :

1) Polynominal Regression
A polynominal is an equation of the form :
Y =3 + bX + cx? + ax3...... (one independent
variable)
Y =2+ biX) + X%+ dapx3 4 ...l
oo+ DXy 4 0oXp? 4+ dpXp3 4+ ...l

(more than one independent variable)
- 115 -



Let the observed variable X be transformed as

follows :

=x" , m=1,2......

Then the original equation can be written in the
linear form :

Y = a +bZl + CZZ + dZ3 S R

2) Log-linear Regression

Another common type of equation is one in the form :
Y = ax,Px,%%x39 L......

If we take the logarithms of all observations on all

the variables, i.e. :

Y*¥ = 1ny
Xl* = lnxl
x2* = lnX2

then the original equation can be expressed in the linear
form :
Y* = a + bX]_* + CX2* + dX3 + e o 000 0y

where a = 1lnA.
- 1lle -



As can be observed in the above two examples, most non-
lineer regression equations can be transferred to linear
forms,

In this thesis, multiple linear regression equations
are used primarily. Non-linear regression analysis is
applied for only the final stage of the analysis of the
experimental results. There, a mixed-type regression model

is used for the analysis :

Dependent Variable FLST (Flexural Strength)
Independent Variable s/c, (S/C)2, ln(s/c)
w/c, (w/c)?, 1n(w/c)

VF, (VF)2 , 1n(VF)

These nine variables result from taking three different
forms of each of the éhree important parameters (sand/cement
ratio, water/cement ratio and volume content of fiber.)
Obviously there are strong multicollinearities among the
three variables within each of the following sets of
variables.

s/c, (s/c)?, In(s/c) . w/c, w/c)?, 1n(w/c)

and VF, (VF)2, 1n(VF)
The final regression equation is composed of the best

variable from each set. - 117 -



2. Stepwise Regression Procedure (16)

Stepwise regression procedure does not provide a true
least squares solution for the variables included in the
final equation. 1In this procedure, first a regression in
the X variable most correlated with Y has keen fitted, and
then, the residuals are calculated. These residuals are
now considered as response values and regressed against the
X which is the most correlated with this new response. The
process is continued until the variable does not offer any
significant improvement in the goodness of fit. (F-ratio
criterion)

Stepwise regression estimate is rather smaller, in
absolute value than the least squares estimate, but it has

one is
the following advantage. SupposeAgiven a set of X'S highly
correlated with each other. The selection procedures will
show first that X is most highly correlated with Y. At the
next stage, all othér X-variables not in regression are
adjusted for the one chosen. Thus, if a variable is highly

correlated with the first variable, it might be rejected as

a possible variable.
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Appendix B

Computer Printouts of Stepwise
Regression Analysis
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Appendix Cl Flexural Test Results of the
Preliminary Experiment

Specimen Material Flexural Toughness Density
No. Composition Strength (Pound-inch)
(psi)
p-1 1051 0.970 2.07
1156 1.125 2.13
S/C=0.,00 1059 0.600 2.06
1076 0.600 2.12
W/C=0,40 937 0.465 2,07
1175 0.850 2,17
VF =0.50% 920 0.750 2.10
1076 0.750 2.16
934 0.795 2,03
Aver, 1042 0.767 2.10
SD 93 0.201 0.04
2 942 1.350 1.71
S/C=0.00 685 1.765 1.72
726 2.095 1.79
W/C=0.70 688 1.750 1,72
805 2.015 1.74
VF =0.50% 472 1.270 1.68
517 1.130 1.57
“Aver. 691 1.624 1.70
SD 160 0.377 0.06
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Appendix Cl continued

Specimen Material Flexural Toughness .

No. Composition| Strength (Pound-inch) Density
(psi)

S/C=0.00 2654 4.426 2.19

p -3 2071 3.500 2,02

w/C=0.40 1454 1.430 2,07

2072 2.890 2.14

VF =4,00% 1656 2.350 2.12

1242 1.850 2.08

Aver. 1858 2.740 2.10

- 8D 511 1.104 0.05

4 s/C=0.00 1418 3.610 1.73

: 1553 4,795 1.66

W/C=0.70 1449 4,010 1.68

1563 6.455 1.75

VF =4.,00% 1587 2.250 1.67

Aver. 1514 4,223 1.70

SD 75 1.551 0.04

'5 1135 0.585 2.27

1072 0.675 2.29

sS/C=3.00 1041 0.430 2.18

1093 0.350 2.22

W/C=0.40 1167 0.600 2.22

1017 0.500 2.25

VF =0.50% 2994 0,525 2.25

837 0.325 2.22

803 0,575 2.18

Aver. 1018 0.507 2.23

SD 124 0.118 0.03
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Appendix Cl continued
Specimen Material Flexural Toughness _
No. Composition Strength (Pound-inch)| Density
(psi)
p -6 656 1.085 2.07
S/C=3.00 690 1.175 2.13
586 0.675 2.10
W/C=0.70 492 0.750 2,07
621 0.600 2.14
VF =0.50% 517 0.750 2.09
621 1.075 2.09
Aver., 597 0.872 2.10
SD 71 0.231 0.02
7 502 1.440 1.60
S/C=3.00 599 1,700 1.79
567 2.160 1.83
w/C=0.40 483 1.170 1.49
428 1.825 1,50
VF =4,00% 418 1.700 1,58
321 0.810 1.49
Aver, 474 1.543 1.61
SD 94 0.446 0.14
8 S/C=3,00 849 2.550 1.73
833 2.950 1.75
W/C=0.70 694 1.600 1,78
744 1.750 1.87
VF =4,00% 786 3.850 1.76
Aver. 781 2.539 1.78
SD 63 0.920 0.05
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Appendix Cl continued

Specimen Material Flexural Toughness
No. Composition | Strength (Pound-inch) Density
(psi)

p-11 1090 0.075 2.25

1197 0.097 2.20

s/Cc=2.00 1091 0.105 2.24

. 1232 0.100 2.20

W/C=0.40 1163 0.125 2.28

' 1056 0.095 2.21

VF=0.00% 1035 0.170 2.23

1261 0.100 2.31

964 0.130 2.28

Aver. 1121 0.110 2.24

SD 98 0.027 0.03

p-12 562 0.100 1.90

729 0.100 1.96

s/Cc=2.00 727 0.100 2.02

807 0.080 2.03

W/C=0.70 843 0.100 2.07

763 0.080 2.02

VF=0.00% 931 0.090 2.10

813 0.100 2.06

728 0.060 2.03

Aver. 767 0.089 2.02

SD 102 0.014 0.05

p-13 1104 0.975 2.23

1349 0.875 2.36

S/c=2.00 1386 0.565 2.26

1205 0.470 2.24

W/C=0.40 1444 1.075 2.30

1181 0.550 2.21

VF=0.50% 1279 0.675 2.22

1308 0.625 2.33

1017 0.395 2.20

Aver. 1253 0.689 2.26

SD 138 0.234 0.05
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Appendix Cl continued

Specimen Material Flexural Toughness
No. Composition| Strength [(Pound-inch) Density
(psi)
1558 1.410 2.28
p-14 S/C=2,00 1483 0.925 2.25
1187 0.935 2.26
w/C=0,40 1199 0.875 2,22
1272 0.825 2.26
VF =1.00% 1272 1.100 2.26
1274 1.275 2.31
1199 0.800 2.25
945 1.500 2.27
Aver. 1265 1.071 2.26
SD 177 0.263 0.02
1540 1.725 2.21
15 1056 1.500 2,20
S/C=2.00 1396 1.675 2.15
1406 2.960 2,26
W/C=0.40 1281 1.675 2.23
1197 1.300 2,21
VF =1.50% 1112 0.720 2.27
1298 1.600 2.27
1246 1.840 2.15
Aver. 1281 1.666 2.22
SD 151 0.588 0.04
1163 1.635. 2.19
16 1090 1.775 2.19
S/C=2,00 1012 1.250 2.26
15568 1.380 2.22
W/C=0,40 1599 4,000 2.18
1509 2.675 2.13
VF =2,00% 1575 2.450 2.10
1490 1.565 2.24
Aver, 1374 2,091 2.19
SD 242 0,918 0.05
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Appendix Cl continued

Specimen Material Flexural Toughness ‘
No. Compositior Strength |(Pound-inch) Density
(psi)

17 661 1.300 1.89
1091 3.250 1.82

S/C=2.00 925 1.900 1.95

573 1.020 1.94

W/C=0.40 488 1.200 1.83

751 1.540 1.79

VF =3.00% 593 0.600 2.26

789 1.365 2.08

482 0.665 2.06

Aver. 7086 1.426 1.96

SD 204 0.795 0.15

18 1093 1.150 2,17
S/C=2.00 1262 1.180 2.18

714 0.870 1.97

W/C=0.40 1342 0.925 2.21

1675 1.730 2.23

VF =2,00% 1542 1.300 2.22

1903 2.820 2,21

1311 1.610 2.12

Aver. 1353 1.448 2.16

SD 361 0.629 0.08

19 1279 1.500 2,20
S/C=2,060 843 0.750 2.15

1325 2,625 2.18

W/C=0.40 897 2.750 2,19

' 928 1.050 2.11

VF =2,00% 1060 0.850 2.18

Aver, 1055 1.587 2.17

SD 204 0.891 0.03
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Appendix Cl continued

Specimen| Material Flexural Toughness
No. Composition Strength (Pound-inch) Density
(psi)

1358 3.450 2.05

p-20 962 2.740 1.92

s/c=2.00 1022 3.500 1.98

961 1.500 2.17

wW/c=0.70 901 1.780 2.12

1052 1.475 2.07

VF=2.00% 889 2.460 2.02

751 1.700 2.03

625 1.000 1.97

Aver. %47 2.178 2.04

SD 204 0.900 0.07

1756 1.245 2.19

21 S/C=1.00 1618 2.575 2.18

1658 2.200 2.21

W/Cc=0.40 1318 1.580 2.27

1847 3.835 2.17

VF=2.00% 1519 1.470 2.23

1334 1.350 2.26

Aver. 1579 2.036 2.22

SD 201 0.929 0.03

1242 1.750 1.97

22 1090 | 1.320 1.97

s/c=3.00 - 1336 0.880 2.02

1296 0.775 2.00

wW/C=0.40 1498 1.550 2.09

1590 1.600 2.16

VF=2.00% 1628 1.600 2.09

1255 1.750 2.10

836 1.310 2.01

Aver. 1308 1.392 2.04

SD 249 0.357 0.06
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Appendix C2 Flexural Test Results of the
Body Experiment

Specimen Material Flexural Toughness Density

No. Composition Strength (Pound-inch)
(psi)

1124 3.155 2.13

M-1 S/C=2.57 1005 2.125 2.15

562 2.025 2,04

W/C=0.59 669 0.850 2,01

776 0.815 2.02

VF =1.39% 591 1.195 2,04

1012 2.180 2.11

710 1.500 2.10

Aver. 806 1.730 2,07

SD 213 0.795 0.05

1411 2.500 2.12

2 S/C=1.38 1415 2.050 2.09

1345 3.830 2.02

W/C=0.55 1563 4,950 2.14

1173 3.300 2,07

VF =3.00% 1181 3.420 1.99

Aver, 1348 3.341 2.07

SD 150 1.020 0.05

1115 2.440 2.05

3 S/C=1,88 1279 4.550 2.03

885 3.995 2.00

w/C=0,.69 936 4,910 1.96

1114 3.560 1.92

VF =3.37% 1083 1.625 1.95

Aver. 1069 3.513 1.98

SD 141 1.263 0.04
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Appendix C2 continued

Specimen Material Flexural Toughness .
No. Composition Strength (Pound-inch) Density
(psi)

1378 5.410 1.93

M-4 S/C=1.50 1279 4,125 1.93
1367 5,750 2.02

W/C=0.66 1082 2,245 2,03

1242 4,870 1.92

VF =1.88% 1082 2.110 1,94

791 2.115 1.98

Aver. 1174 3.803 1.96

SD 207 1.620 0.04

5 1377 3.065 1,90
S/C=0,40 972 1.820 1.94

1199 1.175 1.82

W/C=0.59 931 1.690 1.89

1377 3.230 1.83

VF =1.50% 972 1.300 1.81

1414 2.685 1.85

Aver. 1177 2,137 1.86

SD 216 0.844 0.04

799 1.120 2.15

6 656 1.750 2.05
S/C=2.33 596 2.125 2,03

669 2.170 2,13

W/C=0.68 871 2.465 2,17

799 2.130 2.20

VF =1.68% 757 2.750 2.07

624 1.065 2.06

897 2.070 2.15

Aver. 741 1.960 2.11

SDb 109 0.563 0.06
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Appendix C2 continued

Specimen Material Flexural Toughness .

No. Composition Strength | (Pound-inch) Density
(psi)

M—7 908 0.325 2.12

872 0.550 2.15

S/C=1.50 981 0.570 2,12

908 1.680 2.11

W/C=0.63 981 1,075 2.12

828 1.210 2,07

VF =0.48% 931 1.230 2.08

872 0,980 2.12

727 0.855 2.08

Aver, 890 0,941 2.11

SD 79 0.418 06.02

8 1484 2,950 1.95

S/C=0.40 1378 3.860 1.95

1968 6.715 1.95

W/C=0,54 2034 5.135 1.92

1378 2.850 1.92

VF =2,28% 1181 1,655 1.95

1279 2,455 1.88

Aver. 1529 3.659 1.93

SD 336 1,740 0.02

9 S/C=2,40 1022 3.775 2,08

880 1.155 2,09

W/C=0,56 691 1.635 2.07

751 3.745 2.12

VF =2.61% 1022 4.500 2,11

841 1.450 2.16

Aver. 868 2,709 2,10

SD 136 , 1.454 0.03
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Appendix C2 continued

Specimen Material Flexural Toughness
No. Composition Strength | (Pound-inch) Density
(psi)

M-10 S/C=0,59 727 3.040 1.73

727 2.000 1.82

W/C=0.65 587 0.740 1.82

743 1.120 1.90

VF =0.91% 654 1.635 1.81

734 2.115 1.76

Aver, 695 1.774 1,81

SD 61 0.810 0.05

11 1126 0.680 2.25

1655 2.000 2,31

S/C=1.77 1558 2.210 2.39

1101 1.185 2.34

W/C=0.40 1209 0.630 2.30

1115 0.690 2.27

VF =0,78% 1224 0.990 2.36

1211 1.040 2.33

1038 0.650 2,34

Aver, 1249 1.119 2.32

SD 212 0.594 0.04

12 824 1.375 1.98

S/C=2,40 1435 3.620 1,92

1083 1.830 1.90

W/C=0,45 1683 3.730 1.88

1741 3.390 1.96

VF =3.68% 1943 3.835 1.92

' 947 1,120 1.93

Aver, 1379 2,699 1,93

SD 433 1,202 09.03

- 144 -




Appendix C2 continued

Specimen Material Flexural Toughness
No. Composition Strength (Pound-inch) Density
(psi)

M-13 727 1.805 1.97

S/C=0.30 766 1.815 2.01

890 2.145 1.97

W/C=0,60 920 1.470 1.95

908 3.255 1,92

VF =1,11% 1018 3.120 1.96

799 0.760 1.88

Aver. 861 2.0562 1.956

SD 101 0.887 0.04

1359 0.985 2.26

14 S/C=2,57 961 1,200 2,21

749 1.350 2,15

wW/C=0,47 853 0.880 2,22

1148 0,710 2.19

VF =0.99% 1308 1.285 2.34

1173 1.060 2.26

1148 0.980 2.26

Aver, 1087 1.056 2,24

SD 214 0.214 0.05

787 2,750 2,02

15 S/C=1,11 1050 3.775 2,05

1104 4.640 2.07

W/C=90,66 %4 1.265 2,17

987 6.350 1.99

VF =1,91% 828 2.940 2,07

994 3.465 2,03

Aver. 959 3.597 2,06

SD 114 1,597 0,05
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Appendix C2 continued

Specimen Materiai Flexural Toughness
No. Composition Strength | (Pound-inch) Density
(psi)

M-16 1072 1.570 1.87

787 2.670 1.88

S/C=0.70 872 2.285 2.00

945 3.515 1,98

¥/C=0.69 763 1.720 1,97

828 2.450 1.95

VF =1.50% 837 1.975 1,92

774 2,300 1,98

1112 5.195 1,99

Aver, 888 2.631 1.95

SD . 128 1.118 0.04

17 754 0.725 2,05

1035 1.460 2.15

S/C=1.38 853 1,455 2.08

1017 1,350 2.08

W/C=0.57 918 1.840 2,04

: 966 1.070 2.10

VF =0,50% 1035 0.650 2,07

918 0.625 2,07

931 1,700 2.09

Aver. 936 1.208 2,08

SD 91 0.459 0.03

18 982 1.150 2.10

S/C=2,57 863 2,365 1.98

1017 1.875 2.15

W/C=0,42 982 1,485 1.98

843 1.300 2.01

VF =2,91% 859 1.165 2.33

729 1.365 2.10

Aver. 896 1.529 2,09

. SDh 102 0.442 0.12
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Appendix C2 continued

Specimen Material Flexural Toughness
No. Composition Strength (Pound~-inch) Density

(psi)

M-19 964 1.435 2,26

S/C=2,94 843 0.875 2,07

881 1.190 2.19

W/C=0,47 803 1.365 2,13

704 1.230 2,10

VF =1.12% 774 1,030 2.15

845 1.425 2.22

Aver, 831 Le22] 2.16

SD 82 0.210 0,06

20 1500 2,775 1.99

S/C=0,59 2363 3.330 1.92

1377 6.150 1.97

W/C=0,53 1634 3.365 2.14

2001 5.800 1.80

VF =3.20% 1622 5.965 1.81

1620 3.420 1.92

Aver, 1731 4.400 1,93

SD 337 1.488 0.11
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Mortar Control

Appendix C3 Corrosion Experiment:
Flexural Test Results

Flexural Toughness Flexural Toughness
Cycle Strength | (Pound-inch]) Cycle Strength |(Pound-inch)
(psi) (psi)
0 1174 0.080 8 1150 0.120
1150 0.060 1080 0.140
981 0.110 941 0.100
1094 0.135 828 0.130
1154 0.080 836 0.100
953 0.115 836 0.110
1043 0.100 880 0.1l10
1094 0.150 767 0.090
1173 0.075 1018 0.100
Aver. 1091 0.100 Aver. 926 0.111
SD 82 0.029 SD 130 0.016
2 920 0.115 11 1267 0.200
997 0.090 241 0.120
1073 0.100 1226 0.205
1188 0.100 1104 0.190
1073 0.105 1160 0.170
1112 0.150 861 0.105
1188 0.125 1322 0.125
1112 0.080 1259 0.160
1035 0.075 999 0.150
Aver. 1078 0.104 Aver. 1127 0.158
SD 86 0.023 SD 161 0.036
5 1070 0.095
897 0.125
1000 0.090
931 0.150
966 0.100
1139 0.125
1070 0.100
897 0.100
1000 0.130
Aver. 997 0.112
SD 83 0.020
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Appendix C3 continued
Mortar Corrosicn

—

Cycle Flexural Toughness || Cycle Flexural Toughness
Strength |(Pound-inch) Strength | (Pound-inch
(psi) (psi)
2 1468 0.150 8 1093 0.070
1358 0.125 1093 0.125
1380 0.125 1082 0.100
1311 0.140 1226 0.110
1311 0.110 1181 0.110
1495 0.115 1017 0.100
1457 0.175 1126 0.090
1342 0.125 1148 0.135
1199 0.120
Aver. 1121 0.104
Aver. 1369 0.131
SD 64 0.020
SD S3 0.020
5 1150 0.120 11 1054 0.205
1317 0.115 1371 0.150
1252 0.105 1303 0.165
1468 0.120 1227 0.135
1214 0.150 1188 0.160
1303 0.100 1227 0.150
1342 0.175 1227 0.120
1317 0.120 1215 0.150
1028 0.105 1073 0.165
Aver. 1266 0.123 Aver | 1209 0.155
SD 125 0.024 SD 99 0.023
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GRC Control

Appendix C3 continued
Cycle Flexural Toughness J Cycle Flexural Toughness
Strength [(Pound-inch Strength [(Pound-~inch)
(psi) (psi)
0 1051 1.675 8 1622 3.975
1279 1.950 1358 2.600
1155 2.325 1745 1.920
1124 3.465 1799 2.480
1030 2.565 1199 1,975
936 2.390 1490 3.550
1618 3.865
1167 1.220 Aver, 1536 2.749
1155 1.790 SD 231 0.839
Aver, 1168 2.360
SD 194 0.850
2 1706 3.850 11 1176 0.900
1542 2.570 1163 2.650
1725 4,315 981 2.300
1410 2.800 1403 3.000
1181 1.620 1417 3.000
1246 1.490 927 1.350
1252 2.130 - 1115 1.800
2363 4,450
Aver. 1438 2.682
SD 224 1.073 Aver. 1318 2.431
456 1.114
5 1575 1.815
1443 2,165
1563 1.500
1725 2,840
1293 3.200
1690 2,600
1561 3.295
Aver, 1550 2,487
SD 146 0.686

- 150 -



GRC Corrosion
Appendix C3 continued

Cycle Flexural Toughness Cycle Flexural Toughness
Strength KPound-inch) Strength |(Pound-inch)
(psi) J (psi) :
2 1808 3.535 8 1345 1.020
1378 2.870 1590 2.050
1279 2.615 1406 2.325
1050 1.770 1476 1.250
1246 1.310 1181 0.900
1181 2.590 1163 1.250
1378 1.410 1536 0.850
1762 1.920
Aver. 1331 2.299 || 1499 1.900
SD 239 0.825 Aver. 1440 1.496
SD 191 0.554
5 1147 1.025 11 1255 0.815
1568 1.440 1138 0.740
977 1.825 1372 1.150
1193 0.835 1346 0.880
1325 0.750 1150 0.710
1093 1.090 1252 0.525
1557 2,020 1268 0.400
1285 0.775
Aver, 1266 1.283 1342 0.500
SD 228 0.491 Aver. 1267 0.721
SD 82 0.226
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Appendix C 4 Corrosion Experiments :
Pull-out Test Results

0 Cycle Control

Specimen Maximum Remarks
No. Stress (LBS)
1 3.4 Pulled out of Intact
2 5.3 . "
3 5.0 Strands broken
4 6.9 "
5 5.8 "
6 9.2 "
7 6.8 "
8 7.2 "
9 5.2 "
10 4.8 "

2 Cycle Control

Specimen Maximum Remarks
No. Stress (LBS)
1 4.4 Strands broken
2 5.4 Strands split out and
broken
3 5.1 Strands broken
4 7.9 "
5 6.0 : "
6 4.5 Strands split out and
broken
7 6.7 "
8 6.2 Strands broken
9 4.4 "
10 7.9 "
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Appendix C 4 continued

2 Cycle Corrosion

Specimen  Maximum Remarks
No. Stress (LBS)
1 6.2 Strands split out and
broken
2 4.8 Strands broken
3 5.6 Strands pulled out of
Intact
4 3.1 Strands split out and
broken
.5 7.6 "
6 3.4 "
7 5.0 "
8 6.8 Strands broken
9 5.1 "
10 5.3 Strands split out and
broken
14 Cycle Corrosion
Specimen Maximum Remarks
No. Stress (LBS)
1 0.5 Strands broken
2 3.6 "
6.2 Strands split out and
broken
4 1.1 Strands broken
5 5.9 "
6 1.3 " -
7 4.2 Strands split out and
broken
8 0.7 Strands broken
9 4.0 Strands split out and

broken
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