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ABSTRACT

VARIOUS DURABILITY ASPECTS OF
SLURRY INFILTRATED FIBER CONCRETE

Gilani, Adel Mohamed

Ph.D., Department of Civil Engineering
Supervisor: Prof. Dr. Mustafa Tokyay
Co-Supervisor: Assoc. Prof. Dr. I. Ozgiir Yaman

September 2007, 212 pages

Slurry infiltrated fiber concrete (SIFCON) was first produced in 1979 in the
USA, by incorporating large amounts of steel fiber in molds to form very
dense network of fibers. The network is then infiltrated by a fine liquid
cement-based slurry or mortar. The steel fiber content can be as high as 30 %
by volume. This percentage usually does not exceed 2 % in normal fiber
reinforced concrete (FRC) for reasons related to mixing and workability. Due
to its high fiber content, SIFCON demonstrates unique and superior

mechanical properties in the areas of both strength and ductility.
Most of previous research work on SIFCON has focused mainly on
investigating the mechanical properties of this material. On the other hand,

the studies carried out in the field of durability of SIFCON are quite limited.
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Therefore, it seemed that it would be worth to study the various durability

aspects of SIFCON.

In view of the above, the objectives of this study are to investigate and
provide information about durability of SIFCON, mainly permeability,
resistance to chloride penetration, freezing and thawing and drying shrinkage.
This information will help in providing the necessary database and
knowledge about the ability of SIFCON to withstand the conditions for
which it has been designed without deterioration, especially when it is

intended to be used in aggressive environments

The investigations included studying the effects of the following on
durability of SIFCON: (i) matrix type (slurry or mortar), (ii) fiber contents
(7%, 9.5%, and 12% by volume), and (iii) steel fiber geometry (hooked or

crimped).

The results obtained indicated that SIFCON, especially when prepared using
mortar not slurry, has shown good durability characteristics in spite of its
apparent high water absorption. The SIFCON made with the highest possible
fiber volume fractions showed the best results. However, it was concluded
that SIFCON needs to be protected with suitable low permeability overlays to
ensure ideal improved performance by protecting the steel fibers exposed on

the surfaces especially against chloride attack.

Keywords: Slurry Infiltrated Fiber Concrete (SIFCON), Drying Shrinkage,
Water Absorption, Chloride Penetration, Freezing and Thawing.
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YUKSEK PERFORMANSLI LiF DONATILI CIMENTO ESASLI
KOMPOZITIN (SIFCON) CESITLI DURABILITE
OZELLIKLERININ ARASTIRILMASI

Gilani, Adel Mohamed

Doktora, insaat Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Mustafa Tokyay
Yardimer Tez Yoneticisi: Dog. Dr. I. Ozgiir Yaman

Eyliil 2007, 212 sayfa

Yiiksek performansh lif donatili ¢imento esasli kompozit (SIFCON) ilk kez
1979 yilinda Amerika Birlesik Devletleri’nde ¢ok yogun lif sistemi
olusturmak amaci ile kaliba yiiksek oranda celik lifler yerlestirilerek
tiretilmistir. Daha sonra elde edilen bu yogun lif sistemine ¢imento bazl
serbet veya har¢ enjekte edilmektedir. SIFCON’da kullanilan ¢elik lif
oranlar1 % 30 mertebelerine kadar olabilmektedir. Bu oran geleneksel normal
lifli betonlarda olas1 karisim ve islenebilirlik sorunlari nedenlerinden dolay1
% 2 mertebesini agsmamaktadir. Yiiksek oranda ¢elik lif igermesinden dolayi,
SIFCON, normal lifli betonlara kiyasla, ¢ok iistiin dayanim ve siineklilik

ozellikler gostermektedir.
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Daha onceleri yapilan ¢aligmalar genellikle SIFCON malzemesinin mekanik
ozellikleri iizerine yapilmis olmasina ragmen bu malzemenin durabilitesi
iizerine literatiirde ¢ok sinirli ¢alisma bulunmaktadir. Bu nedenle, SIFCON
malzemesinin ¢esitli durabilite 6zellikleri lizerine ¢alisma yapmak onem arz
etmektedir. Yukarida yapilan agiklamalarin 1s18inda, bu ¢alismanin amaci
SIFCON malzemesinin gecirimlilik, klor iyonu gecirimliligine dayanimu,
donma-¢oziinme ve kuruma biiziilmesi gibi 6nemli durabilite 6zelliklerinin
incelenmesi ve literatiirde eksik olan bu bilgilerin kazandirilmasidir. Bu tiir
calisma sonucunda elde edilecek olan bilgi birikimi, SIFCON malzemesinin
herhangi bir bozulmaya maruz kalmadan farkli sartlar altinda
tasarlanabilmesi i¢in gerekli olan bilgi ve veritabanini saglamakta yardimci

olacaktir.

Bu c¢alisma kapsaminda, SIFCON'un ¢esitli durabilite o6zellikleri ve
iiretiminde etkisi incelenen degiskenler: (i) matris ¢esidi (serbet veya harg),
(1) lif oran1 (% 7, % 9.5 ve % 12), ve (iii) celik lif geometrisi (kancali veya
kivriml). Elde edilen sonuglar 1s181nda, 6zellikle harg kullanilarak elde edilen
SIFCON malzemesinin yiiksek oranda goreli su emme kapasitesine ragmen
iyl durabilite 6zellikleri gdsterdigi goriilmiistiir. Ayrica, olasi en yiiksek lif
orani ile iiretilen SIFCON karigiminin en iyi sonug verdigi gozlemlenmistir.
Fakat, oOzellikle klor hiicumuna karsi, SIFCON malzemesinin yapiminda
kullanilan ¢elik liflerin herhangi bir asinmaya maruz kalmamasi i¢in uygun

diisiik gecirimli kaplamalar ile korunmasi gerekmektedir.
Anahtar Kelimeler: Yiiksek Performansli Lif Donatili Cimento Esash

Kompozit (SIFCON), Kuruma Biiziilmesi, Su Emme,

Klor Gegirgenligi, Donma ve Coziinme.
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CHAPTER 1

INTRODUCTION

1.1 General

Slurry infiltrated fiber concrete (SIFCON) is a relatively new special type of
high performance (steel) fiber-reinforced concrete (HPFRC). SIFCON is
made by preplacing short discrete fibers in the molds to its full capacity or to
the desired volume fraction, thus forming a network. The fiber network is
then infiltrated by a fine liquid cement-based slurry or mortar. The fibers can
be sprinkled by hand or by using fiber-dispending units for large sections.
Vibration is imposed if necessary during placing the fibers and pouring the
slurry. The steel fiber content can be as much as 30 % by volume [1]. In
conventional fiber reinforced concrete (FRC), where fibers are mixed
together with other ingredients of concrete, this percentage is limited to only

about 2 % for practical workability reasons.

Because of its high fiber content, SIFCON has unique and superior
mechanical properties in the areas of both strength and ductility [1]. The main
differences between FRC and SIFCON, in addition to the clear difference in
fiber volume fraction, lie in the absence of coarse aggregates in SIFCON
which, if used, will hinder the infiltration of the slurry through the dense fiber
network. Furthermore, SIFCON contains relatively high cement and water

contents when compared to conventional concrete.



Although it is still a relatively new construction product, SIFCON has been
used successfully in a number of areas since the early 1980's. Some of those
applications are explosive-resistant containers, security blast-resistance
vaults, and repair of structural components, bridge decks, airfield pavements

and abrasive-resistance surfaces [2].

Most of previous research work on SIFCON found by literature survey has
focused mainly upon studying the mechanical properties of this unique
material. The research work in this area included, for example, behavior
under different loading conditions, crack propagation, toughness, ductility or

energy absorption, elasticity in tension and compression.

On the other hand, the research work undertaken in the field of durability of
High Performance Fiber Reinforced Concrete Composites (HPFRCC) in
general is quite limited, and covers only few types not including SIFCON.
Those types are normal fiber reinforced concrete (FRC), silica fume blended
cements and reactive powder concrete (RPC) [3]. Actually, very few
researches dealt with some durability aspects of SIFCON but without

reporting clear enough details and information [1, 2, 4].

However, the failure of concrete structures normally arises due to problems
with the durability of concrete elements rather than strength related issues.
Therefore, the durability, of HPFRCC in general and SIFCON in particular,

seems to be an under-emphasized area of research.

In fact, HPFRCC generally employ a dense matrix and an appreciable
amount of fibers, thus there would be increased load carrying capacity,
toughness and ductility. Therefore, the main point here will not be the

strength criterion, but the durability.



1.2 Objective and Scope

As stated above, being a relatively new construction material, very little
information on SIFCON durability characteristics is known from published
previous researches. In light of this, the objectives of this study are to
investigate and provide information about various aspects of SIFCON
durability, mainly permeability, resistance to chloride penetration, freezing
and thawing and drying shrinkage. This information will help in providing
the necessary database and knowledge about the ability of SIFCON to
withstand the conditions for which it has been designed without deterioration,
especially when it is intended to be used in aggressive environments like the
cases of marine structures or bridges subjected to freeze-thaw damage and
de-icing salts in cold regions. The understanding of SIFCON behavior related
to durability will help in achieving a rational design of structure using

SIFCON where corrosive or an aggressive environment prevails.

The scope of the study was designed in a way to serve the planned objectives.

It involved conducting a number of tests related to durability, and for every

one of these tests the following parameters were studied:

(@) Investigation of the effects of SIFCON matrix type, slurry or mortar, on
durability, to define the most appropriate mix design when high durability

IS required.

(b) Studying the effects of using different volume fraction (contents) of steel
fibers, to decide on the most desirable fiber content. Three different

volume fractions were used, 7 %, 9.5 % and 12 %.

(c) Investigating the effects of steel fiber type, i.e. its geometrical shape. The
comparison was made between the most widely used steel fiber shapes,

which are hooked and crimped fibers.



For every test and every investigation, in addition to the inter-comparisons
between SIFCON specimens themselves, the results were compared to
reference conventional concrete specimens which designed to be a low

permeability concrete of good quality as a control mix.

Furthermore, a complete set of SIFCON and control concrete specimens were
mechanically tested to confirm the stress-strain behavior of SIFCON used in
the research. The aim of this was to make sure that trends found in literature
can be achieved using SIFCON made in this study. In addition, stress-strain
investigations provided some useful information which could not be found in

previous studies.

In Chapter 2, a literature survey is made on SIFCON, concentrating on
preparation, mix proportions, mechanical properties and applications.
Experimental program is discussed in Chapter 3, including materials
properties and details of tests conducted on SIFCON and control concrete.
The results of the experimental studies are presented and discussed in
Chapter 4. Finally, the conclusions and recommendations of the research are
stated in Chapter 5.



CHAPTER 2

LITERATURE REVIEW AND BACKGROUND

2.1 Introduction

SIFCON was first developed in 1979 by Lankard Materials Laboratory,
Columbus, Ohio, USA, by incorporating large amounts of steel fibers in steel

fiber reinforced cement-based composites [4].

SIFCON is similar to fiber reinforced concrete in that it has a discrete fiber
matrix that lends significant tensile properties to the composite matrix. The
fiber volume fraction, Vs (volumetric percent of fibers), of traditional fiber
reinforced concrete is limited by the ability to effectively mix the fibers into
the fresh concrete. This limits the fiber volume V; to between 1 % and 2 %,
depending upon the type of fiber used and the required workability of the
mix. On the other hand, SIFCON specimens are produced with V; between
5% and 30 % [4, 5].

The fiber volume depends upon the fiber type, i.e. length and diameter, and
the vibration effort utilized to fill the form. Smaller or shorter fibers will pack
denser than longer fibers, and higher fiber volumes can be achieved with

added vibration time.

2.2 Preparation

Analogous to prepalced aggregate concrete, SIFCON is prepalced fiber

concrete with the placement of steel fibers in a mold or form, or on a
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substrate, as the initial construction step. Fiber placement is accomplished by
hand, Figure 2.1, or through the use of commercial fiber dispersing units. As
stated before, the amount of fibers that can be incorporated depends on fiber
dimensions, especially aspect ratio (l/d), fiber geometry, and placement
technique. External vibration can be applied during the fiber placement

operation. The stronger the vibration, the higher achievable V.

Figure 2.1: Placement of steel fibers in a mold
The first step in the preparation of SIFCON

One of the important aspects in the fabrication of SIFCON is fiber
orientation. As might be expected, when steel fibers are placed onto a
substrate or into a mold, a preferred fiber orientation occurs. The orientation
is essentially two—-dimensional, perpendicular to the gravity vector. The

orientation effect is more exaggerated with some fibers than with others. In



general, there is a trend toward a three-dimensional fiber orientation that

accompanies reduction in fiber diameter and aspect ratio [1].

The fiber orientation phenomenon must be considered when designing field
installations of SIFCON or in preparing laboratory specimens. The
preparation of test specimens of SIFCON requires special considerations
relating mainly to the need of avoiding non-uniform fiber distributions and of
avoiding unfavorable fiber orientation. The fiber density at the edges of the
mold can be much less, compared to the interior. Additionally, a number of
fibers may align vertically (parallel to the long cylinder axis) along the outer
surface. Figure 2.2 depicts the edge effects in molded SIFCON.

One way to avoid the fiber orientation and edge effect problems is to cast a
slab and obtain the test specimens by coring. Here again, attention should be
paid to the orientation of fibers. If fibers are aligned along the diameter of the
cylinder, a much higher compressive strength can be expected compared to a
cylinder in which fibers are aligned along the axis of the cylinder. Actually, it
is reported that specimens with fibers perpendicular to loading axis may
exhibit twice the strength of specimens with fibers placed parallel to load
direction, Figure 2.3 [1]. Cylinders shown in the Figure 2.3 are cored

vertically and horizontally from a slab with horizontally placed steel fibers.

Once the steel fibers have been placed on a substrate or in a mold, then they
are infiltrated with a fine-grained cement-based slurry. The slurry must be
flowable and liquid enough and have sufficient fineness to infiltrate
thoroughly the dense matrix in the fiber-filled forms. The infiltration step is
accomplished by simple gravity-induced flow or gravity flow aided by
external vibration or pressure grouting from the bottom of the bed [4]. Slurry

infiltration by gravity flow aided by a vibrating table is shown in Figure 2.4.



Figure 2.2: Fiber orientation and edge effect in a molded
SIFCON cylinder specimen [1]
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Figure 2.3: Orientation of fiber in cored SIFCON as influenced by the
coring direction with respect to fiber placement direction [1]



Figure 2.4: Slurry infiltration aided with external vibration

The choice of infiltration technique is dictated largely by the ease with which
the slurry moves through the packed fiber bed. Figure 2.5 shows an example
of what happens if the slurry is not flowable enough, or if the vibration is not
intense enough. The degree of voids or honey combing extent depends on

how flowable is the slurry, and how strong is the vibration.

2.3 Materials and mix proportions

The primary constituent materials of SIFCON are steel fibers and cement-
based slurry. The matrix can contain:

(@) Only cement (slurry or cement paste).

(b) Cement and sand (mortar).

(c) Cement and other additives (mainly fly ash or silica fume).

In most cases, high-range water-reducing admixtures (superplasticizers) are
used in order to improve the flowability of the slurry to ensure complete

infiltration without increasing the water-cement ratio (W/C). The dosage of
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superplasticizers has the greatest effect on fluidity, cohesiveness and

penetrability of cement slurries.

Figure 2.5: An example of failed preparation because of the

lack of fluidity of slurry
The dense fiber network is also clear in the figure

2.3.1 Steel fibers

A large variety of steel fibers have been investigated for use in SIFCON. To
develop better mechanical anchorage and bond between the fibers and the
matrix, the fibers can be modified along its length by inducing mechanical
deformations or by roughening its surface. The most widely used types are
hooked and crimped fibers. Surface deformed and straight fibers are used
also, but they are less popular [5-8].
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In most cases, the cross section of steel fibers is circular. It can be also
rectangular, square, triangular or flat [10]. Typical examples of steel fibers
used for SIFCON are shown in Figure 2.6. In most applications in the USA
and Europe, steel fibers with hooked-ends have been used [2]. Most common
steel fibers have a length from 25 to 60mm, and a diameter ranging from 0.4
to 1 mm. Their aspects ratio (I/d), that is, the ratio of length over diameter or
equivalent diameter, is generally less than 100, with a common range from 40
to 80 [9].

Smooth surface {round, fiat or of any shape)

Indented, etched, roughened surface

Round with end paddies

Round with end buttons

r:\: Round with hooked ends //:]

Crnimped (round, flat or of any section)

e e R

Folygonal twisted (new)

Figure 2.6: Typical profiles of steel fibers commonly used in SIFCON [9]
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2.3.2 Matrix

The matrix of SIFCON does not contain coarse aggregate which, of course,
cannot infiltrate through the tiny spaces between the steel fibers. The matrix
compositions investigated in literature include cement, cement-sand, cement-
fly ash, cement- silica fume, cement-sand-fly ash and cement-sand-silica
fume [5, 6, 11-19]. Matrices containing mineral additives such as fly ash or
silica fume were found to have better shrinkage characteristics [2]. Typically,
silica fume addition is reported to increase the strength, where as the addition
of fly ash results in some reduction in strength [7]. Moreover, an increase in

the proportion of sand is reported to increase the compressive strength [10].

2.3.3 Mix proportions

The primary variables in the mix proportioning are fiber content and matrix
composition. The fiber volume fraction is commonly controlled by the
placement technique and the fiber geometry. The recommended water-
cement ratio for the slurry (matrix) is 0.4 or less. Superplasticizers (SP) can
be used, if necessary, to improve the flowability of the slurry, which should
be liquid enough to flow through the dense fiber bed without leaving
honeycombs. Only fine sand should be used. Very fine sand of less than 0.5

mm in size is reported to use in preparing mortar SIFCON [1, 4, 5].

If fly ash is used as a cement replacement additive, about 20 % of the cement
could be replaced with fly ash. If silica fume is used, the recommended
dosage is 10 % by weight of cement. Both Type | and Type Il (ASTM)
cements can be used [2]. Table 2.1 shows some slurry mix designs by relative

weight of constituents as taken from 11 different studies dealt with SIFCON.
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Table 2.1: Some SIFCON slurry mix designs from the literature (by
weight of cement) [5, 6, 11-19]

SIFCON Composition
Reference _ Fly Ash or
No. Cement @ Fine Water @ Silica SP
Sand
Fume
5 1 0.2 0.355 0.2 0.02
1 0.3 0.255 0.2 0.04
6 1 - 0.3 0.1 0.048
Not
1 1 2 0.6 ) reported
1 - 0.36 - 0.03
12 1 - 0.5 - -
Not
1 1 0.6 0.2 reported
1 0.8 0.53 0.2 repl)\lo?:e ;
13
1 0.6 0.45 0.2 rer';')?:e ;
Not
1 i 0.36 0.2 reported
14 1 1 0.4 - 0.013
1 1 0.32 - 0.035
15 1 1 0.48 0.2 0.02
16 1 - 0.36 0.2 0.03
1 - 0.325 0.25 0.04
1 15 0.4 0.2 0.01
17 1 1 0.32 0.2 0.02
1 0.5 0.24 0.2 0.03
18 1 1 0.45 - 0.032
19 1 0.9 0.5 0.3 0.024

Y In all references, Type I Portland cement was used, except for references 6 and 11 where
Type Il was used.
@ 1n all references Fly ash was used, except for reference 6 where silica fume is used.

As can be seen from Table 2.1, using mortar is more popular than slurry for
making SIFCON. The sand proportion to cement by weight ranges from 0.2

to 2, and it is equal to 1 in most cases. Adding fly ash is popular as well to
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improve the mix properties. In most cases, using superplasticizers is
inevitable because of the relatively low W/C ratio, and the need to produce a

highly flowable mix.

2.4 Engineering properties of SIFCON

2.4.1 Unit weight

The unit weight of SIFCON is typically higher than concrete and normal
FRC because of the relatively heavy weight of the high fiber content. For a
slurry unit weight of 1920 kg/m®, the addition of steel fibers results in an
increase in density varying from 2160 to 3130 kg/m®, for steel volume
fraction ranging from 5 to 20 volume percent. The unit weight increase is

almost linearly proportional to the fiber content, as shown in Figure 2.7 [1].

Fiber content (%)

Figure 2.7: Effect of steel fiber content on the unit weight of
SIFCON [1]
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2.4.2 Behavior in compression

SIFCON is known for its high compressive strength. The highest
compressive strength reported for SIFCON is 210 MPa [1]. The composite is
also very ductile as compared to a plain matrix. The compressive behavior of
SIFCON was investigated using both cast and cored cylinders, and the
variables investigated included [1, 5, 7]:

(a) Fiber orientation effect - parallel and perpendicular to the loading axis.

(b) Fiber geometry - hooked ends, crimped and deformed.

(c) Matrix composition - plain cement matrix, matrix containing sand or

fly ash, silica fume, or their combinations.

The following is a summary of the results of various investigations.

i)  Compressive Strength:

Compressive strength of SIFCON depends on mix design, matrix strength,
fiber orientation, fiber volume fraction, and fiber geometry. Since fibers
themselves do not break, the tensile strength of fibers does not influence the
compressive strength of SIFCON. Table 2.2 presents the range of
compressive strengths obtained from various fiber types and matrix mix
proportions, while Table 2.3 shows the properties of steel fibers used in the
investigation [5]. For every mixture, the resulted compressive strength value

depends on fiber orientation, content, type, and dimensions.

Strength of SIFCON may be 2 times the strength of the plain matrix. An
increase in matrix strength results in an increase of SIFCON compressive
strength. Fiber geometries showed less influence than matrix strength. The
SIFCON strength is higher when fibers are oriented perpendicular to loading
axis, but it should be noted that even if dominant alignment was

perpendicular to loading axis, some fibers are still aligned in other directions.
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Table 2.2: Reported slurry mix designs and strength values [5]

Mix No. | Mix Constituents | Relative Weight | W/C® | Strength
of Constituents Range
(MPa)

Type | cement 1 0.30 52

1 Fly ash 0.20

to

Water 0.36
Sp 0.03 117
Type | cement 1 0.35
Fly ash 0.20 41

2 Silica slurry @ 0.20 to
Water 0.355 93
SP 0.02
Type | cement 1 0.30
Fly ash 0.20 41

3 Silica slurry @ 0.30 to
Water 0.255 86
SP 0.04
Type | cement 1 0.26 69

4 Fly ash 0.25

to

Water 0.325
SP 0.04 12l

™ wic is water/cementitious materials ratio including fly ash and silica.
@ A slurry of approximately 50 % water and 50 % amorphous silica particles by weight.

The effect of the water/cementitious ratio on the compressive strength of
SIFCON is shown in Figure 2.8 [8]. In that study, all mixes had an 11.6 %
volume fraction of steel fibers with hooked ends. The fibers were 30 mm
long and had a diameter of 0.5 mm, which makes the reinforcing index
equals to about 700.
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From Figure 2.8, it can be noticed that the matrix strength is influencing the
composite compressive strength significantly. A higher matrix strength could
be obtained by using a lower wi/c ratio or lower fly ash content. The strength
of SIFCON also increases with age as the matrix matures to attain higher

strengths.

Table 2.3: Reported fiber properties [5]

) ) Aspect | Volume | Reinforcing
Fiber Length | Diameter ] _
- (mm) (mm) Ratio, | Fraction, Index
e mm mm
P (I/d) Vs (%) (Vel/d)
Crimped 25 0.9 28 20t0 23 | 560 to 644
Hooked 30 0.5 60 10to 12 | 600 to 720
Deformed 30 0.5 60 10to 12 | 600to 720

Typical failure mode of SIFCON in compression seems to be shear failure,
Figure 2.9. The size of cylindrical specimens shown in this Figure is 3x6 in
(7.62x15.24 cm), with I/d = 2. Even longer specimens with an I/d ratio of 4

are reported to have shear failure as well [5].

Cored specimens sustain 15 % to 30 % more failure load than cast specimens
[5]. The difference could be the result of better fiber packing in the cored

specimens as discussed earlier.

il) Stress-strain behavior in compression:

Even though SIFCON has typically higher compressive strength than normal
concrete, its uniqueness is much more important in the area of energy
absorption, ductility and toughness. A great energy absorbing capacity and a
ductile mode of failure, make SIFCON suitable and perfect for applications

involving impact, blast, and earthquake loading.
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Figure 2.8: Compressive strength vs. water/ binder ratios [5]

Figure 2.9: Tested SIFCON compression specimens showing
consistent shear failure [5]

Typical stress-strain (load-deformation) relationships of SIFCON in
compression are presented in Figures 2.10 to 2.13 [1, 5]. The study of those
figures leads to the following observations:

(a) SIFCON has a quite large strain capacity.
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(b) The energy absorption could be 1 to 2 orders of magnitude higher than
that of a plain matrix.

(c) Fiber orientation that is perpendicular (normal) to the loading axis results
in not only higher strength but also higher ductility. This should be
expected because, as the concrete cracks and expands along the diameter,
the fibers provide confining effect, improving both load capacity and
ductility. Fibers with better bonding capacity provide better results
because they can transfer more loads across the cracks.

120,000 —

140 MPa

8.7 wo, 20 mm x 0.25 mm &
125 MPa

100,000 |—

1,5 win,

B 20,000 — 30 mm x 0.50 mm @

60,000 —

40,000

Compressive Load

5.6 wo, 50 mm x 0.50 mm ®

7.3 wo, 60 mm x 0.820 mm @
25 MPa

20,000
Cornventicnal PCC

| 50 S I - N

2 4 B : 10 12 14 16 18 20 22 24
Deflection, mm

Figure 2.10: Typical load-deformation behavior for 10.2x17.8 cm
cylindrical SIFCON specimens [1]

Here a deformation of 24 mm corresponds to a strain of 0.135

Attempts have been made to measure the elastic modulus of SIFCON
composites. For these measurements, the compressive strength-strain
relationship between zero stress and 20 % of the ultimate stress was used.

Values obtained have typically ranged from 14 to 24.5 GPa. [5]. Another
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study reported almost the same range (14.7 to 24.5 GPa) [13]. Comparing
this range to report typical values of elastic moduli for normal-strength
concrete (20 to 40 MPa) which ranges from 21 to 34 GPa [20], leads to the
conclusion that modulus of elasticity of SIFCON is slightly lower than the
normal concrete modulus. This is a result of the absence of coarse aggregate

and the high cement contents in SIFCON matrices.

(a) Loading parallel to fiber axis, mix no. 2
(Table 2.2), cored specimens

Compressive st

Strain (%)

(b) Loading normal to fiber axis, mix no. 1
(Table 2.2), cored specimens

Figure 2.11: Typical effects of stress-strain curve of
SIFCON in specimens [5]
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Figure 2.12: Typical stress-strain curves of SIFCON in compression

for different mix designs [5]
Mix details are presented in Table 2.2
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Figure 2.13: Typical stress-strain curves of molded and cored
SIFCON specimens in compression (Mix 1, Table 2.2) [5]
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2.4.3 Behavior in tension

The tensile strength of SIFCON can exceed 20 MPa, compared to the plain
matrix of 7 MPa [6,16]. Tension tests consisted of uniaxial tensile tests on

dog bone-shaped prism specimens, Figure 2.14.

The investigated variables included [6, 8, 16]:
(@) Fiber type and geometry consisting of straight, hooked and surface
deformed fibers.
(b) Fiber volume fraction ranging from 5 % to 13.8 %.
(c) Matrix composition using admixtures and W/C ratio ranging from
0.26 to 0.45.

The fibers were manually distributed into the molds and oriented as much as
practicable in a direction parallel to the loading axis of the test specimens.
The molds were placed on vibrating tables and subjected to vibration during
fiber placement to obtain compaction of fibers. Alignment was more effective

in the narrow testing region of the molds.

2 Gage LVDTs fixed
o

———o 0 opposile sides
of the specimen.

6" Gauge Lenglh

| 1.5°

- 3"x3"x18" Prisms
- 3"x1.5" Testing Area

Figure 2.14: Tension dog bone specimens [16]
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The following sections provide a brief review of SIFCON behavior under

tension.

1) Tensile strength:

As mentioned previously, the tensile strength of SIFCON is about three times
the strength of the plain matrix. Table 2.4 presents the tensile strengths for
various combinations of SIFCON matrix compositions, fiber types and fiber

volume fractions. The results indicate the following trends:

(a) A matrix containing either fly ash or silica fume provides higher strength
than a plain matrix, and matrix containing silica fume provides the highest
strength. Since failure occurs by the debonding of fibers and spalling of

the matrix, a denser matrix can be expected to provide a better strength.

(b) Lower water-cement ratio results in better matrix bonding and hence
provides higher tensile strengths. The differences are higher for fibers
with relatively weak bond strength. For example, in the case of hooked
fibers that have good mechanical bond, lower water-cement ratios do not

improve the tensile strength significantly.

(c) Tensile strengths are greater for fiber volume fractions higher than 10 %

compared to volume fractions lower than 10 %.

(d) Overall, tensile strengths higher than 14 MPa can be expected for
matrices containing silica fume and a fiber content of about 8 %, or

matrices containing fly ash and a fiber content of about 12 %.

il) Stress-strain behavior in tension
As in the case of compression, SIFCON exhibits high ductility in the tension

mode. Typical stress-strain curves obtained using different fiber types and
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volume fractions are presented in Figures 2.15 and 2.16. Figure 2.15 shows
the stress-strain curves for specimens containing hooked-end fibers and a
matrix made with silica fume. Figure 2.16 presents results for specimens

made by using a plain cement slurry and three different types of fibers.

Table 2.4 Tensile strengths of SIFCON [6, 8, 16]

Water- Tensil
Sample Matrix cement Fiber Volume strength Rimarks
no. constitutents ratio” type, I/d fraction % (MPa)
2 o g v 19mm
°+10% SF : HE, 50/.5 5 13.6 4
1_ L‘ 10 ; hl— “'.5 II}-‘, oo 3 J 36l thick
2 C+10% SF 0.3 HE, 50/.5 8 15.7 specimen
3 C only 0.45 DF, 30/.5 8.5 7.0
4 C only 0.45 ST, 25/4 8.5 4.0
5 C only 0.45 HE, 30/.5 8.5 9.2 -
6 Conly 0.45 HE, 30/.5 13.5 14.1 IR0
- - : ar N AT A 5 g thick
C only 0.35 HE, 60/.8 7.4 6. a specimen
8 C only 0.35 EE, 25/.5 9.9 7.8
9 C only 0.35 HE, 50/.8 EE 6.5 + 4.0 6.9
10 C only 0.45 HE,60/8+ EE 6.1 + 4.2 10.7
11 C+20% FA 0.35 HE, 30/.5 7 15.6 37
12 C+20% FA 0.35 DF, 30/.5 12.6 10.9 i
13 C+25% FA 0.26 HE, 30/.5 12.1. 15.7 specimen
14 C+25% FA 0.26 DF, 30/.56 13.8 16.1
* Weight of fly ash was included with the weight of cement for water-cement ratio.
C = cement | = length of fiber (mm)
SF = silica fume d = diameter of fiber (mm)
FA = fly ash 1in. = 25.4 mm
HE = hooked ends 1 ksi 6.89 MPa
DF = deformed EE = deformed
ST = straight

In all cases, the stress-strain (load-deformation) curves have three distinct
regions. The first part, which is primarily elastic, is very steep. After the
initiation of micro cracks, the curve becomes nonlinear, representing post
crack behavior. A well-defined descending branch exists for all the fiber and
matrix combinations investigated.
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Figure 2.16: Tensile stress-displacement curves of various fiber
types and contents in a mix of W/C of 0.45 [8]

25




Specimens with fibers oriented parallel to the loading direction and
specimens containing a cement silica-fume matrix exhibit a longer plateau
near the peak load. The descending parts of the stress-strain curves are also
less steep for these specimens. The specimens could sustain peak load at
strains as great as 20 %. Compared to plain slurry, the toughness index of
SIFCON in tension evaluated at 0.02 strain can reach 1000 [16].

2.4.4 Behavior under flexural loading

In most field applications, SIFCON is subjected to bending stress, at least
partially. Hence, the behavior under flexural loading plays an important role
in field applications. Flexural tests have been conducted using SIFCON
beams both under static and cyclic loading [4, 6, 21, 22]. The investigations
were designed to evaluate the various fiber lengths, types, contents, and
matrix compositions. The typical load-deflection response is shown in Figure
2.17. That study dealt with 19 mm thick SIFCON beam specimens cut from a
slab with a 76 mm width and 356 mm length.

i

> 10 15
1200

T T T

fiber volume content:
10% \

=

1b.

B00

Load,
kN

&00

1] 0.25 0.50 0.75

Deflection, 1in.

Figure 2.17: Load-deflection curves in flexure for hooked-end

fibers with | =30 mm and d = 0.5 mm [21]
For mix design, see Table 2.1 [Ref.6]
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1) Flexural strengths:

Table 2.5 presents the flexural strength of four fiber lengths and various fiber
contents. In all cases the slurry was made of cement +10% silica fume with a
W/C ratio of 0.3. Amount of super plasticizer was 4.8 % by weight of
cement. The flexural strength was computed using the average maximum

load of three specimens, and the classical bending theory equation [21].

Figure 2.18 presents the variation of flexural strength for different fiber
contents and lengths. The study of Table 2.5 and Figure 2.18 leads to the

following observations [21]:

Table 2.5: Flexural strength of SIFCON [21]

Fiber
(length/dia.)

(mm)

Fiber Volume (%)

Maximum Flexural
Strength (MPa)

30/0.5

55.2
61.8
91.9
62.7

40/0.5

46.9

67.7
75.4
76.5

50/0.5

36.5
58.8
78.6
73.7

60/0.5

= = B
B oo u|loo o MG oo rG e oo

49.6
53.7
72.1
63.4

(a) The flexural strength of SIFCON is an order of magnitude greater than the

flexural strength of normal fiber-reinforced concrete.
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(b) For a constant fiber length, the flexural strength increases with the volume
fraction of fiber only up to a certain limit. After certain fiber content, the
bond strength decreases because of the lack of matrix in between the
fibers, thus reducing the flexural strength. The optimum fiber content

seems to be in the range of 8 % to 10 %.

(c) The optimum fiber volume seems to decrease with an increase in fiber
length. For the same fiber volume, longer fibers provide a slight increase

in flexural strength.

G0 m ,l’r\ l
e ) \
10 m1 A /
Umm ——o / \
\
...... —— /
e ; \\
11.0 __'_},f_ — \
g 527 \
- / \
= / \
f \
= - \
= //.i -

Fiber content (%)

Figure 2.18: Flexural strengths versus fiber contents [21]

i) Load-deflection behavior in flexure:
The load-deflection behavior of a SIFCON shown in Figure 2.19 is quite

different from the load-deflection behavior of typical FRC beams. The curves
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have a relatively short linear elastic response and a considerable plateau at
the peak. The beams can also sustain a high percentage of peak loads (more
than 80 % of peak load) even at large deflections. Figure 2.19 shows a
comparison of the load deflection curves for a SIFCON specimen, a fiber
reinforced concrete specimen, and a plain concrete specimen. While fiber
length and fiber volume fraction influence strength, Figure 2.18, the ductility

IS not affected by either of the variables, as shown in Figure 2.20.

Figure 2.21 presents the comparison of load-deflection behavior for
specimens made with and without silica fume. All the specimens had 8 %
fiber content. As can be seen from this figure, the use of silica fume increases
the flexural strength, and hence the toughness substantially. This increase can
be explained by the fact that the silica fume results in a much denser matrix.
The increase in the matrix density possibly provides as much improvement in
bond between the matrix and the fiber as in the compressive strength. The

predominant failure pattern is by the pulling out of the fibers [21].
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Figure 2.19: Comparison of load-deflection curves for SIFCON,
ordinary FRC with 2% steel fibers, and plain matrix [22]
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Figure 2.21: Comparison of load-deflection behavior of
beams with and without silica fume [21]

The addition of sand beyond a cement-to-sand ratio of 1:1 decreases the

compressive strength, whereas the flexural strength reduction starts when the
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cement-to-sand ratio exceeds 1:1.5. The decrease in compressive strength is
more rapid than flexural strength, the limited available results indicate that
sand can be added to cement up to a ratio of 1:1.5 (cement: sand) without
adversely affecting the flexural strength. These results are consistent with the

results reported for compressive strength [2, 21].

2.4.5 Behavior in shear

The shear strength of FRC has been extensively studied [6, 14, 23, 24].
However, the equation for the shear strength predictions in FRC does not
give accurate results for shear strength prediction in SIFCON [23,24]. Shear
tests on SIFCON have been performed with direct shear specimens [6],
torsion specimens [23], direct, double shear specimens [14], and specimens
under combined tension and shear [24]. Figures 2.22 and 2.23 show two

examples of shear specimens used in the investigations.

Each of these tests was performed with various slurry strengths, fiber
reinforcement indexes (V¢ I/d), and fiber types. Figure 2.24 shows the
variation of load with respect to slip at shear plane [6]. The shear strength
was computed by dividing the max load by the area of the shear plane. The
average shear strength in this study [6] was 30.9 MPa, compared to about 5.5

MPa for plain concrete.

The results of another study are shown in Figure 2.25. In this study, the shear
strength at maximum load was 2.8 MPa for the plain slurry and 2.9 MPa for
the plain concrete. The addition of 6 % steel fibers by volume to the slurry
matrix increased the shear strength about 10 times to 4 ksi (28 MPa) [14].
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Figure 2.25: Shear stress versus slip response of SICON [14]
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It is generally agreed that fiber orientation is the most important factor
affecting SIFCON shear strength and behavior [23, 24]. Specimens with
fibers oriented normal to the shearing plane (fibers bridging the shear plane)
generally could not be failed. Regarding fiber type, hooked fibers performed
substantially better than straight fibers. Dowel reinforcement across the shear
plane increased the shear strength by only 12%. The major advantage of
dowel reinforcement was to improve the post peak behavior of the
specimens. Dowel reinforced SIFCON specimens exhibited energy
absorption values 1000 times greater than unreinforced concrete [14].

2.4.6 Bond of bars embedded in SIFCON

The bond characteristics of reinforcing bars embedded in SIFCON have also
been investigated [17, 25]. The SIFCON was prepared with 5 % of hooked
steel fibers of 50 mm long and 0.5 mm diameter. The compressive strength of
SIFCON was 61.4 MPa. Based on the test results conducted in those studies,

the following conclusions were drawn:

(a) SIFCON led to a significant increase in the bond strength of deformed
reinforcing steel bars. Average bond stresses ranging from 14 to 28 MPa
were observed. This range was between 2 and 4 times that of bars

embedded in plain concrete.

(b) The initial bond stiffness was at least 5 times higher than that observed for

plain concrete.

(c) Pullout work, or dissipated bond energy, was over 20 times greater than

that for plain concrete.

(d) Reinforcing bars embedded in SIFCON can resist slip up to 10 times
more than when embedded in plain concrete and still maintain the peak

load.
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(e) No cracking was observed up to 70% of the peak load.

(f) Cover as small as 13 mm resulted in better performance than plain

concrete.

In brief, reinforcing bars embedded in SIFCON exhibit higher bond strength,
energy absorption, and load levels at larger slips than bars embedded in plain
concrete or FRC.

2.5 Durability of SIFCON

As mentioned earlier, very little information is available in literature about
durability aspects of SIFCON. The only available information was solely
about drying shrinkage and resistance to freezing and thawing. The following
sections present the available results of those two aspects of SIFCON

durability.

2.5.1 Drying shrinkage strain

The drying shrinkage behavior of SIFCON is illustrated in Figure 2.26 along
with that of unreinforced slurry. The data shown in the figure were obtained
from 7.6 x 7.6 x 28.6 cm beam specimens that were cured for 28 days before

placing in a room at 23 °C and 50 % relative humidity [1].

The unreinforced slurry has exhibited a continual and large drying shrinkage
strain over the 180 days exposure period. As can be seen from the figure,
plain slurry can exhibit shrinkage strain up to 1500 micro-strains (0.15 %) in
28 days, and grow to 2500 micro-strains (0.25 %) in 100 days. However,
SIFCON with 5 % to 18 % fiber volume fraction exhibits relatively low
shrinkage strain between 200 and 500 micro-strains, in spite of the high

cement content of the matrix. SIFCON strains peaked somewhere between 7
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and 28 days. For exposure periods beyond 28 days, the SIFCON specimens

have shown no significant further shrinkage despite continued shrinkage

strain in the plain concrete. The magnitude of drying shrinkage strain for

SIFCON in Figure 2.26 is within the range exhibited by conventional

Portland cement concrete [1].
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Figure 2.26: Drying shrinkage of SIFCON and
plain unreinforced slurry [1]

The low shrinkage of SIFCON compared to plain slurry is probably due to

the high fiber content, as well as to the nature of the reinforcing bed, in which

the fibers form contact with each other, generating a fiber interlock effect

[26]. Generally, the addition of sand reduces the shrinkage of the matrix

considerably. Hence, SIFCON made with cement-sand mortar can be

expected to have much less shrinkage strain than that shown in Figure 2.26,

in which the slurry was made using only cement [2].
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Actually, on this only available study on drying shrinkage of SIFCON, the
author did not give the details of mix design, or explanations for the reason of
exhibiting some increase in specimens lengths after the peak strain value, as

can been seen in Figure 2.26.

2.5.2 Resistance to freezing and thawing

The durability SIFCON under freezing and thawing was evaluated previously
in only one study [27]. The investigation was conducted using the rapid
freeze-thaw procedure similar to the one recommended in ASTM C 666,
Procedure A. Essentially, 4 sets of specimens containing 4 different fiber
length (30, 40, 50 and 60 mm) subjected to 300 cycles of freezing and
thawing. The temperature range was -17.8 °C to 4.4 °C approximately, and
each cycle had a period of 4.5 hours. SIFCON prismatic specimens were
made of cement + 10 % silica fume with a W/C ratio of 0.3. Fiber volume
fraction was kept constant at 8 %. The size of prism specimens used in the
test was 19 mm thick, 76 mm width, and 356 mm length. 50 mm slurry cubes

were also subjected to the freeze-thaw cycles.

Half of the slurry cubes disintegrated in the freeze-thaw chamber where none
of the SIFCON prism specimens disintegrated. However, there was
considerable scaling on the SIFCON surfaces. After the freeze-thaw cycles,
the specimens were tested in flexure. Because of the scaling, the flexural
strength reduced considerably. The reduction in strength ranged from 26 % to
43 % compared to virgin specimens. The strength reduction could have been
high because the specimens were relatively thin. There was no difference in
the ductility of the specimens. Based on those results, the author
recommended that thin SIFCON section exposed the freezing and thawing

should be protected by some kind of overlay or coating [27].
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2.6 Applications of SIFCON

Although SIFCON is still a relatively new material, the composite has been
used successfully in a number of areas, especially for applications where high
strength or high ductility or both are needed. These include a large variety of
earthquake-resistant  structures, military installations, explosive and
penetration-resistant structures. In addition to many other uses such as airport
pavements, parking lots and bridge decks. The following are some of the
successful applications of SIFCON reported in the literature. Most of them
have been applied in the USA since the early 1980’s.

2.6.1 Earthquake resistant structures

Use of SIFCON in hinge regions of earthquake resistant structures was
investigated [19]. The research studied the use of precast SIFCON flexural
hinges to increase the seismic resistance of reinforced concrete frames. It was
found that reinforced SIFCON hinges can exhibit superior performance as
compared to reinforced concrete hinges. Many problems encountered with
reinforced concrete hinges do not occur when using SIFCON hinges. For
example, greater shear strength and toughness prevent shear sliding on
through-depth flexural cracks in reinforced SIFCON. In contrast, reinforced
concrete hinges develop a through-depth flexural crack. As loading
progresses, sliding occurs on this plane, quickly degrading the structural

integrity.

Another study proved also that using SIFCON in cast-in-place connections in
framing systems permits much greater toughness and ductility than
conventional fiber concrete [11]. Figure 2.27 illustrates the application of

SIFCON joints in seismic resistant frames.
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Figure 2.27: Schematic representation of SIFCON
joints in the structural system [11]

2.6.2 Repair and retrofit of structural components

SIFCON serves as an excellent repair material because it is compatible with
reinforced concrete in terms of stiffness and dimensional changes caused by
temperature. It can be placed in hard-to-reach places and provides good
bonding to the parent concrete because of the presence of fibers. The matrix
can be modified to suit the particular repair. For example, rapid strength gain

can be obtained using accelerators [2].

SIFCON was used to repair prestressed concrete beams spanning a highway
in New Mexico, USA. The beams had been damaged by vehicle passing
under the bridge. Some of the pretensioned tendons had been exposed by the
damage. The beams were restored, using SIFCON, without removing them.
Restoration in-place not only resulted in a large cost saving but also reduced
the time of repair by a few months. The results have been satisfactory up to
reporting date (8 years after repair) [1]. In addition, SIFCON can be
effectively used along with slurry infiltrated mat concrete (SIMCON) for
retrofit of non-ductile reinforced concrete frames [18].
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2.6.3 Bridge deck and pavement overlay

SIFCON has been used for a number of bridge rehabilitation projects [28-30].
Typically, the area to be repaired is chipped off and cleaned thoroughly. The
fibers are placed in position and infiltrated with slurry. In most cases, the
infiltration is achieved by gravity alone. In certain applications, a thin layer
of coarse aggregate were placed on the surface of the still fresh SIFCON and
troweled into place to form a wearing surface. The repaired sections were

functioning well after more than 6 years of repair work.

Pavement rehabilitation is similar to bridge deck rehabilitation except that the
repair surfaces are normally large and the loading pattern is primary
compressive. The construction sequence is the same as in bridge deck repairs.
Figure 2.28 shows infiltration step in pavement rehabilitation. SIFCON was

successfully used for overlays ranging in thickness from 20 to 50 mm [31].

2.28: Infiltration of the steel fiber bed with the slurry in
pavement overlay application [31]
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The best overlay performance was achieved when SIFCON overlays were
used. SIFCON overlays require minimum thickness (13 to 50 mm), and
should be used whenever an increase in the deck dead load is a limiting
factor. SIFCON overlays are also highly recommended whenever a high early
strength, a high level of impermeability, or high fatigue resistance is required
[32].

2.6.4 Precast concrete products

A number of precast concrete products have been produced from SIFCON
including precast slabs, small vaults, and cast pipe sections [2, 4, 31, 33]. For
example, thin precast slabs that are 25 to 50 mm thick have been constructed
and used as an impact and wear-resistant surfacing over conventional
concrete. Slabs of dimensions 2.4m x 3.0m X 5cm were prepared with
anchors cast into the bottom surface. Figure 2.29 shows the placement of a
SIFCON slab into an excavated area containing fresh concrete at an airport.
The slabs, which provided good impact resistance, have been used in airport
taxiways. Precast SIFCON slabs, which supported the wheel loads of Boeing

767 aircrafts, showed no cracking through a one year service period [1].

2.6.5 Explosive-resistant structures

Because of its high flexural and compressive strength, combined with high
ductility, SIFCON is being considered for use in structures to resist the effect
of explosive loading [1, 34]. For instance, SIFCON has been used for making
containers to store various kinds of ammunition. The primary concern in this
application is to limit the spread of explosions from container to container.
SIFCON provided good resistance in terms of containing the exploded

materials in one chamber.
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SIFCON was also evaluated for missile silo structures [34]. A model of
hardened missile silo structure was constructed of SIFCON by the New
Mexico Research Institute, Figure 2.30. The silo was 6 m height, having 15
cm thick SIFCON walls sandwiched between two 6 mm thick steel plates.
First, the inner and outer steel liner sections were completely erected in 1.5 m
long sections. Afterwards, the steel fibers were placed between the liners and
then the slurry was infiltrated with the aid of external vibration in 1.5 m lifts
to obtain properly compacted composite.

Following construction, the fully instrumented silo structure was subjected to
explosive loading. The performance of the SIFCON structure in this test was
found to be excellent and even exceeded expectations [34]. SIFCON has also

demonstrated excellent resistance to the penetration of projectiles.

Figure 2.29: Installation of a precast SIFCON slab
at a commercial airport [1]
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Figure 2.30 Schematic diagram of a hardened silo
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2.6.6 Refractory applications

The concept of SIFCON has been also successfully used for refractory
applications [31, 35, 36]. Precast SIFCON elements were used in these high
temperature applications using stainless steel fibers and slurries based on
calcium aluminate cement matrix. The applications included: seal plates,
tubes used in the pressure casting of metals, plunging bells and lances for

steel desulfurizing, furnace lintels and saddle piers.
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SIFCON composites provide excellent resistance to spalling under high
temperature, thermal shock conditions and under conditions of high
mechanical abuse. Refractory SIFCON has worked far better than any other
material for this application such as steel plates and conventional refractories.
The reported performance of SIFCON in elevated temperatures application
indicates that its improved performance easily justifies its increased cost

relative to the conventional products [31].

2.6.7 Security applications

In this application, such as vault doors and safes, the product must have
excellent resistance against blasting, torching, drilling, and chipping. Both
reinforced concrete and steel have certain weaknesses. For example, steel
walls can be torched, whereas the concrete walls can be drilled or blasted to

gain entry.

Using SIFCON in this application has demonstrated its advantages over both
concrete and steel. SIFCON walls cannot be torched because concrete will
resist deterioration by heat and will also slow down heat conduction. The
composite resisted the blast loading because of its high ductility. Chipping
and drilling is very difficult because of the fiber intrusions. Hence, SIFCON
is being used successfully for various types of safe vault doors. The mix
composition used is a modified version of SIFCON. The preplaced fibers
were mixed with clean coarse aggregates before infiltration with cement-

based slurry [2].
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CHAPTER 3

EXPERIMENTAL STUDY

3.1 Introduction

The main objective of this study was to investigate various characteristics
related to the durability of SIFCON. The investigated durability
characteristics were water absorption, chloride penetration, drying shrinkage
and freezing-thawing resistance. Stress-strain behavior of SIFCON mixes

under compression was also determined.

The experimental program involved conducting tests relevant with the
durability aspects stated above on both slurry or paste SIFCON and mortar
SIFCON mixtures. Each SIFCON mix was prepared using two types of steel
fibers, hooked and crimped, and with three fiber volume fractions, 7 %,
9.5 %, and 12 %. The dimensions of steel fibers were the same. For all the
tests, comparative interpretations were made within each slurry or mortar
SIFCON, between the two types of SIFCONs used, as well as with a control
conventional concrete designed to be a low permeability, high strength
concrete. Hence, the effects of the following parameters on SIFCON
durability were investigated:

(a) SIFCON matrix types.

(b) Fiber contents.

(c) Fiber types.
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3.2 Materials

The materials used in this study included ordinary portland cement, fine
aggregate (crushed sand), mixing water, superplasticizers, and steel fibers.

The properties of these materials are presented in the following sections.

3.2.1 Cement

The cement used in all mixtures of the study was an ordinary portland cement
CEM 1 42.5 R, which corresponds to ASTM C 150 Type I cement. The
cement was obtained from SET Cement Plant in Ankara. The physical and
mechanical properties of the cement used are listed in Table 3.1, and its
chemical composition is presented in Table 3.2. All the results meet the

requirements of ASTM C150 specification [37].

Table 3.1: Physical and mechanical properties of the cement used in the

study
Test Results Related standard
Density 3.12 g/lem’ ASTM C 188 [38]
Fineness 2982 cm’/g ASTM C 204 [39]
Normal consistency 27% ASTM C 187 [40]
Soundness 0.7 mm BS EN 196-3 [41]
Setting time:
Initial 158 min ASTM C 191 [42]
Final 225 min
Compressive strength:
3 days 23.1 MPa ASTM C 109 [43]
7 days 32.6 MPa
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Table 3.2: Chemical analysis of the cement used in the study

Oxide CaO SlOz A1203 Fe,04 MgO K,0O Na,O

Content (%) | 67.01 | 18.90 | 4.74 3.03 1.76 0.70 0.51

®) The analysis was determined in accordance with ASTM C 114 [44]

3.2.2 Aggregate

The main aggregate type used in the study was crushed limestone fine sand
with a maximum nominal size of 1.0 mm. In spite of being relatively coarse
compared to the sand sizes usually used for SIFCON, using this size of sand
proved to be successful in all the SIFCON mixes of the experimental
program. A smaller size of the same crushed stone sand, maximum nominal
size of 0.6 mm, was also used in a limited part of the investigation for

comparative purposes.

For the control concrete mix, crushed limestone with a maximum nominal
size of 20 mm was used as coarse aggregate, in addition to sand of 4.76 mm
maximum size. All the aggregates used were from the same source. Specific
gravity, absorption and sieve analysis tests were carried out for the fine and
coarse aggregates in accordance with the standard test methods ASTM C
127, ASTM C 128, and ASTM C 136 [45-47]. Table 3.3 presents the bulk

specific gravity and absorption capacity of the fine and coarse aggregates.

Table 3.3: Results of SSD specific gravity and absorption of aggregates

Property . Aggregate Type
Fine Coarse
Bulk specific gravity (SSD) 2.60 2.69
Absorption capacity (%) 2.51 0.36
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As mentioned above, three gradings of fine aggregate have been used in the
mixes. For the control plain concrete, the sand has been used as it is from the
source. It is designated as FAl. Sand FAl was too coarse to be used
successfully in making SIFCON specimens. Therefore, the sand used for all
mortar SIFCON mixes, FA2, was screened on a sieve with opening smaller
than Imm. A third smaller size of sand, FA3, was obtained by sieving the
original sand on 0.6 mm sieve. This size was used only in water absorption

test for comparative purposes.

The coarse sand was sieved to obtain the required sizes for SIFCON. The
sieve analysis results of the three sizes of fine aggregate, in addition to the
coarse aggregate that was used only in making the control conventional
concrete are given in Table 3.4. Each data value given in the table represents

the average of three samples.

The grading of the coarse and fine aggregate (FA1l) used for the control
conventional concrete, conforms to the requirements of ASTM C 33 [48].
There are not any standard specifications for SIFCON constituents yet. The
most important requirement of fine aggregate used in SIFCON is its size. It
has to be sufficiently small to ensure ease of complete infiltration through

steel fibers network without clogging or honeycombing.

Figure 3.1 illustrates the grading curves for the two types of sand used for
making mortar SIFCON mixes in this study. The figure shows clearly the
difference in grain size distribution between the two types. However, both

types are well-graded.
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Table 3.4: Aggregate grading

Passing (%)

Sieve Size i i i
(mm) Coarse Fine (FA1) Fine (FA2) | Fine (FA3)
mm
(20 mm) (4.76 mm) (2.0 mm) (0.6 mm)
254 100 100 100 100
19.1 100 100 100 100
12.7 49.7 100 100 100
9.5 11.2 100 100 100
4.76 0.3 100 100 100
2.38 0 89.4 100 100
1.18 0 59.1 100 100
1.00 0 47.4 99.5 100
0.60 0 37.6 71.5 99.8
0.30 0 25.2 36.7 54.2
0.15 0 9.6 31.3 45.4
100 / /. 2
ED / //
< 6
o ./"//
a
< 40
——FAZ| |
20 —
—a—FA3

0.1 0.30

040 1.00

Sieve opening size (I

112
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Figure 3.1: Gradings of 1.0 mm and 0.6 mm sand




3.2.3 Mixing water

The METU Campus tap water was used as the mixing water. It is drinkable,
clear and apparently clean, and does not contain any substances at excessive
amounts that can be harmful for making concrete. However, distilled water
was used in preparing sodium chloride solution for chloride penetration and

freeze-thaw resistance tests.

3.2.4 Chemical admixture

Only one type of superplasticizers (SP) was used in the study. It is a high
range water reducing superplasticizing admixture named Rheobuild 1000 and
produced by Degussa Construction Chemicals Ltd. Rheobuild 1000 is a
ready-to-use, chloride free, liquid admixture which meets ASTM C 494
requirements for type A and F admixtures [49, 50]. This superplasticizer was
used for mortar SIFCON mixes where flowing properties were required, and
for the control concrete mix because of the low W/C ratio. On the other hand,

there was no need to use any superplasticizer in slurry SIFCON mixes.

3.2.5 Steel Fibers

Numerous trials were made in the preliminary stages of the research in order
to choose the appropriate fiber types. For example, it was found that using
fibers glued in bundles is not applicable for SIFCON. Fibers used in making
SIFCON have to be in a loose state (single or discrete) in order for the
mixture to infiltrate the fiber bed without clogging or honeycombing.
Therefore, glued fibers had to be dissolved and separated from each other
before placing them into the molds. The dissolving process by water was
time consuming and impractical, and still did not produce completely

separated fibers.
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In addition, it was necessary to choose fibers with equal, or at least close,
aspect ratio values, so the same fiber volume fraction can be applied with the
different types. Finally, the decision was taken to work on two different types
of steel fibers of individual form that differ only in geometric shape, and have
similar dimensions, as shown in Table 3.5. The two types are hooked and
crimped fibers (Figure 3.2), which are the most common used types in
SIFCON as mentioned previously in Chapter 2. The hooked fibers were
produced by BEKSA Celik Kord Sanayi ve Ticaret A.S., which is a branch of
the world wide known company Bekaert. The crimped fibers have been

manufactured by Polyfibers Elyaf Sanayi ve Dis Ticaret Ltd. Sti.

The hooked fibers and crimped fibers were designated as (F1) and (F2),
respectively. The volume fractions of fibers are calculated based on the

density of steel fibers which is taken as 7800 kg/m’ [51].

Table 3.5: Specifications of steel fibers used in the experimental work
(as provided by the manufactures)

Fiber brand sh Length, | Diameter, | Aspect | Tensile strength
ape i
name I (mm) d (mm) | ratio, I/d (MPa)
RL 45/50

Hooked 50 1.05 48 1050

BN
Crimped

S 50 50 1.00 50 1200
(waved)
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Figure 3.2: Fibers used in the experimental study

3.3 Experimental program

The first step in the experimental study was to prepare some trial mixes to
reach final decisions on the details of mix proportions. Types and volume
fractions of steel fibers to be used, the dimensions and types of molds, etc
were also decided after the trial mixes. In the following, the details of the

experimental program will be presented.

3.3.1 Mix proportions

The proportions of the three mixtures by weight are given in Table 3.6. Table
3.7 shows the quantities of constituents as per kg/m’. The three mixes
represent the two common types of matrices used for SIFCON, slurry or
paste (M1) and mortar (M2), in addition to a control mix of conventional
plain concrete (M3). The literature review findings, as given in Table 2.1,
helped in the design of SIFCON mixes. For the control concrete, it was
designed to have good properties especially regarding impermeability and

strength. W/C ratio was kept constant in all mixes.
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It should be noted that SP was used in mixes (M2) and (M3) only, while it

was not necessary to use it in (M1) because of its fluidity thanks to its high

water content. SP dosages were chosen to be the minimum possible dosage

giving the required workability (fluidity).

Table 3.6: Mixture proportions, by weight

Mix Coarse
) _ Type | Cement | Water | Sand SP
designation aggregate
Slu
Ml Y 1 0.4 - - -
SIFCON
Mortar
M2 1 0.4 1 - 0.012
SIFCON
Control
M3 1 0.4 1.53 2.02 0.015
concrete
Table 3.7: Mixture proportions per kg/m®
Mix Cement Water Sand | Coarse aggregate SP
M1 1356.3 542.5 - - -
M2 885.1 354.1 885.1 - 10.6
M3 475.0 190.0 725.0 960.0 7.1

Each of the SIFCON mixes was prepared using two types of steel fibers,

hooked (F1) and crimped (F2), with three volume fractions for every fiber

type, Vi =7 %, 9.5 %, and 12 %. These fiber contents were selected after

many trials on the selected types of fibers, and the different sizes of molds

used in the study.

53




It was found that the minimum practical limit that fills the molds without
using vibration is about 7 %. On the other hand, 12 % volume fraction was
approved as a maximum practical limit, even with intense vibration. In
addition to these two extremes, 9.5 % was taken as an intermediate fiber
content which can be achieved with light vibration during fiber placement

into the molds.

For every test assigned in the experimental program, several specimens were
prepared out of each batch to perform the required tests, according to the
necessary number of specimens required for each test as specified in the
related standard test methods. For most of the tests conducted in this study,
plain slurry (M1) and plain mortar (M2) samples were prepared as well and

tested, in addition to SIFCON and concrete specimens.

The above program led to six different batches that were prepared for every
SIFCON mix as shown in the following example. Every batch represents a

certain combination of mix type, fiber type and fiber content.

Example:

Mix 1 (M1) was composed of the following six batches:
MIF1-7 ® MI1F1-9.5 MIF1-12
MI1F2-7 MI1F2-9.5 MI1F2-12

) The batch designation is MI1= Slurry, Fl= Fiber typel (hooked),

7= Volume fraction of fiber.
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3.3.2 Preparation and casting of test specimens

1) SIFCON specimens

As mentioned previously in Chapter 2, the first step in preparing SIFCON is
placing the fibers into the molds, up to the required volume fraction. No
vibration was imposed during fiber placing for the specimens with a V¢ of
7 % to insure filling the molds without large voids, while a light vibration
was applied in the case of Vi of 9.5 %, and the vibration was relatively
intense in the case of the maximum V¢ (12 %) to ensure filling the mold with
the required quality of fibers. The vibration was externally applied using a

vibrating table.

The weight of steel fiber to be put in the mold depends on the required
volume fraction, the dimensions of the mold, and, of course, on the specific
gravity of the steel itself. The following example illustrates how to determine
the fiber weight to be placed in the mold on the basis of volume fraction

concept according to the required fiber content.

Mold: Cylinder

Dimensions: 68 mm diameter X 135 mm height

2
Volume of mold = z(%j %135 =490 mm’ = 0.00049 m’

Specific gravity of steel fibers = 7.8

~. Density of steel fibers material = 7800 kg/m’

7

For V¢of 7% = Weight of fibers in the mold 100 x 7800 x 0.00049

=0.2675 kg
=2675¢g
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After being filled with steel fibers up to the required volume fraction, the
molds were filled with the slurry or mortar matrix which has to be flowable
enough to ensure complete infiltration through the dense beds of fibers in the
mold. Usually, vibration during matrix placing was necessary to avoid
honeycombing or voids. Figure 2.4, shows the slurry infiltration process that

was aided by external vibration by putting the mold on a vibrating table.

The mixing procedures for slurries (pastes) and mortars were in accordance
with the requirements of ASTM C 305 [52]. For mortars, SP was added

separately and gradually during the last minute of mixing period.

if) Control concrete
Mixing of control concrete was done in a sequence that allows sufficient time
for thorough mixing of all the constituents. The concrete mixture was
prepared in about 5 minutes mixing time with a rotating planetary mixer of
150 kg capacity. The utilized mixing procedures were as follows:
(a) The mixer internal surface was first dampened with water.
(b) The sand and coarse aggregate were first mixed with 1/3 of mixing
water for 1 minute.
(c) The cement and 1/3 of the mixing water was then added, and mixed
for an additional 1 minute.
(d) Finally, the rest of the water and SP were pre-mixed and added to the

mixer and mixed for 3 minutes.

3.4 Experimental tests

The experimental program consisted, first of all, of investigating stress-strain
relationships of SIFCON to make sure that the material prepared and used in
this study possesses similar engineering trends and properties to SIFCON

known in the literature. Afterwards, a series of tests related to durability were
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performed on SIFCON specimens, and the results were compared with each
other, and with the reference concrete. This set of tests included:

(a) Drying shrinkage.

(b) Water absorption.

(c) Resistance to chloride penetration.

(d) Resistance to freeze-thaw damage.

The following sections discuss the details of the above mentioned tests. Table
3.8 presents the details of the experimental program. All mortar SIFCON
mixes (M2) are made with a sand of 1 mm maximum size. In addition to the
mixes shown in Table 3.8, a complete set of mortar SIFCON made with

0.6 mm size sand was tested for only water absorption.

3.4.1 Stress-strain relationships

As mentioned in Chapter 2, SIFCON is characterized generally with its high
strength and very high strain capacity. Although stress-strain relationships are
related to the mechanical properties of the materials, rather than their
durability, the aim was only to ensure that the procedures followed in
preparing SIFCON in this investigation would lead to a material with
mechanical properties similar to what is known from the literature.
Consequently, stress-strain properties of SIFCON in compression were

studied.

A complete set of SIFCON and control concrete specimens was prepared for
stress-strain test. The specimens were 100x200mm cylinders. Three
specimens were made from every batch, thus the total number of tested

specimen was 39.
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Table 3.8: The mixtures and tests performed in the experimental study

Specimen Designation

R A A R N
| - Ul L I ! - | o | ™
S|s|=2|2|s|s|l=2|s|=|2|5]|=
Stress /
strain |V |V |V |V |V VIV IV IVIVIVI|IV]-]|-|V
(cylinders)
Drying

shrinkage\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/

(prisms)

Wat
psorption | v | v | v [ v v Iv|vivivivivivIiviv]v
(cylinders)

Chloride
penetration | v |V |V IV IV I VIV IV IV IV IV V]| -]| - |V
(slabs)

Freezing /
thawing |V |V |V |V |V | VIV IV IV |V IV |V IV IV |V

(prisms)

(V') prepared and tested
(-) not prepared

The compression specimens were cast in cylindrical plastic molds. After
infiltration, as discussed earlier, the specimens were covered with plastic
sheets to aid in curing. The specimens were left to cure for 24 hours in the
molds in the laboratory environment. The next day the specimens were
demolded, labeled, and placed in lime-saturated water for 28 days until
testing. Actually this procedure was the same for all the other tests, with the

exception of the curing period in some cases. The specimens of chloride
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penetration and freeze-thaw tests were cured for 14 days only, in response to

the requirements of the related standard test methods.

After the curing period, all of the specimens were tested in uniaxial
compression. Prior to testing, the top and bottom surfaces of all specimens

were capped with gypsum to ensure true and parallel loading surfaces.

The testing system, Figure 3.3, consisted of a hydraulic universal testing
machine connected to a data acquisition system adjusted to take one reading
every 0.5 second. During the tests, load and deformation data were recorded

and stored by the said system, Figure 3.4.

The deformation of specimens was measured by two linearly variable
differential transformers (LVDT’s) of 50 mm range placed so as to measure
the actual specimen deformation between the upper and lower loading
platens, Figure 3.3. The average of the two LVDT readings was considered in
strain calculations. Strain was calculated by dividing the average platen
displacement by the original specimen length. The load signal was taken

directly from a 50 ton capacity load cell.

The load-deformation tests in compression were run at a strain rate ranging
from 150 to 250 microstrains per second. For every specimen, the strain rate
was almost constant. Figure 3.5 shows a typical relation between time and
strain with almost constant strain rate. This rate can be considered as
relatively high comparing to some previous studies on SIFCON behavior in
compression. For example, strain rates of 100 and 166 microstrains per

second were applied in two previous investigations [5, 19].
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Figure 3.3: The testing system of stress-strain behavior
LVDT’s are shown on two sides of the specimen, while the load
cell is located under it

Figure 3.4: The data acquisition system used in
compression stress-strain test



There are no specific requirements for strain rate in standard test methods,
even for concrete. However, the range of strain rate recorded in the
compression test in this study is still practically very small to affect the
reliability of the results. It was reported in literature that significant changes
in material response (for example, a 10 to 15 % change in compressive
strength) occur only for differences in strain rate in the order of 10 times or

more as demonstrated by the curve in Figure 3.6 [53].

Strain Rate of M2F2-12-3

0.3

0.25

0.2 A

0.15 ~

Strain

0.1 A

0.05

0 T T T T T T
0 200 400 600 800 1000 1200 1400

Time (sec)

Figure 3.5: Typical plot of strain versus time
The figure shows a constant strain rate of 0.0002 strain/sec during the test

61



200

180 |-

sec

160 —

5
<

10

140

120 + =

rate ol 6.95 X

v

1009— ‘O‘.'_/ i

Percent of strength obtained with strain

80 : : = :
107° 1077 10— 107 10—= 1071 1 10

5 : -1 :
Rate of straining (sec™ ' log scale)

Figure 3.6: Influence of strain rate on the compressive
strength of concrete [54]

3.4.2 Drying shrinkage test

In a dry environment, concrete may experience drying shrinkage. Drying
shrinkage is essentially a volume change that takes place over time due to
moisture loss from concrete. The rate of shrinkage decreases with time.
Drying shrinkage is a major concern because excessive shrinkage can affect
durability by causing cracking to concrete elements due to structural

restraints on the concrete [53, 55].

Drying shrinkage is affected by a wide range of variables including the
specimen geometry, mix proportions (mainly cement content, and W/C ratio),
the chemical and physical properties of the raw materials, and the
environment to which concrete is exposed to, especially temperature and

relative humidity. Most of the drying shrinkage takes place in the first few
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months. The tests indicate that about 70 % of 20-years shrinkage occurs in 3

months [56].

Measuring drying shrinkage of SIFCON and control specimens (M1, M2 and
M3) was made with reference to ASTM C 157 [57]. Three 70 x 70 x 280 mm
prisms were used to determine the drying shrinkage, and the average of the
three specimens was taken into consideration. After demolding, all of the
specimens were cured in lime-saturated water for 28 days, and then sorted in

the laboratory environment for the duration of the test at 23 + 4 °C and 40 +

5 % relative humidity.

The initial readings of specimens lengths were taken immediately after
removing the samples from the curing tank, i.e. the moment of starting the
duration of drying. This means that the 1-day reading, for example, refers to
the length change of the specimen after 1 day of air drying after the 28 days
wet curing period, i.e. the age of the specimen at that day is 29 days from

casting.

The drying shrinkage for every specimen was measured up to 7’2 months.
The results were recorded at 1, 3, 7, 14, 28, 56, 84, 112, 140, 168, 196 and
224 days of air drying which starts immediately after period of 28 days of
wet curing. Figure 3.7 shows the test specimens and the length measurement

device used for the determination of drying shrinkage.

The specimens length readings at each test age were compared with the initial
length comparator reading to calculate the length change of specimens which
was measured in micro-strains. The values shown in Table 3.9 can be used to

evaluate shrinkage test results for concrete in general.
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Figure 3.7: The drying shrinkage specimens and
the length measurement device

Table 3.9: Shrinkage grades for conventional concrete [58]

Shrinkage (Microstrains) Concrete class
<400 Good
400 - 600 Moderate
600 — 800 Poor
> 800 Very poor

3.4.3 Water absorption test
The durability of concrete structures is of great concern, especially in

aggressive environments. The major durability problems, such as the

corrosion of steel reinforcement, damage by freezing and thawing of water in
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pores, attack by chlorides and sulphates, were found to be controlled mainly

by the penetrability or water permeability of concrete.

Therefore, it can be said that permeability of SIFCON is of an overriding
importance with respect to durability concerns. It is believed that the major
durability problems would be of no consequence to concrete that is relatively
impermeable at the time of exposure to the environment and continues to
remain impermeable throughout the expected service life [59]. Naturally, this

applies to SIFCON as well.

In view of this, one of the major goals of the experimental program was to
evaluate the permeability of SIFCON. It was intended to use testing for
permeability as an indicator or measure of SIFCON durability. This was
achieved by conducting water absorption test on SIFCON and control
specimens in accordance with the requirements of the standard test method
ASTM C 642 [60]. This test is an indirect, yet simple for testing

permeability.

The specimens used for this test were 68 x 135 mm cylinders. The specimens
were cured in lime-saturated water for 28 days, before conducting the test
procedures specified in ASTM C 642. After the curing period, the specimens
were dried completely then immersed in tap water. The specimens were
weighed every 24 hours to check mass increases due to water absorption,
until the difference in mass between the last two measurements was smaller
than 0.5 % of the heavier mass which defines the saturation stage. The
concrete specimens were found to reach this stage in a period of 48 hours
while SIFCON specimens needed generally 3 to 4 days to reach the complete

saturation.
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For the first two hours, the test was modified to obtain also an immersed rate
of absorption. The absorption of the specimens was recorded at fixed
intervals of time during this period. These intervals were 2, 4, 9, 16, 25, 36,
49, 64, 81, 100 and 120 minutes after immersion in water. For every reading,
the excess surface water was dried off with absorbent towels before
weighing. Three specimens were tested for each case and the average result
was recorded. This test measures water flow into unsaturated concrete
through large pores, which can be considered as a measure of the relative

permeability.

3.4.4 Chloride penetration test

The ability of concrete, and SIFCON, to resist the penetration of chloride
ions is another critical parameter in defining durability, and determining the
service life of steel-reinforced structures exposed to de-icing salts or marine
environments. The resistance to chloride penetration is directly related to the
material permeability. The deterioration of concrete usually involves
movement of aggressive liquids from the surrounding environment into the
concrete followed by physical damage and chemical reactions, possibly
leading to irreversible damage. Therefore, the transport properties, rather than

the mechanical properties, are the important factors for durability.

In view of this, the resistance of SIFCON to chloride penetration has been
studied and compared with conventional concrete, to quantify durability
characteristics of SIFCON. The steel fibers in SIFCON are very close to the
exposed surface with almost no protecting cover if no overlay is used. This
makes SIFCON, theoretically, more vulnerable to corrosion caused by

chloride penetration than conventional reinforced concrete.
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The SIFCON resistance to chloride penetration is investigated by the chloride
penetration test which is described in the standard test method AASHTO T
259 [61]. This test is also referred to as the salt ponding test, and it is a long-
term test for measuring the penetration of chloride into concrete. AASHTO T
259 reasonably simulates the actual chloride ingress. However, being a long-

term test, it is not suitable for use as a quality control test during construction

[62].

The specimens used in this test were 80 mm thick and 320 x 320 mm square
slabs. A dam of 20 mm height and 20 mm width was cast as an integral part
of the slabs around its perimeter to form a basin for the chloride solution.
Figure 3.8 shows one of the plastic molds prepared especially for casting the
slabs used in this test. The inner plate was used to form the required dam on

four sides of the slab.

In accordance to AASHTO T 259 requirements, the slabs were moist cured
for 14 days, then dried in laboratory environment at about 50 % relative
humidity. After the drying period, a 3 % NaCl solution prepared with
distilled water was ponded on the top surface for 90 days. The ponding
surface area was 280 x 280 mm square. The other surfaces were left exposed
to the drying environment including the lower surface which being put on
steel bars during the test duration. Figure 3.9 schematically illustrates the test

setup.

During the 90 days period, additional solution was added whenever necessary
to maintain the 13 mm depth. The decrease in solution depth is a result of
infiltration into the samples or evaporation. After the end of NaCl solution
ponding time, the solution was removed from the slabs. Then, the slabs were
allowed to dry and they were cleaned carefully from the salt crystals and

corrosion products formed on the surface.
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Figure 3.8: A mold for chloride penetration test specimens

3 % NaCl Solution

¥4
- 13 mm

—_—» |-

Concrete Sample
P >75 mm

50 % r.h.
atmosphere

Figure 3.9: AASHTO T 259 test setup

Dust samples for chloride ion chemical analysis were taken from each slab
using 12 mm pulverizing drilling bit in three specified locations in the surface
subjected to NaCl solution ponding. From each one of the three points the
dust samples were collected carefully from five different depths. The three

samples corresponding to each depth were mixed up together to form one
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representative sample. Table 3.9 shows the details of sample depths taken

from each one of the three specified locations.

Table 3.10: Depths of dust samples collected for chloride analysis

Sample no. 1 2 3 4 5
Depth (mm) 0-15 | 15-30 | 30-45 | 45-60 | 60-75

The dust samples were sent in labeled sealed plastic bags to chemical
analysis to find the chloride concentrations in the samples with respect to
their total weight. The chemical analysis was performed in accordance with
the directions of the standard test method AASHTO T 260 [63]. Figures 3.10

and 3.11 show the sampling procedures.

The average chloride concentration at each 15 mm depth is then determined.
The net percent chloride by weight is obtained by subtracting the initial
chloride content from the chloride content of the ponded specimen. Plain
unponded samples were used to determine the initial chloride contents of the
mixes. The results were used to construct chloride ingress profiles for all the

specimens. Diffusion coefficients (D,) were also found.
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Figure 3.10: Setup of extracting dust samples of chloride

penetration test
The extraction locations are marked with circles

Figure 3.11: Collecting dust samples in sealed bags
for chloride chemical analysis
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3.4.5 Freeze-thaw resistance test

One of the major factors affecting concrete durability is the ability of
concrete to resist frost damage. Again, this property depends mainly on the
material permeability. The basic mechanism of frost damage is well known.
The formation of ice crystals can create pressure on the pore walls, and also a
flow of water out of the pores through the paste to the nearest air void. In
addition, unfrozen water is attached to the ice crystals during freezing. This
cause the slow growth of the crystals, which in turn increases the internal
stresses developed and leads to internal cracks and surface scaling [64].
Figure 3.12 is an example showing the effects of freezing and thawing on

concrete.

Figure 3.12: A typical example of deterioration in concrete

due to freezing and thawing
In addition to architectural damage, severe scaling can lead to
progressive structural deterioration
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Investigating the freeze-thaw resistance of SIFCON was a major part of the
experimental study. The frost resistance of concrete is generally determined
by subjecting specimens prepared in the laboratory to a number of cycles of
freezing and thawing in water, or freezing in air and thawing in water, in

temperature range from + 4 °C to — 18 °C.

In order to obtain results in a relatively short period, the specimens are
generally subjected to five cycles or more per day; since, as in the ASTM C

666 standard procedure, the number of cycles is often fixed at 300 [65].

The outlines of the test method ASTM C 666 were adopted in studying the
property of SIFCON resistance to freeze-thaw damage. Some changes in the
details of the method were unavoidable for practical reasons. The changes
were mainly in the temperature range and duration of cycles. The
modification made on the ASTM C 666 standard procedures would not,
anyway, affect the aim of the investigation, which was evaluating different
SIFCON mixes, and comparing them with the control concrete, as long as all
the specimens were being tested under the same conditions of temperature

range, cycles duration, etc...

The specimens used in the test were 75 x 75 x 280 mm prisms of different
SIFCON samples, and plain control mixes. Intentionally, no air-entraining
admixtures were used in the mixes. The purpose was to investigate the
behavior of SIFCON in the absence of air-entraining, and to accelerate the

deterioration.

The durability of concrete involves resistance to frost, corrosion, penetration,
carbonation, chemical attack and so on. Generally, properties of concrete
have been well understood under the separate action of these deterioration

mechanisms. However, the degradation of concrete is usually the result of
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combined action of mechanical stress, physical and chemical attack. For
example, in practice, de-icing process used for snow and ice removal in the
cold regions of the world includes the effect of chloride salt attack in addition

to freeze-thaw cycles in the same time.

Furthermore, deterioration can be accelerated by the combined action of
several deterioration mechanisms. The conclusions obtained from separate
tests are not always correct, and can have insufficient reliability. Test results
found by some researchers showed that concrete tested for freeze-thaw cycles
in chloride salt solution scaled much more severely than in fresh water [66-

68].

The reason of why chloride solution is more harmful to concrete than fresh
water is attributed mainly to osmotic and crystallization pressures that evolve
when ice starts forming in the pores, and, less importantly, to the phenomena
of temperature shock and displacement of the freezing front [69]. The
important fact remains that the damage to concrete is greatly increased in the

presence of de-icing salts.

Therefore, it is found necessary to study properties of SIFCON by subjecting
it to the combined action of freeze-thaw cycles and chloride attack. The study
aimed also to investigate the possible corrosion that may happen to steel
fibers because of the chloride penetration. Accordingly, all freeze-thaw
cycles were performed using a 3.5 % sodium chloride solution (NaCl), a
concentration proven to be the most destructive comparing to weaker or
stronger solutions [68]. Sodium chloride was chosen because it is one of the
most widely used chemical de-icers. The test solution was prepared by
completely dissolving 3.5 % mass of extra pure sodium chloride salt in 97 %

mass of distilled water.
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Specimens were kept in the NaCl solution for the whole duration of freezing
and thawing cycles. The specimens were laid in one layer with enough
spacing between them in wide open steel containers to ensure that they are
completely surrounded by the solution except for the top surface which left
exposed to air in order to provide the conditions necessary for corrosion to

occur. Figure 3.13 shows the specimens in the climate chamber.

The exposed surfaces were changed at every 50 cycles to accelerate the
degradation, and the containers were fed with solution whenever necessary to
maintain its level. The range of temperature of cycles was selected to be
-10 °C to 50 °C. This wide range (60 °C) is adopted intentionally to simulate
the climatic conditions of Turkey where the average difference between the
lowest and highest temperature throughout the year is about 60 °C according
to a survey of recorded temperatures in large number of cities around the

country in the period 1975 — 2005 [70].

In addition, it was assumed that this wide range of temperature applied in
every single cycle could accelerate the deterioration. Anyway, this change in
ASTM C 666 requirements will not affect the possibility of evaluating the
behavior of SIFCON under freeze-thaw cycles due to the fact that all the
specimens, including the control concrete, are being subjected to the same

test conditions.

After a high number of trials made on the climate chamber to establish the
most suitable duration of the freezing and thawing cycles it was decided that
every cycle will be consisting of alternately setting the room temperature at
-10 °C for about 6 hours (freezing period), followed by setting the
temperature at 50 °C for about 3 hours (thawing period). Therefore, the
duration of every cycle was approximately 9 hours. Table 3.11 shows the

durations of a typical cycle.
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Figure 3.13: Specimens subjected to freezing-thawing
cycles in the climate chamber

The temperatures at the centers of the specimens have been checked regularly
using thermocouples. It was found that the specimen temperature is around
-6 °C at the end of freezing period and increases to approximately 16 °C at

the end of thawing period.

The cycles of climate room temperatures in a typical test day are shown in
Figure 3.14. The climate room used in this test was automatically operated,
and furnished with a control panel to monitor the variations in temperature
and relative humidity and to make any necessary changes, Figure 3.15. The
room was relatively big in size with internal volume of 15.4 m’, which can

explain the relatively long time needed to reach the assigned temperatures.
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Table 3.11: The details of a typical freezing/thawing cycle

Setting Time to reach the .
. . Stoppage Total period
Period temperature required i . . .
) time (min) time (min)
°C) temperature (min)
Cooling from
-10 339 30 369
50°C to -10°C
Heating from
50 162 30 192
-10°C to 50°C
Total cycle 561
time (min) | (9hr 21min)
55
50 -
45 4
40 4
—~ 351
(@]
E 30 -
g 25
2

15

-15

/ \\// \\J/ \\

0:00

3.00

6:00

9:00 12:00 15:00

Time (hour)

18:00

21:00 0:00

Figure 3.14: Freezing and thawing cycles in a typical day
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Figure 3.15: The climate room used for freeze-thaw test
and its control panel

The total number of cycles performed was 300. Before starting the test, initial
readings of weight and ultrasonic pulse velocity (UPV) were taken for the
specimens. The (UPV) measurement is described in ASTM C 597 [71]. The
testing system consists of a pulser/receiver unit with a built-in data

acquisition system and a pair of 50 KHz transducers, Figure 3.16.

UPV measurements were conducted by pressing the transducers firmly on the
opposite ends of the specimens using petroleum jelly between the transducer
and the specimen surface. UPV computation requires the acquisition of the
pulse arrival time and specimen length. Pulse arrival time describes the
elapsed time between the time of pulse application and arrival in the opposite
face of the specimen. UPV was calculated by dividing the specimen length
by the elapsed time of pulse travel. UPV measurements are usually affected

by the internal structure of the concrete.

At intervals of 100 cycles, the specimens were again weighed and tested for

UPV. All the readings were taken in a saturated surface dry condition (SSD).
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The deterioration was evaluated by the weight loss that happens due to
scaling, and the drop in the relative dynamic modulus of elasticity (RDME)
calculated using UPV results. In addition, visual inspection and photographic
documentation in different stages of the test were taken into consideration in

investigating SIFCON resistance to rapid freezing and thawing.

Figure 3.16: UPV testing of freeze-thaw specimens

78



CHAPTER 4

TEST RESULTS AND DISCUSSIONS

The following tests were carried out within the scope of this thesis.
a) Stress-strain behavior in compression.
b) Drying shrinkage.
c) Water absorption.
d) Chloride penetration.
e) Freezing and thawing.

In the following, the results of these tests are presented and discussed.

4.1 Stress-strain properties

As mentioned in Chapter 3, the properties of SIFCON specimens were tested
under uniaxial, unconfined compression to demonstrate that SIFCON
specimens prepared for durability tests in this study had generally similar
behavior to that reported in the literature. Therefore, although the mechanical
properties are not related directly to durability, conducting this test was the

initial stage in the study.

Actually, investigating stress-strain relationships of SIFCON in this study had
advantages over previous researches for providing clearer information on the
effects of related parameters (mix type, fiber content, and fiber type) by
concentrating on only one parameter in every investigation, while keeping the

other parameters constant.
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The details of conducting the test have been presented earlier in Section 3.4.1,
while an example on part of the test raw data is shown in Appendix A (Table
A.1). The results of the test will be presented and discussed based on
toughness results. All the figures of stress-strain relationships are shown in
Appendix A. Three specimens were tested from every SIFCON mix. Figure
4.1 shows typical stress-strain relationships of some SIFCON specimens

along with the results of the reference concrete (M3).

M2F2 vs. M3
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Figure 4.1: Typical stress-strain behavior of SIFCON
The results represent selected specimens of mortar SIFCON and control concrete

The toughness of every specimen was calculated. Toughness describes energy
absorption which is given by the area below stress-strain curve. In practice,

toughness is calculated based on the area up to a prescribed strain [72, 74].
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The summary of the results of peak strength values and toughness
calculations are presented in Table 4.1. The results represent the average of

three specimens.

As mentioned above, the toughness is measured by the whole area under the
stress-strain which shows the maximum amount of energy a unit volume of
the material of SIFCON can absorb without failure. The toughness was
measured for all SIFCON specimens up to 0.15 strains. All specimens
experienced strains higher than this value. For control concrete, it is measured
up to peak stress. In addition, toughness indices were measured as SIFCON
toughness divided by concrete toughness. The index used to express

toughness of SIFCON with respect to control concrete toughness.

The irregularly shaped areas under stress-strain curves were determined by
using Simpson’s rule in Microsoft Excel. An example of toughness
calculations is given in Appendix A (Table A.2). In addition, complete
toughness-strain relationships are presented in the Appendix A, along with

stress-strain relations that are not presented in this chapter.

4.1.1 Effects of fiber content on stress-strain relationship

4.1.1.1 Slurry SIFCON
Figure 4.2 shows toughness values of slurry SIFCON specimens prepared
with different steel fiber contents (7 %, 9.5 %, and 12 %). The figure includes

also the results of control concrete (M3) for comparison.

Figure 4.2 shows also that slurry SIFCON specimens made with F1 and F2
demonstrate the general trends known about SIFCON in the literature. The
followings can be observed in Figure 4.2 in addition to Figures A.1 to A.12 in

Appendix A.
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Table 4.1: Summary of peak strength and toughness results

. Peak
Matrix type M?.S‘IX compressive Tz)g\g]]/hrg%ss Toiu ngdigess
strength (MPa)
Control M3 47.68* 205 1
Concrete (3.3) (14.4)
36.30 1777
Slurry | MIFI7 (1.8) (36.8) 8.7
SIFCON 39.97 3677
(Hooked | MIF1-9.5 (5.0) (33.9) 17.9
fibers) 53.52 5484
MIF1-12 67 (39.0) 26.7
36.67 2903
Slurry MI1F2-7 2.5) (17.8) 14.1
SIFCON 39.50 4035
(Crimped | M1F2:9.5 (4.9) (11.4) 19:6
fibers) 42.86 5048
MI1F2-12 (0.3) (25.0) 24.6
45.12 2472
Mortar | M2F1-7 2.5) (14.3) 120
SIFCON 51.32 4398
(Hooked | M2F1-9.5 @.1) (19.0) 124
fibers) 56.93 6257
M2F1-12 (16) (23.9) 30.5
Mortar M2F2-7 43.52 3500 17.0
SIFCON (A1) (37.4)
(Crimped | M2F2:9.5 55.10"" 6102 29.7
: 59.53 7076
fibers) M2F2-12 (3.9) (28.2) 34.5

) Numbers in parentheses represent the coefficient of variation (%)
) The results of only one specimen are available

(a) All specimens showed very high compression toughness (9 to 27 times

greater than the toughness of normal concrete).

(b) All specimens showed very high strain capacity (ductility) of more than
0.2. In the literature, the maximum strains presented ranged from 0.1 to
0.14 [1, 5]. In this study, strains up to 0.245 have been reached in some

specimens with still-increasing strength. It is most probable that the

82




recorded strain capacities could have been higher if LVDTs with ranges

higher than 50 mm were used.

(c) SIFCON made with 12 % V¢ of hooked fibers showed relatively high
strength (about 54 MPa). High strength also is one of the characteristics of
SIFCON in general [1, 5, 7].

(d) All specimens show that modulus of elasticity is slightly lower than that of

plain concrete. Same finding was reported in several references [5, 14].

(e) Figure 4.3 shows the failure mode of a SIFCON cylinder specimen with
length-to-diameter ratio 1/d of 2, tested under compression. It also shows
how large is the deformation. It may be easily observed that failure occurs
through the formation of a large diagonal shear crack, which is one of the
characteristics of SIFCON [5]. The development of this shear crack was
consistent. It occurred in almost every specimen. The shear crack usually

developed near the end of the specimens in most of the cases.

Previous investigations made on specimens with 1/d ratio higher than 2
showed also the development of major shear cracks. However, those
cracks did not initiate near an end face [5]. This means that shear cracking
represents the true failure mode of SIFCON, and it didn’t develop as a
result of the confining effects of the machine platens. In other words,
shear failure did not happen because the restraining effects of platens and

it can be considered as a property of SIFCON.

(f) By examining the shape of the stress-strain curves shown in Appendix A,
some regions may be identified:

Ascending Branch: This portion of the curve is very similar to that of

conventional fiber reinforced concrete. It is initially linear with gradual
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loss of linearity as the maximum load approaches and major cracks

develop.

Descending Branch: After the peak load, the stress drops down gradually

as a shearing crack develops.
Plateau: As the test progresses, the two specimen halves slide across one

another along the shear crack. This results in an almost horizontal stress

plateau.
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Figure 4.2: Toughness of slurry SIFCON vs. reference concrete (M3)
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Figure 4.3: Shear Failure and high deformation in a tested
SIFCON specimen

The above findings were also mentioned by other researchers [1, 5, §]. In
addition to these observations, the following points can be mentioned starting
with additional regions in the stress-strain curve. The above mentioned parts
of the stress-strain curves of SIFCON can be seen in the results of other
studies as well [1, 5]. In this investigation, the strain values reached when the
test was stopped were higher than those reported in the literature. This
enabled to observe two additional trends or stages on the curves:
(a) Sometimes a sudden drop in stress occurs. This is apparently because of
the failure in the slurry itself until the steel fibers in the two specimen

halves come in contact and the specimen start resisting the load again.

(b) In almost all tests, the stress keeps decreasing until it reaches its minimal
value during the test. Then, the sample starts to carry further loads

gradually once again until it reaches a second peak. It is believed that this
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phenomenon is a result of the fact that at some stage in the test, most of
the slurry between the steel fibers will be crushed under the load, and the
steel fibers in the failure plane become more closer to each other. The
specimen, then, shows a new strength gain due to the interaction and
friction between the fibers that become in direct contact with each other.
In short, the strength gain is not attributed only to fiber-to-matrix bonding
but also to fiber-to-fiber interlock and friction. This trend is seen clearly in
all SIFCON specimens. Figure 4.4 shows different SIFCON specimens in
different stages of the test.

(c) It is clear from Table 4.1 and Figure 4.2 that the higher fiber content the
higher the strength and absorbed energy (toughness). In general, in normal
concrete there is a rapid propagation of microcracks under applied stress.
On the other hand, the steel fibers included in SIFCON, would obstruct the
propagation of microcracks, therefore increasing the strength of the
material. Concerning toughness, plain concrete fails suddenly once the
ultimate strength is exceeded. On the other hand, SIFCON continues to
sustain loads even at deflections (strains) considerably in excess of the

fracture deflection of the plain concrete.

Examination of fractured SIFCON specimens, Figure 4.4, shows that failure
takes place primarily due to fiber pull-out or debonding, not fiber breaking.
Thus, unlike plain concrete, SIFCON specimens do not break immediately
after initiation of the first crack. This has the effect of increasing the work of
fracture, which is referred to as toughness. Actually, after the first crack, the
matrix itself does not resist any stress and the fibers carry the entire load taken
by the SIFCON composite. The above findings, which agree with previous
researches [1, 5, 7], were found also in the other SIFCON groups of
specimens. Therefore, the results of the rest of specimens will be presented

briefly in the following sections.
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(c) The specimen shows high deformations but still resist the loading

Figure 4.4: SIFCON in different stages of stress-strain test
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4.1.1.2 Mortar SIFCON
Figure 4.5 represents the toughness of mortar SIFCON made with hooked
fibers (F1) and crimped fibers (F2).

Again, similar features to those already observed in slurry SIFCON, Figure
4.2, were obtained. The following remarks can be stated in short about mortar

SIFCON mixes, Figure 4.5 and Figures A.13 to A.26 in Appendix A.

(a) Similar characteristics of high ductility and toughness compared to plain
concrete (M3) can be seen. Mortar SIFCON experienced toughness of 12
to 35 times higher than that of control concrete, depending on steel fiber

content and type.

(b) Sometimes, stress-strain relationships show some overlapping between the
curves representing SIFCON specimens made with different fiber volume
fractions. Indeed, this overlapping sometimes seems to be inevitable
because of the difficulty to ensure the complete homogeneity of fiber
distribution in the matrix practically. However, this observation was

limited, and did not affect the general trends and the validity of findings.

(c) The positive effect of increasing the fiber content on toughness and

strength is clear here as well.

(d) Similar to slurry SIFCON, the modulus of elasticity (E) of mortar
SIFCON is smaller than that of plain concrete. In general, the higher the
V; the higher the value of E. A typical representation of this phenomenon

can be found in Figure 4.1.
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Figure 4.5: Toughness of mortar SIFCON vs. reference concrete (M3)

4.1.2 Effect of matrix type on stress-strain relationship

Figure 4.6 show the effect of SIFCON matrix type on toughness. The already-
expected trends were recorded. Generally, including fine sand in SIFCON
mixes will enhance the properties related to both strength and toughness
compared to mixes made with cement only. This behavior can be attributed to
the improvement in matrix phase, which also improves the volume stability
and the bond strength between the fibers and matrix. The finding of the
positive effect of the addition of sand on strength with a 1:1 ratio of sand to

cement was reported also in a previous study [6]. Both mix types, M1 and

M2, showed high ductility.
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Figure 4.6: Effect of SIFCON mix type on toughness
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4.1.3 Effect of fiber type on stress-strain relationship

The influence of steel fiber geometry on mechanical properties was also
studied. The results of toughness are summarized in Figure 4.7. Figure 4.7(a)
shows the effects of using the hooked and crimped fibers on slurry SIFCON
specimens, while Figure 4.7(b) represents the effects of these steel fibers on

mortar SIFCON.

The following observations can be mentioned:

Toughness: In most of the cases, SIFCON specimens made with crimped
fibers showed higher toughness than that prepared with hooked
fibers. This leads to the impression that the waved shape of
crimped fibers results in a more fiber-to-fiber interlock and hence

higher slip resistance.

Compressive strength: The two fibers lead to almost the same peak strengths.

Ductility: Both hooked and crimped fibers lead to a very high strain capacity.

4.1.4 Summary of stress-strain tests

Comparing the results of this test with some related previous researches [1, 5-

7] leads to the following points:

(a) SIFCON specimens made in this test have shown the same general
characteristics reported about SIFCON in the literature which is the very
high strain capacity and compression toughness when compared with the
plain control concrete. Toughness indices ranged from 8.7 to 34.5
depending on SIFCON parameters, i.e. matrix type, fiber content, and
fiber type. High toughness indices of SIFCON were reported also in some

previous researches [1, 5].
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Figure 4.7: Effect of fiber type on toughness of SIFCON
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The findings of toughness investigation lead also to the following notes,

which are valid in most of the cases:

The toughness is directly proportional to fiber volume fraction (Figures
4.2 and 4.3).

Mortar SIFCON showed higher toughness in all cases (Figure 4.6).
Crimped fibers seemed to be more effective in increasing toughness

due to their shape (Figure 4.7).

(b) The levels reached in peak compressive strength were not as high as the

values reported generally in the literature. The main reasons for that can

be summarized in:

The reinforcing index V¢.l/d used in this thesis ranged from 350 in the
case of 7 % V¢ to 600 for 12 % Vi The references that reported
strengths higher than 80 MPa used reinforcing indices higher than 700.
There is a direct relationship between the reinforcing index and the
resulted peak strength.

Higher strengths were achieved in the literature because of using W/C
ratio lower than 0.4.

The alignment of fibers was mainly vertical, Figure 4.8, i.e. parallel to
loading axis.

The specimens in this study were all molded, not cored. It is known
that the edge effect plays an important role in strength results. As
mentioned in Chapter 2, the fiber density at the edges of the molded
specimens can be much lower than the interior.

All the previous researches dealt only with the maximum possible Vi
which is 12 % in the case of this study. So, it is logical to get lower
strengths when fiber contents less than the maximum possible content

are used.
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However, even the SIFCON made with the mix proportions of this study,
Table 3.6, showed relatively high compressive strengths which exceeded
50 MPa when V¢ was 12 %. The highest strength recorded in the study
was 62.4 MPa. The investigation, at the end, proved that SIFCON
designed in this experimental program, mainly for durability testing,

possess all the general features known about this composite.

Furthermore, the investigations made on the mechanical properties of
SIFCON in this study provided clear comparisons between the parameters
of mix type, fiber content and geometry. Such clear comparisons could not
be found in the literature because of the simultaneous effects of several
parameters. In this study, only one parameter was examined while keeping

all the other parameters constant.

Figure 4.8: Cross sections in SIFCON specimens
The alignment of fibers is mainly vertical, parallel to the loading axis
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4.2 Drying shrinkage test

As mentioned in Chapter 3, drying shrinkage test of SIFCON and control
concrete was conducted in accordance to ASTM C 157 [57]. The length
change measurements of the prismatic specimens were taken up to 224 days

of air drying. The details of the results are presented and discussed below.

4.2.1 SIFCON vs. plain mixes

The unreinforced slurry (M1) has exhibited a continuously increasing large
drying shrinkage over the 224 days of drying period. As can be seen from
Figure 4.9, plain slurry (M1) exhibited high shrinkage strains that exceeded
2500 microstrains (0.25 %) in 224 days. On the other hand, slurry SIFCON
prepared with 7 % to 12 % hooked fiber volume fraction exhibits low
shrinkage strains ranging from 165 to 480 micro-strains (only 6 to 19 % of the
shrinkage of the plain mix M1 depending on fiber content). Specimens with

crimped fibers, as well, exhibited low drying shrinkage.

Similar findings were presented in the only available study dealt with drying
shrinkage of SIFCON [1]. In that study, SIFCON made with fiber volume of
5 % to 18 % V; exhibited 8 % to 20 % of the drying shrinkage of the plain
matrix. The same trends were noticed in mortar SIFCON specimens, Figure
4.10. The shrinkage of SIFCON in this case represents 17 % to 50 % of the
shrinkage of the plain mortar (M2). Comparing to slurry SIFCON, it seems
that the inclusion of steel fibers in mortar SIFCON is less effective in
reducing the shrinkage as can be investigated from Figures 4.9 and 4.10. The

probable reasons will be discussed later.
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Figure 4.9: Drying Shrinkage of slurry SIFCON vs. M1 & M3
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4.2 .2 Effect of fiber volume fraction

Figures 4.9 to 4.10 show the drying shrinkage results of SIFCON groups
MI1F1, M1F2, M2F1, and M2F2, respectively. The results of plain matrices,

M1, M2, and M3 are shown in the figures also for comparative purposes.

In all the cases, it is clear that an increase in the fiber content results in a
reduction in shrinkage. Other researchers observed also the same behavior in
their work on normal fiber reinforced concrete [75, 76]. The fibers simply act
as rigid inclusions in the SIFCON matrix, thereby reduce the shrinkage.
Moreover, the higher is the fibers volume fraction, the higher will be the
effect on the dimensional stability of the composite. The matrix will shrink
less freely when it includes higher V¢ This conclusion was true for both slurry

SIFCON, Figure 4.9, and mortar SIFCON, Figure 4.10.
4.2.3 Effect of matrix type

It is generally known, in concrete technology, that inclusion of sand in the
cement paste enhances volume stability, and therefore reduces the shrinkage
of mortar comparing to the cement paste [55, 77]. The influence of grain size
on drying shrinkage is known by the low shrinkage of the much more coarse-
grained mixes and by the high shrinkage of fine-grained mixes. In brief,
shrinkage is a paste property, and in concrete, the aggregate has a restraining

influence on the volume changes that takes place within the paste [53, 55, 78].

Considering the generalization mentioned above, it was expected that slurry
SIFCONs will show higher shrinkage than mortar SIFCONs. Surprisingly,
this was true only in the case of plain mixes of M1 and M2, where the
shrinkage of plain slurry after 224 days of drying was about 30 % higher than
the plain mortar shrinkage. This was not the case in SIFCON in which both
types of steel fibers are included in the plain mixes. This can be seen, clearly,

in Figure 4.11.
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Figure 4.11: The Influence of mix type on shrinkage of SIFCON
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The 224 days shrinkage of mortar SIFCON specimens was 43 % to 100 %
higher than the shrinkage of slurry SIFCON recorded at the same period.
Mortar SIFCON specimens showed higher shrinkage starting from the
beginning of the test until its end. The most possible reason of this unexpected
behavior is the randomly distributed cracks observed on the surfaces of the

slurry SIFCON specimens since the first days of air drying.

The surface cracks in SIFCON and plain specimens, if any, were mapped
using a crack microscope of 10 X magnification level, presented in Figure

4.12. The following findings resulted from the crack mapping:

(a) All slurry SIFCON specimens showed clear and many randomly
distributed drying shrinkage cracks. The density of cracks was higher in
the specimens containing higher fiber content. This can be attributed to the
restraining effect of fibers which will be stronger as the fiber content
increases. Figure 4.13 illustrates the cracking in representative samples of
slurry SIFCON made with both types of steel fibers, hooked and crimped.

The crack widths ranged from 0.05 mm to 0.2 mm as shown in Table 4.2.

Figure 4.12: Crack microscope used in crack mapping of SIFCON
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(b) Representative samples of M1F2 group

Figure 4.13: Drying shrinkage cracks in slurry SIFCON specimens
The cracks are highlighted and thicknesses in mm are shown
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6 2007

Figure 4.14: Drying shrinkage cracks in slurry SIFCON

and the plain matrix
The plain matrix shows very few cracks compared with the fiber reinforced one

(b) The plain slurry itself showed very few cracks when compared to slurry
SIFCON specimens, Figure 4.14. This, again, proves that the cracks

developed because of the inclusion of the restraining steel fibers.

(c) Mortar SIFCON specimens showed very few cracks of negligible
thicknesses (< 0.05 mm), while no cracks were noticed on the surfaces of

the plain mortar and the control concrete.
(d) Although increasing fiber volume fraction leads to increased cracking, it

was noticed that the width of cracks is generally smaller in the specimens

made with a higher fiber content.
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The cracking of slurry SIFCON specimens can be attributed to the following:

(a) The higher cement content, Table 3.7, when compared to mortar SIFCON.
It is known that for a given W/C ratio, drying shrinkage increases with
increasing cement content. This is expected due to the increase in the
volume of the cement paste [20, 55, 56]. The presence of restraining steel
fibers will resist the tendency of the specimens to shrink. The results will

be in the form of spread cracks appear on the surfaces.

(b) The higher water content, Table 3.7, will cause the same problem because

the withdrawal of water will be higher when compared to mortar SIFCON.

(c) The tensile strength of the plain slurry was 1.5 times lesser than that of
plain mortar (3.0 MPa and 4.9 MPa, respectively). Therefore, slurry

specimens showed more cracks responding to the tensile stresses.

(d) The differences in the coefficients of thermal expansion (CTE) of the
constituents, Table 4.3. This table shows the big difference in CTE values
between cement paste and steel fiber which compose slurry SIFCON. This
difference is assumed to play some role in the cracking because of the
different response to increases in temperature between the slurry and the
fibers incorporated. The differences are generally less in the case of

mortar SIFCON.

After all, it is believed that the high spread of open cracks in the specimens of
slurry SIFCON has affected the recorded results of length change by
increasing the specimen length, and making the shrinkage strain less than
what was expected in the beginning. Unlike plain specimens, which are
almost free of cracks, there are a lot of cracks in slurry SIFCON. These cracks

will cause some increase in the specimen length which will be included in the
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final result of the length change. However, the amount of shrinkage is,

always, higher than the amount of expansion caused by the cracks.

Thus, every time the specimen shows some shrinkage with respect to the
initial length before starting the test. In other words, the slurry SIFCON
specimens will shrink, overall, but the net amount of this shrinkage is reduced
by the assumed elongation that occurred as a result of the numerous cracks.
Finally, the shrinkage of slurry SIFCON will be less than that of mortar
SIFCON, in which the length change amount is not governed by the cracking
as in the case of slurry SIFCON.

Table 4.2: Summary of crack mapping

Specimens Crack density | Crack thickness (mm)
MI1F1-7 Low 0.1 = 0.2 (mostly 0.2)
- MI1F1-9.5 Moderate 0.1 — 0.2 (mostly 0.2)
§8 MI1F1-12 High 0.1 — 0.2 (mostly 0.1)
o L MIF2-7 Low 0.05 — 0.2 (mostly 0.1)
» MI1F2-9.5 Moderate 0.05-0.1
MI1F2-12 High 0.05-0.1
Mortar SIFCON Very low <0.05
MI1 Very low <0.05
M2 No cracks -
M3 No cracks -

Table 4.3: Typical ranges of coefficient of thermal expansion [20, 79]

Material CTE (microstrains / °C)
Cement Paste 18 — 20
Mortar 9-12
Concrete 8.5-13
Steel 11-12
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As explained before, mortar SIFCON shrinks, numerically, more than slurry
SIFCON probably because of the strong effect of cracks on the length of the
later. Therefore, the results of drying shrinkage test on SIFCON, in general,
must be treated very carefully, especially when numerous cracks are
developed as in the case of slurry SIFCON specimens tested in this study.
Otherwise, the results of the test may lead to some misleading interpretations

of SIFCON shrinkage behavior.

The cracking phenomenon in slurry SIFCON explains also its time-dependent
nature. It can be seen in Figure 4.9 that, typically, the shrinkage reaches some
peak and afterwards it decreases gradually. This is much clear in the
specimens of the maximum fiber volume fraction (V; of 12 %). It is expected
that after this peak, more cracks will develop and the overall effect of
cracking will be stronger than before. This trend was not experienced in
mortar SIFCON samples, except for 12 % V¢ case were very small drops in
shrinkage strain occurred because of the existence of some few cracks in this

group of specimens as well.

Actually, exhibiting some increase in specimen length after reaching the peak
strain value was noticed also in the literature, Figure 2.26 [1]. However, no
explanation for this behavior was available. Figure 4.10 shows also that for
exposure periods beyond 112 days (about 4 months), the mortar SIFCON
specimens have shown no significant further shrinkage despite continuous
shrinkage strain in the plain mortar. For the slurry SIFCON specimens, the

previously mentioned peaks have been reached in half that time (56 days).

4.2.4 Effect of fiber type

The relation between drying shrinkage of SIFCON and geometrical shape of

steel fibers used in making it can be examined in the Figures 4.15 and 4.16.
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Figure 4.15 illustrates the drying shrinkage of slurry and mortar SIFCON
made with hooked fibers (F1) and crimped fibers (F2) after 224 days

exposure.

It is clear from the two figures that in both mix types and for all fiber
contents, specimens made with hooked fibers show less shrinkage comparing
to crimped fibers specimens. The increase in shrinkage of crimped fibers
specimens compared to hooked ones ranges from 10 % to 50 %
approximately. Most probably, the geometric shape of hooked ends plays an
important role in enhancing the restraining effect of hooked fibers inside the
matrix. The abrupt changes in the shape of hooked-end fibers may lead to
more stress concentration at the ends and, then, more cracks. On the other
hand, it seems that the wave shape of crimped fibers is less effective in

preventing shrinkage movements in the mortar SIFCON specimens.

Concerning cracking in slurry SIFCON specimens, it seems that specimens
made with hooked fibers crack slightly more than crimped fibers specimens.
This can be observed in Figure 4.16. This again can be related to the shape of
the fiber itself. Hooked fiber specimens crack more because the restraining
effect on shrinkage movement of hooked ends is stronger than the waves of

crimped fibers. The more restrained is the specimen, the more it cracks.
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Figure 4.15: The effect of fiber type on the drying shrinkage
of SIFCON after 224 days of drying
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HIF1-12

Figure 4.16: The effect of fiber type on cracking of slurry SIFCON
Using hooked fibers (M1F1-12) resulted in more cracks

4.3 Water absorption test

Deterioration of concrete structures is generally caused by penetration of
aggressive agents (sulphates, chlorides, moisture, carbon dioxide ...) into
concrete. Thus, concrete durability is strongly related to its permeability,
which is a widely recognized durability index, since it quantifies the

resistance of the material against penetrating agents [80].

Therefore, as one of its main objectives was to study the durability of
SIFCON, this research intended to investigate the permeability of several
SIFCON combinations. The permeability was evaluated through the results of
water absorption test which was carried out according to the requirements of
the standard test method ASTM C 642 [60]. The test details were discussed

earlier in Section 3.4.3, and the results are presented and discussed below.
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4.3.1 Absorption of plain mixes

Figure 4.17 shows the water absorption versus time of the 48 hour test period
of the plain mixes used in SIFCON, slurry M1 and mortar M2; along with the
control concrete M3. As can be seen clearly in this figure, plain slurry showed
the highest absorption after 48 hours (20.35 %). The absorption capacities of
plain mortar and control concrete were 9.03 % and 3.36 %, respectively at the
same period. In other words, the absorption of plain slurry was 6 times the
absorption of reference concrete, while plain mortar was less permeable (2.7

times the concrete absorption).

Such trends correspond to the expected behavior. The reasons of the very high
absorption of plain matrices used for SIFCON, especially the slurry, with

respect to concrete are discussed below:

(a) It is assumed that the presence of aggregate reduces permeability. If the
aggregate has a low permeability, which is the case in this study, its
presence reduces the effective area over which the flow can take place.
Furthermore, because the flow path has to circumvent the coarse and fine
aggregate particles, the effective path becomes considerably longer. Thus,
the effect of aggregate in reducing the permeability of concrete may be
considerable. The interface zone does not seem to contribute to flow [55].
The same assumption explains why the absorption of slurry was two times

more than that of the mortar absorption.

(b) The high water content in slurry and mortar comparing to concrete will

lead to more capillary pores, and more porous structure.

(c) Cracks were observed even in the plain slurry and mortar specimens,

because of the high drying temperature applied in the test. The drying
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shrinkage cracking, mainly in slurry, increases the absorption capacity.
Usually, concrete is free from such cracking because of the presence of

coarse aggregate that improves the dimensional stability.

In this test, the weight of each specimen was recorded at fixed intervals of
time for the first 2 hours in order to find the rate of absorption. Figure 4.18
shows the relation of absorption versus time during this period in the plain

mixes.

By studying the rate of absorption with time in the first 2 hours, the relations
were found to be nonlinear. By plotting the absorption versus (tl/z),
approximately linear relationships were found, Figure 4.20. The slope of the
line, obtained from regression analysis, was used as an index to describe the
water flow through connected capillary pores. The term Absorptivity index
(A*) was used for the slope of the line [81, 82]. The first 2 hours and
absorptivity results of all SIFCON samples are given in Appendix B.

As shown in Figure 4.19, the value of the coefficient of correlation (R?) for
the linear regression between absorption and (tl/z) is 0.935 or greater which
indicates strong linear relationships. It is found, also, that absorptivity is
related directly to absorption. Higher values of absorptivity indicate higher
absorption, and hence higher permeability. Using this index (A*) has the
advantage of a reduced test time. Also, it reduces the experimental errors as
the estimated slope is based on several measurements rather than a single

measurement at the end of the test [82].
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Figure 4.19: Absorption indices for M1, M2 and M3

4.3.2 Absorption of SIFCON

In the following sections, results of water absorption test conducted on
different SIFCON specimens are presented and discussed. The discussions are

focused on the effects of steel fiber content, mix constituents and fiber type.

4.3.2.1 Effect of fiber content

The results of water absorption test of the slurry and mortar SIFCON mixes
are shown in Figures 4.20 and 4.21. The figures included also the results of
plain mixes for comparative purposes. In all the cases of slurry SIFCON and
mortar SIFCON it is obvious that inclusion of steel fiber reduces the

absorption of the plain mixes.

In slurry SIFCON, Figure 4.20, the absorption after 48 hours ranged from 12

to 15 %, depending on fiber content. The absorption of the unreinforced slurry
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(M1) was 20.4 %. Therefore, unfortunately, the presence of steel fibers with
such relatively high volume fractions (7 %, 9.5 %, and 12 %) did not help
much in reducing the very high absorption of the plain slurry. Such high
levels of absorption are usually not acceptable for conventional concrete.

Most good concretes have absorption well below 10 % by mass [55].

For the effect of fiber content itself, Figure 4.20 shows that the higher fiber
volume fraction in the mix, the less the absorption. However, increasing fiber

content from 7 % to 12 % had slight impact on reducing the absorption.

Being a non-absorbent material, including steel fiber in the matrix simply
reduces the volume available for water flow inside the SIFCON composite.
This is believed to be the most important reason behind the role of steel fibers
in reducing absorption. In addition, it can be assumed that the fibers act as
physical barriers that intersect the capillary pores and channels, and form
obstacles that prevent, to a certain extent, flow from moving freely through
the matrix. Therefore, the higher is the content of steel fibers in the mix, the

more difficult the water can flow through it.

The same trends were observed in mortar SIFCON mixes as can be seen in
Figure 4.21. Here, adding steel fiber reduced the absorption from 9 % for the
plain mortar to the level of 4 % to 7 %. Unlike slurry SIFCON, reduction in

absorption was sensitive to the increase in fiber content.

Comparing to slurry SIFCON, the levels of absorption in mortar SIFCON are
quite low, especially in the case of V¢ of 12 % which showed absorption
values close to the values recorded usually in low permeability normal
concrete (4 % to 5 %) [82]. Nevertheless, the absorption of mortar SIFCON is
still higher than that for concrete used as a control mix (M3). This concrete
showed only 3.4 % absorption after 48 hours, thanks to its low W/C ratio and

the low absorption of coarse aggregate used in it.
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The previously mentioned explanation on the effect of increasing fiber
content on absorption of slurry SIFCON applies also to mortar SIFCON.
According to ASTM C 642, the absorption is usually calculated with respect
to the total dry weight of the sample as a whole (including all its ingredients)
[60]. Table 4.5 shows the absorption results of different SIFCON mixes, but
based on the mass of slurry or mortar only. The calculations are made here by

excluding the weight of steel fiber from the total weight of the specimens.

Interpretation of the results presented in the table leads to the fact that
absorption capacity of both the cement paste and mortar remained almost the
same after adding steel fibers. Actually, there is a very small increase in slurry
and 1 mm sand mortar absorption after including the fibers. The finer mortar
showed negligible decrease in absorption upon adding the fibers. This may
prove the assumption mentioned earlier about why including fibers reduces
the absorption of the specimen as a whole. Therefore, depending on the
results of Table 4.4, it can be said that the steel fibers do not reduce the
absorption of the plain matrix itself (the phases of paste or mortar), but they
reduce the absorption of the material as a whole by simply decreasing the

volume subjected to absorption. Fibers themselves do not absorb any water.

It seems also that the effect of having several transition zones between the
fibers and the matrix on the absorption of SIFCON was not important in this
case. Anyway, the very small increase in matrix absorption after adding the
fibers in most of the mixes can be attributed to the presence of more transition

zones as fiber content increases.

Table 4.4 presents also the coefficients of variation (COV) for all the
measured results which were all less than 10 % which indicates low variation
in the testing method. The COV values for the absorption ranged from 1.6 %
to 7.4 %.
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Table 4.4: Absorption of SIFCON mixes by weight of slurry or mortar

Absorption by weight of

Matrix type Matrix 1D slurry or mortar (%)
Plain slurry Ml 20'3(;
(2.7)
MIF1 -7 2((2)5)3
Slurry SIE&?SI;I (hooked MIF] - 9.5 2(;2)3
MIF1 - 12 2(}‘3;)
MIF2 -7 2((7)%
Slurry SII;ESSN) (crimped MILF2 - 9.5 2(é431;1
MIF2- 12 212
(tmm sand) M2 i
M2F1 -7 o1
(1.6)
ortar SIECON skt | w10 i
M2F1 - 12 (965;;
M2F2 -7 o2
ortr SIFCONGTINGSE | 2.
MI1F2 - 12 (97648)
Qmm sand) M2(P) o
M2F1(F) - 7 (15%545
ibers, Oommsand) | M2FIP)-93 )
M2F1(F) - 12 1(22)7
M2F2(F) -7 o
" fbore,0mmsand) | M2F2F)-95 2
M2F2(F) - 12 l(fgf

(*) Number in parentheses represents the coefficients of variation (%)
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4.3.2.2 Effect of mix composition

The differences in absorption percentage between slurry SIFCON and mortar
SIFCON can be examined through Figure 4.22. Figure 4.22(a) presents the
absorption results of slurry SIFCON and mortar SIFCON made with hooked
fibers (F1), while Figure 4.22(b) shows the results when crimped fibers (F2)

are used.

The trends are the same for the both types of fibers. The advantages of mortar
SIFCON over slurry SIFCON concerning water absorptions are very clear in
the figures. The difference in absorption between the two mixes is about 9 %
when (F1) are used, and 7 % in the case of (F2). Such observations are
coherent with the results of absorption test conducted on the plain matrices
(M1) and (M2). The high absorption of slurry SIFCON when compared with
mortar SIFCON is most probably related to the following points:

(a) The presence of aggregate, sand in this case, usually reduces the

absorption as discussed earlier in Section 4.3.1.

(a) The high water content in slurry SIFCON increases the permeability.

(b) The cracking phenomenon in slurry SIFCON, because of drying, makes it
more permeable by providing more channels for the water to flow through
the cracks. These cracks were noticed also in the drying shrinkage test as
discussed previously. Actually, the problem here was expected to be more
severe because of the high drying temperature in the oven to obtain the dry
weights. All specimens were kept at 100 °C temperature until the complete
drying is reached before starting the test. This was in accordance with the

requirements of the standard absorption test method ASTM C 642 [60].
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As mentioned earlier, there are no standard methods to test SIFCON, and
adopting the method of testing conventional concrete as it is to test SIFCON
can affect the reliability of results sometimes. For example, probably it would
be more appropriate to dry the SIFCON specimens at a lower temperature,
say 50 °C, to reduce the possibility of the development of drying cracks,
especially in slurry SIFCON. Anyway, such cracks cannot be prevented
completely because they happened even in the room temperature (20 — 25 °C)

as noticed in the drying shrinkage test.

In addition to the comparison made between slurry SIFCON and mortar
SIFCON, an investigation was also made on the effect of the maximum size
of sand used in mortar SIFCON on the water absorption. The sand used in
making all mortar SIFCON specimens in this research was of maximum
aggregate size (MAS) of 1.0 mm. Sand of the same origin but with smaller
MAS of 0.6 mm was used to prepare comparison absorption specimens. The

grading of both sand sizes presented earlier in Chapter 3, Figure 3.2.

The plain mix made with the finer sand of 0.6 mm size was given the
designation M2(F). The absorption of this mix, made with the two types of
fibers, versus the plain mix of M2(F) and M3 is shown in Figure 4.23. The
figure shows the same behavior recorded in mortar SIFCON made with the
coarser sand of 1.0 mm size. The positive impact of introducing steel fiber on
reducing the absorption is observed here too. The absorption of this mix of
mortar SIFCON was well lower than the absorption of the plain matrix, but
still higher than the results of the control concrete and the mixes made with

1.0 mm sand.

Expected findings were recorded when the two sizes of sand were compared
with each other in terms of the absorption of SIFCON prepared using them.

The results can be examined in the Figure 4.24. The mixes made with finer
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sand showed higher absorption. This agrees with the assumption that
absorption decreases with increasing the size of aggregate. Another
explanation can be related to cracking. Although mortar SIFCON showed few
cracks due to drying, it is expected that mortar SIFCON prepared with the
coarser sand will show better volume stability, and thus less cracking. The
influence of cracks on absorption has been mentioned previously. Another
possible reason can be related to the assumption that coarser sand reduces the

volume of permeable pores in the matrix.

4.3.2.3 Effect of fiber type

For every one of the SIFCON mixes used in this study, the comparison was
made between the absorption of the mixes made with hooked fibers and the
ones prepared using crimped fibers. To make the comparison easier, it was
made only on the basis of the 48 hours absorption. The results are shown in
Figure 4.26. In every one of the three relations contained in this figure, there

was a clear trend without any overlapping in the results.

In the case of slurry SIFCON, Figure 4.25 (a), it can be seen that the
specimens made with hooked fibers showed slightly higher absorption than
the specimens made using crimped fibers. This behavior may be attributed to
the higher spread of surface cracks that occurred due to the high drying
temperature in the case of mixes made with hooked fibers. This was noticed
also in the drying shrinkage test. As discussed previously in Section 4.2.4, the
cracking was more in hooked fiber specimens because of the stronger

restraining effect of the hooked-end fibers due to its geometrical shapes.

On the contrary, it was found that hooked fibers showed better results in the
case of mortar SIFCON made with the two sizes of sand, 0.6 mm and 1.0 mm

as can be seen in Figure 4.25 (b) and (c). Here the cracking effect is excluded,
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because mortar SIFCON specimens were almost free of visible cracks.
Therefore, there is a strong possibility that the geometrical shape itself of
hooked fibers with their abrupt ends plays some role in reducing the
absorption. For some reason, it seems that water infiltrates mortar SIFCON
more easily when crimped fibers are present. After all, this point may require
further investigation to establish a cut relation, if any, between the fiber

geometry and the absorption of SIFCON.

4.3.3 Summary of water absorption results

Table 4.5 summarizes the results of water absorption tests carried out in this

study. The table shows the average values of absorption after 48 hours and

absorptivity, in addition to the values of the coefficients of correlation (R?) for

the linear regression between absorption and (t]/z).

The findings can be listed in the following points:

(a) SIFCON, in general, has very high absorption capacities that range from 2
to 5 times of the control concrete absorption, depending on the matrix

composition.

(b) Inclusion of steel fibers reduces the absorption. The higher is the fiber

content, the lesser is the absorption.
(c) The coarser matrices showed lesser absorption.

(d) The using of crimped fibers resulted in lesser slurry SIFCON absorption.
On the contrary, hooked fibers were better for mortar SIFCON.

The possible reasons for those observations were discussed already.
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Concerning absorptivity and coefficients of correlation, the following remarks

may be stated:

(a) In general, for most of the mixes, the values of (R*) where higher than 0.9
which indicates strong enough linear relationships. The linearity was much

clear in mortar SIFCON specimens when compared with slurry SIFCON.

(b) Generally, high values of (A*) refer to high absorption. Table 4.5 shows
how adding steel fibers results in decreasing (A*) values significantly.
Some previous studies concluded the validity of using (A*) to evaluate the
total absorption of normal concrete [81, 82]. In the case of SIFCON, the
results shown in Table 4.5 indicate that this can be true only in the case of

slurry SIFCON.

(c) For mortar SIFCON, it seems that relying only on (A*) to appraise the
water flow through the pores is not enough. Mortar mixes of high fiber
volume fraction (9.5 % and 12 %) showed (A*) values less than that of
control concrete, although the final absorption of mortar SIFCON after 48
hours was well higher than concrete absorption. This is due to the fact that
the rate of absorption of mortar SIFCON in the first two hours of
immersion is less than that of concrete. After the first two hours, the
absorption rate decreases sharply in concrete, unlike in the case of mortar

SIFCON. Figure 4.21(b) represents a typical example of this behavior,

(d) There is also a strong correlation between (A*) and SIFCON mix type. A
direct proportionality is found between (A*) values and the fineness of the
matrix. For example, the absorptivity values of plain slurry and plain 1.0
mm sand mortar were 0.976 and 0.276 respectively. On the other hand,

this value was as low as 0.179 in conventional control concrete.
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Table 4.5: Summary of water absorption results

Absorption by Absorotivit Coef. of
Matrix type Matrix ID total weight of (AE) Y| correlation
specimen (%) (R?)
. M1 20.35 0.976
Plain slurry Q. 7® (1.1) 0.960
14.97 0.677
MIFI - .
Slurry 7 (2.5) (1.6) 0.887
SIFCON MIF1-9.5 1(‘1‘;‘)7 (2'16455 0.923
(hooked fibers) 13'22 0 5'83
MIF1 - 12 ’ ; 0.941
(3.2) (3.4)
14.13 0.572
Slurry MIF2 -7 (12) (L6) 0.915
SIFCON 13.22 0.556
(crimped MIF2-9.5 (o.4) 0.6) 0.925
fibers) 11.80 0.500
MIF2 - 12 (32) (4.6) 0.923
Plain mortar 9.03 0.276
(1.0 mm sand) M2 (1.8) (4.0) 0.980
6.01 0.208
Mortar M2F1 -7 0.8) (13) 0.990
SIFCON 4.63 0.151
(hooked fibers, | M2F1-9.3 (3.9) 4.7) 0.979
1.0 mm sand) 4.06 0.117
M2F1 - 12 (1.9) Q.0 0.994
Mortar MOFD - 6.85 0.223 '
SIFCON ’ (6.5) (2.3) 0573
(crimped M2F2 -9.5 (54530) (2'512)6 0.980
fibers, 1.0 mm 5 '22 0 1'23
sand) M2F2 - 12 (3.3) 2.7 0.979
Plain mortar 12.75 0.936
(0.6 mm sand) M2(F) 2.4) G.D 0.998
8.08 0.355
Mortar M2F1(F) -7 (2.8) (5.1) 0.984
SIFCON 7.12 0.322
(hooked fibers, | M2F1(F) 9.5 (1.3) 2.7) .
0.6 mm sand) 6.79 0.290
M2F1(F) - 12 “42) 5.2) 0.987
Mortar M2F2(F) - 7 599 0.306 0.986
SIFCON (F) (4.8) (4.0)
(crimped | M2F2(F)-9.5 (83'456) (2432)3 0.988
fibers, 0.6 mm 7 67 0 2'78
sand) M2F2(F) - 12 (4.0) 2.2) 0.988
Control 3.36 0.179
concrete M3 (3.2) (3.4) 0.935

(*) Numbers in parentheses represent the coefficients of variation (%).
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4.4 Chloride penetration test

Corrosion of steel reinforcement, caused primarily by chloride attack, is one
of the major causes of deterioration of reinforced concrete structures.
SIFCON should be more susceptible to problems related to chloride
penetration because, when compared to concrete, it has almost no protecting
cover and it includes high quantities of steel fibers distributed throughout the
SIFCON element. Accordingly, studying chloride penetration resistance was

one of the main objectives of this research.

The problem of chloride attack arises usually when chloride ions ingress from
outside. This can be caused by de-icing salt or sea water in contact with
concrete or SIFCON. Chlorides can also deposit on the surfaces in the form of

air-borne dust which subsequently becomes wetted by dew [55].

As stated earlier in Section 3.4.4, the test procedures were carried out in
accordance with the standard test method AASHTO T 259 [61]. Chemical
analysis of dust samples resulted in finding the total chloride contents by total
weight for SIFCON specimens and control concrete. To construct chloride
penetration profiles with depth, chloride contents were found at five different
depths. In conventional concrete, if the amount of penetrated chloride at the
steel reinforcement reaches the limiting threshold value for corrosion, the
reinforcing bars start to corrode. The procedures for finding total chloride ion
contents were carried out in accordance with the standard test method

AASHTO T 260 [63].

Standards generally prescribe strict limits on the chloride content of the
concrete from all sources. For example, BS 8110: Part 1 limits the total
chloride ion content in reinforced concrete to 0.40 % by mass of cement [83].
The same limit is prescribed by the European Standard ENV 206 [84]. The

approach of ACI 318 is to consider water-soluble chloride ions only. On that
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basis, the chloride ion content of reinforced concrete is limited to 0.15 % by
mass of cement [85]. The two values are not substantially different from one
another because water-soluble chlorides are only a part of the total chloride
content, namely, the free chlorides in pore water [55]. On the other hand,

there are no specified limits yet related to chloride contents of SIFCON.

It can be noticed that all standards deal with chloride contents on the basis of
percentage by mass of cement not by total mass of the tested dust sample.
This is because the resistance of concrete to corrosion, caused by chloride
penetration is related mainly to its cement content. Generally, the higher is the
cement percentage of total weight, the better is the resistance to corrosion.
Simply, the higher cement contents results in more CH products, and hence
higher pH values. It is assumed that there is a direct proportionality between

pH value and protection to reinforcement against corrosion.

In view of the above, the results will be discussed in the following sections,
mainly, on the basis of chloride content by mass of cement. The cement
contents of different mixtures tested in this investigation, Table 4.6, are
expected to play an important role in evaluating threshold contents of chloride

1ons in SIFCON.

Table 4.6: Cement contents by total weight is mixtures under study

ure | SATentpereneg
Slurry (M1) 71.43
Mortar (M2) 41.45
Control concrete (M3) 20.14

Based on the fact that steel fiber pieces were removed from dust samples
using a magnetic plate, all samples were chemically analyzed in the form of

plain cement paste, mortar or concrete.
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4.4.1 Analysis of total chloride contents by weight of cement

The chloride ion profiles of slurry SIFCON and mortar SIFCON are shown in
Figures 4.26 and 4.27 respectively. The two figures demonstrate in a clear
way that SIFCON, either made with slurry or mortar, has shown less chloride
contents by mass of cement when compared with the control concrete. Even
when chloride percentages were calculated as a fraction of the total weight,
Section 4.4.2, SIFCON showed higher chloride content comparing with
control concrete only in the first portion of the depth (0 — 15 mm).

However, what matters is not how much chloride is absorbed and infiltrated
through SIFCON matrix, but how much is the percentage of chloride ions
with respect to the weight of the cement ingredient. Figures 4.26 and 4.27
show also the already expected behavior of decreasing of chloride contents
with depth from surface. The degree of decrease in chloride content with

increasing the depth depends mainly on the permeability of the material.

In spite of the fact that the results of water permeability test, Section 4.3,
proved that SIFCON has high absorption capacity, its high cement contents,
especially in slurry SIFCON, made the chloride content always less than that
recorded in control concrete when calculated with respect to cement weight in
accordance with the standards mentioned earlier [83-85]. This was true in all

mixtures of slurry SIFCON and mortar SIFCON.

Another finding was that the drop in chloride content from the first depth
(average 7.5 mm) to the next depth (average 22.5 mm) was more appreciable
in SIFCON when compared with concrete, Table 4.7. The lesser percentages
in the table indicate that the drop in chloride content after the first portion of
the depth (> 15 mm) is higher. The very dense steel fiber network causes a
higher drop in the amount of penetrated chloride after the more permeable
first depth which corresponds to the surface layer of 15 mm thickness when

compared to control concrete.

130



2.5

Depth from Surface (mm)

@ 2

E \

S ——M1F1-7

o O

T E —=—M1F1-9.5

=2 1- ——M1F1-12

o

© — M3

[

S 05

O T T T .'
0 20 40 60 80
Depth from Surface (mm)
(a) Hooked fibers
25
2 .
a —— MIF2-7
Eo1s5] —=— MIF2-9.5
o e —a— MILF2-12
S o
59 N — M3
0% 1
: \ \
3]
S
= 05 \ —
0 \\g‘ —
0 20 40 60 80

(b) Crimped fibers
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control concrete (Based on chloride content by mass of cement)
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It can be assumed that the concentration of steel fibers in the core of SIFCON
is well higher than that of the outer few millimeters. It can be noticed, as well,
that the higher the fiber fraction, the more is the decrease in chloride content
in the following depth. To prove this assumption, slices were cut from
selected SIFCON samples, and the densities were calculated. The results are

shown in Table 4.8.

In all cases, inner layers of SIFCON (15-30 mm) were 12 % to 16 % more
dense than the exterior surface layers (Table 4.8). This may explain the reason
of the higher reduction in chloride contents in deeper segments when
compared to control concrete in which the edge effect is irrelevant. In some
SIFCON specimens, chloride contents in the second depth (15 — 30 mm) were

as low as 10 % of the chloride concentration found in the outer layer.

Table 4.7: Effect of depth from surface on reduction of chloride ions ingress

Chloride content at depth of 22.5mm
Matrix type Matrix ID | from surface with respect to that at
7.5mm depth (%)

Slurry SIFCON | MIF1-7 18.5
(hooked fibers) | MIFI-9.5 16.7
MI1F1-12 13.0
Slurry SIFCON | M1F27 25.0
(crimped fibers) | M1F2-9.5 15.7
MI1F2-12 12.3
Mortar SIFCON | M2F1-7 14.6
(hooked fibers) | M2FI1-9.5 11.1
M2F1-12 10.7
Mortar SIFCON M2F2-7 17.2
(crimped fibers) | M2F2-9.5 13.6
M2F2-12 8.6
Control concrete M3 26.5
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This percentage was about 27 % in the control concrete. Accordingly, it can
be stated that most of the absorbed water in the water absorption test carried
out on SIFCON mixtures was absorbed by the outer layers, because of the
surface cracks and the lesser density (Table 4.8). Although water will be
absorbed more by the surface portions of SIFCON due to surface cracking,
the relatively low density of fibers and the high permeability of plain slurry or
mortar in these portions of SIFCON, the absorbed quantity decreases
substantially in the core of the SIFCON material. This appreciable reduction
can be attributed to higher density of fibers, and the absences of cracking in

the deepest portions of SIFCON.

Table 4.8: The influence of edge effect on density of SIFCON

Density of Density of
. Matrix i depth polpy X
Matrix type 1D de(p:)th;rrl]?ng)lm 15-30 mm | 100 (%)
v (p2, ¢/mm®)
MIF1-7 0.002263 0.002621 116
S(’L‘ggﬁ’eg'gge?s';' MIF1-95 |  0.002349 0.002674 114
MIF1-12 0.002522 0.002816 112
Mortar M2F1-7 0.002552 0.002902 114
SIECON M2F1-95 | 0.002597 0.002937 113
(hooked fibers) | M2F1-12 0.002689 0.003020 112

The surface cracking occurs due to the drying shrinkage that took place in the
28 days period of drying the specimens in the lab environment. This relatively
long period of drying, after curing, was in accordance with the requirements
of the related standard test method [61], but it caused the development of
shrinkage cracks before starting the test, especially in slurry SIFCON

specimens.
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In the case of concrete, because there are no visible cracks caused by drying
on the surfaces, the absorption of the surface layer was less comparing to
SIFCON. On the other hand, the degree of decrease in absorption in deeper
depths of concrete was not as high as the case of SIFCON because of the

absence of the effects of surface cracks and steel fibers.

In short, the high permeability of SIFCON realized by water absorption test
does not necessarily lead to high chloride penetration in deeper portions. It
was found that about 80 % of the cumulative chloride contents in all depths of
SIFCON existed in the outer 15 mm of SIFCON specimens. This percentage

was only 60 % in the case of the reference concrete.

However, although the total chloride contents by mass of cement in all
SIFCON matrices were well lower than that of the low permeability control
concrete, these contents in the outer layers were higher than the limit accepted
by the standards mentioned earlier, which is limited to 0.40 % by mass of
cement [83, 84]. This is expected to result in corrosion problems in SIFCON
if its surface is not protected with some appropriate protective overlays with
enough thickness. These overlays can be made of low permeability plain
concrete. Different from traditional reinforced concrete, where steel
reinforcement is protected from the environment by the cover, the steel fibers
in SIFCON are exposed to the surface with very thin cover, or practically

without any cover at all.

4.4.1.1 Effect of fiber volume fraction

As expected, generally, the increase in steel fiber content in SIFCON matrix
leads to reduction in chloride penetration. This finding is in conformance with
the results of water absorption test, and the same reasoning of the influence of
fiber volume fraction on water absorption is applicable in the case of

interpreting the results of chloride penetration test. This can be seen in the

135



Figures 4.26 and 4.27. The effects of fiber volume fractions are more
pronounced in the first depth (0 — 15 mm). The chloride contents in the deeper
depths become less affected by the fiber content.

4.4.1.2 Effect of SIFCON matrix type

It was found previously that slurry SIFCON had higher absorptivity than
mortar SIFCON when the absorption is calculated with respect to the total
weight of the matrix, Section 4.3.2.2. Anyhow, finding chloride contents in
SIFCON as percentage by weight of cement, not the total weight, resulted in
the following:

a) When hooked fibers are used, Figure 4.28, the chloride profiles of both
slurry SIFCON and mortar SIFCON nearly coincide with each other.

b) When crimped fibers are used, Figure 4.29, slurry SIFCON showed better
performance than mortar SIFCON when it comes to penetrated chloride
contents by weight of cement. The reason for this, which was observed
only in the case of crimped fibers, can be related to the low chloride
concentrations in slurry SIFCON made with crimped fibers which when
presented as percentages by weight of cement were even lower than the
chloride concentrations of mortar SIFCON presented in the same way.
Nevertheless, the differences were clear only in the first depth representing

the surface layer.

4.4.1.3 Effect of fiber type
In this case, dealing with either chloride percentages with respect to total
weight or to cement weight will not affect the findings related to the influence

of fiber shape on chloride penetration.
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In the case of slurry SIFCON, Figure 4.30, crimped fibers have reduced
chloride penetration in the surface layers slightly better than hooked fibers
did. As previously mentioned in Section 4.3.2.3, this finding is in
conformance with the results of water absorption test also. On the other hand,
for mortar SIFCON, Figure 4.31, it was found that changing fiber type was
not effective except for the case of V¢ of 12 % where specimens made with
hooked fibers showed less chloride penetration. Again, the same behavior was

also noticed in the water absorption test.

4.4.2 Total chloride contents by total weight

As stated in Section 4.4, all related standards limit chloride contents in
concrete to certain values as a percentage of cement used, not as a percentage
of total mass of concrete (or SIFCON). Therefore, the chloride profiles
constructed with respect to the total weight are given only for comparative

purposes in Appendix C.

4.4.3 Chloride diffusion coefficients (D,)

Chloride diffusion coefficient is a value which describes numerically the
diffusivity of concrete. The diffusion coefficient can be used for service-life
prediction calculations of concrete structures. When the diffusion coefficient
and the depth of reinforcement are known, simple diffusion equations can be
used to calculate an estimate for the time necessary for a critical chloride level

to reach the reinforcement [86, 87].

The use of diffusion coefficients to describe the ingress of chloride ions into
concrete dates back to 1972 [88]. The chloride ingress could be approximated
by Fick’s second law of diffusion for non-stationary flow into a semi-infinite

medium.
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The analytical solution to Fick’s second law is given by:

_ _ X
Cxat—C{l erf(2 DatB 4.1

where:C ; = Chloride concentration at depth x and time t,
C = Chloride content at the surface (%),
X = depth (m),
t = time (s),
erf = error function,
D, = apparent chloride diffusion coefficient (m?/s)

Values of C; and D, are found by iteration to produce the best fit by least
squares approximation. In fact, the process of obtaining a diffusion coefficient
depends on some assumptions without proper statements on the exact
procedure. Therefore, it is not surprising if two people obtain different values
of D, from the same data due to the influence of the methodology employed

on the results [86].

Consequently, D, values for SIFCON used in this research were calculated
and compared with that of control concrete. It was found that the values of D,
are more sensitive to chloride contents in the deeper depths. Using the
chloride concentration value either on the basis of mass of cement or total
weight will not affect the results of D,. The procedure of obtaining D, values
was carried out using a Microsoft Excel software. The results are given in
Table 4.9, whereas the comparisons between the models and the experimental

data are given in Appendix C.
The results shown in Table 4.10 demonstrate that D, values of SIFCON, in

general, range from 8x107% to 17x10'? m?/s approximately. This range is 1.5

to 3 times lower than the D, value recorded for concrete which was 25x 10712
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m*/s. The low chloride contents of SIFCON in deeper depths (> 20 mm)
compared with concrete, made the D, values of SIFCON less than that of
concrete, although, as a whole, concrete was found to be less permeable than
SIFCON in the water absorption test. This means that the diffusivity of
chlorides in SIFCON is even less than the diffusivity of low permeability
concrete due to the effects of dense steel fiber network included in SIFCON.
However, this should not be considered as an advantage of SIFCON over

concrete if steel fibers are not protected by some sort of suitable overlays.

Table 4.10: Best-fit diffusion coefficients for SIFCON and concrete

Matrix type Matrix ID | D, (x10™? m?/s)
Slurry SIFCON MIF1-7 13.35
(hooked fibers) MIFI1-9.5 12.60

MIF1-12 10.17

Slurry SIFCON MI1F2-7 17.22
(crimped fibers) MIF2-9.5 11.76
MI1F2-12 9.97

Mortar SIFCON M2F1-7 11.49
(hooked fibers) M2F1-9.5 9.45

M2F1-12 9.27

Mortar SIFCON M2F2-7 13.10
(crimped fibers) M2F2-9.5 10.98
M2F2-12 8.08

Control concrete M3 25.00

Most of the observations related to the effects of fiber content, fiber type, and
SIFCON matrix type on chloride penetration and absorptivity were noticed
here also. For example, increasing fiber content resulted in reduced D, values
for all SIFCON types. In addition, mortar SIFCON had smaller D, values
when compared to slurry SIFCON.
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4.5 Freezing and thawing test

There is no doubt that the deterioration in concrete structures due to freezing
and thawing is one of the major durability problems of the concrete industry
in cold climates. Freezing and thawing may damage concrete structures
seriously. Therefore, one of the purposes of this study was to determine the
behavior of various SIFCON matrices exposed to freezing and thawing, and
to compare it with the performance of control concrete of low permeability

tested under the same conditions.

The details of the test method were presented earlier in Section 3.4.5. The
results of the test are presented and discussed below. The method used to
assess SIFCON and concrete deterioration due to freezing and thawing was to
measure the change in the dynamic modulus of elasticity (DME) and weight.
In addition, visual inspection of the specimens throughout the different stages

of the test helped in assessing the deterioration.

4.5.1 Change in dynamic modulus of elasticity

Initial measurements of DME were taken before starting the test. Afterwards,
at the end of every 100 cycles of freezing and thawing, measurements of
DME were taken again, and the relative dynamic modulus of elasticity
(RDME) with respect to the initial value was considered. According to ASTM
C 666, the specimens are considered to have failed when DME reaches 60 %
of the initial modulus [65].

The values of DME were calculated based on the following approximate
theoretical relationship:
DME = p.v* 4.2)
where: A The ultrasonic pulse velocity (UPV) in m/s
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p= The density in kg/m’
DME = The dynamic modulus of elasticity in N/m?

4.5.1.1 Drop in RDME in plain mixes

Figure 4.32 presents the results of drop in RDME for plain slurry, mortar and
concrete. The big drop in RDME for plain slurry can be noticed. This drop
after 300 cycles was close to the failure limit of 60 % as specified by ASTM
C 666 [65]. This observation can be related to the high absorption of slurry
when compared with concrete or mortar. The more ingress of NaCl solution
in slurry caused more internal pressures due to freezing and thawing. This
pressure caused internal damage in the form of cracks, which in turn caused
some decrease in UPV, and consequently lower DME, and more drop in

RDME.

On the other hand, plain mortar and concrete performed much better with a

drop in RDME of only 10 % approximately.

4.5.1.2 Effect of steel fibers on RDME drop in SIFCON

In general, it is found that incorporating steel fibers in SIFCON had shown
positive effects on decreasing internal damage that may happen due to
freezing and thawing. The drop in values of RDME is a good indicator to
assess the damage that can occur inside SIFCON specimens. The higher is the
Vi, the lesser is the drop in RDME, and hence the less the deterioration. This
was true for both slurry SIFCON and mortar SIFCON as can be seen in
Figures 4.33 and 4.34. The positive effect of fibers on reducing the drop in
RDME compared with plain mixes is more pronounced in slurry SIFCON. In

all cases, the drop was less than 10 %.
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This behavior is expected to be a direct result of the role of steel fibers in
reducing absorption which was found also in the water absorption and
chloride penetration tests. In addition, fibers aid in arresting the microcracks
induced in the matrix by the internal pressure that built up as a result of frost
action. Some previous studies mentioned also the positive effect of using steel
fibers in restraining the decline of DME, and then improving frost resistance,
even when included in small fractions in normal fiber reinforced concrete,

paste and mortar [66, 67, 89-91].
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Figure 4.32: Drop in RDME for plain mixes

4.5.1.3 Influence of matrix type on drop in RDME

Figure 4.35 presents the results of reduction in DME with respect to the initial

values as a result of freeze-thaw cycles. It can be concluded that the results of
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the two SIFCON mix types were very close to each other, with only very
slightly better performance recorded in mortar SIFCON over slurry SIFCON.
This observation is again in conformance with the results of water absorption
and chloride penetration tests, and it was applicable for mixes made with both

hooked and crimped fibers.

The only difference in this case, is that mortar SIFCON was not noticeably
better than slurry SIFCON. The reason is that also slurry SIFCON showed
substantially less drop of DME when compared with plain slurry. This
restraining effect was very similar and close to what was observed in mortar

SIFCON.

4.5.1.4 Effect of fiber type on RDME drop

As mentioned above, both hooked and crimped fibers have shown good
effects on decreasing the drop in RDME. The differences between the results
of the two types were practically negligible, with very slightly better behavior
of hooked fibers over crimped ones in the case of mortar SIFCON as can be

examined from Figure 4.36.
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4.5.2 Weight loss

Another important concept to assess the damage caused by freeze-thaw cycles
is to weigh the specimens after specified number of cycles, and to measure the
weight losses with respect to the initial weight before starting the test. The
weight loss, if any, is due to surface scaling in specimens as a result of the
deterioration effect caused by repetitive freezing and thawing. According to
the test procedure, the specimen is considered to have failed if its weight loss

exceeded 5.0 % [65].

4.5.2.1 Weight loss in plain mixes

The plain slurry specimens showed excessive and progressive deterioration
during the test, responding to the effects of freeze-thaw cycles. As a result, the
weight less after terminating the test was very close to the failure limit of
5.0 %. On the other hand, plain mortar and concrete experienced quite small

weight loss of less than 0.4 %.

Figure 4.37 illustrates the weight loss results of the plain matrices, while
Figure 4.38 shows the severe deterioration of slurry when compared to mortar
and concrete. This behavior can be attributed to the higher absorption of plain

slurry, which was proven already by the water absorption test.

4.5.2.2 Effect of steel fiber content on weight loss

Adding steel fibers to slurry mixes had a great effect on reducing the weight
loss (deterioration) of the plain matrices as illustrated in Figure 4.39. The
weight loss was reduced from about 5 % to less than 1 %. The effects of fiber
content itself was very limited where the weight loss results after 300 freeze-

thaw cycles were all close to each other.
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Figure 4.37: Weight loss of plain mixes due to freeze-thaw

Figure 4.38: Plain specimens after 300 cycles of freezing and thawing
Only plain slurry (M1) suffered severe deterioration
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Figure 4.39: Weight loss in slurry SIFCON due to freeze-thaw cycles
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On the other hand, it was observed that specimens made with the highest fiber
volume fraction showed relatively more scaling than the other specimens, as
can be seen in Figure 4.40. This result was due to the fact that the quantity of
steel fibers in the surface layers is directly proportional to Vg, therefore,

higher quantities of fibers will be present near the surfaces.

Being susceptible to corrosion by the effects of NaCl, the steel fibers will
have corrosion products formed on their surfaces. This will result in some
increase in the initial volume of fibers, and hence creating internal pressures

on the matrix, which leads to more scaling at the end.

Although it seems, visually, that more scaling occurs as fiber contents
increase, the weight loss results of the specimens with the highest V¢ showed
the smaller value. The initial weight of specimens containing more fibers is
higher, of course, and it seems that the loss occurred because the surface
scaling did not affect much with respect to the initial total weight. In addition,
some small parts of specimens with the smaller V¢ were broken away because
of the deterioration as can be seen in Figure 4.40. The weight of these parts,
which are usually free of fibers, affected the final results of weight loss. The
12 % V¢ specimens did not experience such fractures due to its high content of

fibers.

Almost similar observations are recorded in mortar SIFCON, Figure 4.41.
The scale of the chart was selected as to show the small differences between
the curves clearly. Here, as well, including steel fibers resulted in reducing the
weight loss, but not to the degree noticed in case of slurry SIFCON, because
even plain mortar specimens showed low levels of weight loss. In this case
also, the scaling was more noticeable in the 12 % V; specimens, Figure 4.42.
In spite of this, the weight loss of these specimens was even lower than that of

the low permeability reference concrete (M3).
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Figure 4.40: The surface scaling in slurry SIFCON made

using hooked fibers
The circles refer to the broken parts in SIFCON due to the deterioration effects

4.5.2.3 Effect of matrix type on weight loss

Regardless the fiber type, all slurry SIFCON specimens experienced more
weight loss due to surface scaling when compared with mortar SIFCON.
Figure 4.43 illustrates this behavior. The reasons are related to permeability.
Once slurry is more permeable than mortar, the deleterious effects of freezing
and thawing of NaCl infiltrated in the SIFCON specimens will be much clear
in slurry SIFCON.
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Figure 4.41: Weight loss in mortar SIFCON due to freeze-thaw cycles
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Figure 4.42: Representative samples of mortar SIFCON after

300 cycles of freezing and thawing
The 12 % V; specimens showed more scaling and corrosion stains

4.5.2.4 Influence of fiber type on weight loss

Such as in the case of investigating the drop in RDME, the behavior of the
two steel fiber types regarding scaling and weight loss was not so different
from each other. In all slurry and mortar matrices, using of hooked fibers (F1)
resulted in slightly less scaling and weight loss when compared with the other

type. This is shown in Figure 4.44.

It is supposed that specimens made with hooked fibers absorbed less
quantities of NaCl, possibly due to the characteristics of their fibers geometric
shape. The same reasoning that discussed earlier in Section 4.3.2.3 may be

applicable here too.
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4.5.3 Summary of the results of freezing and thawing test

This investigation showed that the resistance of different SIFCON matrices to
rapid freezing and thawing when compared to the low permeability control
concrete was, in general, quite promising in spite of the relatively high
absorption of SIFCON, and in spite of not using air-entraining admixtures. It
is expected that the relatively low W/C ratio of 0.4 participated in the good
performance of concrete and SIFCON specimens subjected to this test. After
300 cycles of freezing at -10 °C and thawing at 50 °C, the weight losses were
well below 1 % in all specimens, and the drop in RDME did not exceed 10 %
of the initial values. Mortar SIFCON showed better performance, similar to

what found in all the other investigations carried out in the study.

The only problem regarding freezing and thawing of SIFCON seems to be the
occurrence of some surface scaling especially when the material is prepared
with the highest fiber volume fraction. This, once again, raises the issue of the
necessity of protecting the surfaces of SIFCON with some suitable overlays
or impermeable coatings to prevent the emergence of the problems related to
ongoing scaling and corrosion, and to preserve the aesthetic features of the

surfaces.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

This study deals with an experimental research carried out to investigate
various durability aspects of slurry infiltrated fiber concrete (SIFCON). It
was composed of investigating the resistance of SIFCON to drying
shrinkage, water absorption, chloride penetration, and freezing-thawing
cycles. Two types of steel fibers, hooked and crimped, were incorporated in
three different volume percentages, and two types of matrices, slurry and
mortar, were investigated. The following conclusions were derived based on

the obtained results.

a) Incorporating steel fibers in high quantities resulted in reduced free
shrinkage when compared with plain matrices. The drying shrinkage of all
SIFCON matrices, measured after 224 days, was lower than that exhibited
by the conventional control concrete except for SIFCON made with
relatively low fiber volume fraction (7 %). It was found that the higher is

the fiber content the lower is the shrinkage.

Moreover, the multiple microcracks developed on the surfaces of slurry
SIFCON were found to affect the shrinkage. Consequently, slurry
SIFCON specimens experienced 50 % to 100 % less shrinkage than
mortar SIFCON. For the effect of fiber shape on the drying shrinkage, it
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b)

was found that specimens made with hooked fibers showed less shrinkage

when compared to those made using crimped fibers.

Slurry SIFCON showed quite high water absorption capacities that ranged
from 12 % to 15 % depending on the fiber type and content. The
absorption range was 4 % to 7 % in the case of mortar SIFCON, which is
relatively close to the 3.5 % absorption recorded in the low permeability

reference concrete.

It was found that as the steel fiber volume fraction increases the
absorption capacity of SIFCON reduces. The use of crimped fibers was
more effective in reducing the absorption in slurry SIFCON. On the
contrary, hooked fibers performed better in mortar SIFCON specimens.
However, the results of other tests related to permeability, led to the
conclusion that water absorption test alone is not enough to evaluate the
permeability, hence the durability, of SIFCON.

In spite of their relatively higher absorption, all investigated SIFCON
matrices showed lower total chloride ion contents by mass of cement
when compared with the control concrete. This resulted from the
combined effect of the high concentrations of steel fibers, and the high

cement contents (40 % to 70 % compared with only 20 % in concrete).

However, although the total chloride contents by mass of cement were
well lower than that of concrete, those in the outer layers were higher than
the limit accepted by the related standards for concrete. Containing high
amounts of steel fibers without having any protective cover, SIFCON is
more susceptible to corrosion problems caused primarily by chloride ions

ingress, if the surfaces are not properly protected.
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d)

Chloride diffusion coefficients (D,) were also found for all the matrices
investigated. The results demonstrated that D, values for SIFCON, in
general, ranged from 8 x 10 to 17x 102 m?s. Comparing this range
with the D, value of concrete (25 x 10" m?s) led to the conclusion that
the diffusivity of chloride ions into SIFCON material is even less than
that of low permeability concrete. This indicates that although the
surfaces of SIFCONs may be prone to the chloride ions ingress, their
further movement into the rest of the material is 1.5 to 3 times more

difficult when compared with even a low-permeability control concrete.

Both slurry and mortar SIFCONs showed relatively good resistance to the
deterioration mechanisms caused by repetitive freezing and thawing. The
weight loss due to surface scaling was less than 0.7 % in all SIFCON
specimens, while the dynamic modulus of elasticity (DME) values after
the freeze-thaw cycles were all higher than 90 % of the initial values in all
cases. Mortar SIFCON showed relatively better performance than slurry

SIFCON regarding freezing and thawing resistance.

Still however, steel fibers did not prevent the deterioration completely.
Some surface scaling is inevitable, especially in SIFCON specimens made
with the highest possible steel fiber content. The high steel fiber
concentrations close to the exposed surfaces will cause the formation of
more corrosion products due to NaCl penetration. This leads to creating

internal stresses, and hence to more surface scaling.

Generally speaking, SIFCON, especially mortar SIFCON, had shown
good durability characteristics in spite of its apparent high absorption. For
the effects of fiber content, it was found that increasing it will result in
improved durability. On the other hand, there were no definite

relationships between the fiber shape and the durability aspects studied. In
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some aspects, hooked fibers have shown better results, while in some
others the use of crimped fibers was proven to be slightly more

successful.

5.2 Recommendations

The recommendations made below are proposed based on the findings of this

experimental study. These recommendations are divided into two parts, as

those for practical use and those for future research.

5.2.1 Recommendations for practice

a) SIFCON is a material with many differences from both conventional

b)

concrete and fiber reinforced concrete, especially regarding its
composition. Therefore, special standard test methods and compliance

criteria should be prepared for this material.

To ensure better performance of SIFCON, fine aggregate with maximum
size of 1.0 mm should be included in the mix. It is recommended not to
use slurry SIFCON that is made only of cement paste because of its
relatively high absorption, more surface cracking problems, and weaker

mechanical properties when compared with mortar SIFCON.

In corrosive environments, covering the exposed surfaces of SIFCON
with appropriate impervious or low permeability protective overlays may
be beneficial to protect the almost exposed steel fibers close to the
surfaces against corrosion that can be caused as a result of chloride
penetration. In addition, such treatments may also be necessary to

minimize surface scaling of SIFCON in cold areas due to frost damage.
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d)

Using maximum possible steel fiber volume fraction is always
recommended to achieve a better performance, provided that the
necessary precautions mentioned in the previous point are taken into

consideration.

5.2.2 Recommendations for future research

The following topics can be recommended for further research:

a)

b)

d)

Investigating the effects of permeability reducing admixtures on SIFCON
absorption, and studying the bleeding of SIFCON.

Investigating the effect of expansive cements, which are used for making
shrinkage-compensating concrete, on reducing the risk of cracking of

SIFCON due to drying shrinkage, especially slurry SIFCON.

The effects of different mix compositions on the durability aspects of
SIFCON can be also investigated. For example, mixes with W/C ratio
less than 0.4, or with different cement types and mineral admixtures (fly

ash or silica fume).

For freezing and thawing test, it is recommended to subject SIFCON to
more than the limit of 300 cycles, and to investigate the influences of air-
entraining admixtures in this respect, in addition to preloading the
specimens to certain stress ratios. Furthermore, it is proposed to
investigate the mechanical behavior of SIFCON after being subjected to
the freeze-thaw cycles, and to correlate it with the performance of virgin

control specimen by measuring flexural strength and toughness.

e) Conducting a comparative study on SIFCON durability using shorter steel

fibers which will make it possible to approximately double the fiber
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volume fractions. It is recommended also to investigate the effects of

changing fiber aspect ratio (I/d).

f) Studying the simultaneous effects of fiber length and specimen size on the

deviations of the results of stress-strain relationships.
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APPENDIX A: RESULTS OF STRESS-STRAIN TEST IN UNIAXIAL
COMPRESSION

Table A.1: A part of the data of a typical stress-strain test

Specimen: M1F1-9.5-3

ALl AL2 AL avg Load Cell Load Stress
T(sec) LVDT1 LVDT2 (mm) (mm) (mm) (volts) (tons) Strain (MPa)

0 2.965 3.005 0 0 0 0.006 0.114 0 0.142
1.1 3.105 3.15 0.14 0.145 0.1425 0.013 0.148  0.0007 0.185
2 3.175 3.22 0.21 0.215 0.2125 0.024 0.201  0.0011 0.251

3 3.31 3.35 0.345 0.345 0.345 0.059 0.371  0.0017 0.464

4 3.365 3.39 0.4 0.385 0.3925 0.184 0.978  0.0020 1.221

5 3.445 3.46 0.48 0.455 0.4675 0.331 1.691 0.0023 2112
6.1 3.51 3.52 0.545 0.515 0.53 0.411 2.079  0.0027 2.596
7 3.54 3.545 0.575 0.54 0.5575 0.546 2.734  0.0028 3.414

8 3.585 3.585 0.62 0.58 0.6 0.598 2,986  0.0030 3.730

9 3.6 3.59 0.635 0.585 0.61 0.665 3.311  0.0031 4.136
10 3.62 3.61 0.655 0.605 0.63 0.69 3.432  0.0032 4.287
11 3.625 3.615 0.66 0.61 0.635 0.738 3.665 0.0032 4.578
121 3.64 3.63 0.675 0.625 0.65 0.786 3.898 0.0033 4.869
12.9 3.655 3.635 0.69 0.63 0.66 0.81 4.014  0.0033 5.014
14 3.66 3.655 0.695 0.65 0.6725 0.857 4.242  0.0034 5.299
15 3.68 3.67 0.715 0.665 0.69 0.882 4.364 0.0035 5.450
15.9 3.685 3.675 0.72  0.67 0.695 0.927 4582  0.0035 5.723
17 3.695 3.69 0.73 0.685 0.7075 0.951 4.698  0.0035 5.869
18 3.705 3.695 0.74  0.69 0.715 0.999 4.931  0.0036 6.159
19 3.715 3.705 0.75 0.7 0.725 1.022 5.043 0.0036 6.299
20 3.725 3.71 0.76 0.705 0.7325 1.068 5.266  0.0037 6.577
20.9 3.73 3.715 0.765 0.71 0.7375 1.09 5.373  0.0037 6.711
221 3.745 3.735 0.78 0.73 0.755 1.135 5591 0.0038 6.983
23 3.75 3.74 0.785 0.735 0.76 1.179 5.804 0.0038 7.250
24 3.76 3.75 0.795 0.745 0.77 1.2 5.906  0.0039 7.377
25 3.77 3.75 0.805 0.745 0.775 1.243 6.115 0.0039 7.638
26.1 3.775 3.765 0.81 0.76 0.785 1.287 6.328  0.0039 7.904
27 3.78 3.77 0.815 0.765 0.79 1.309 6.435  0.0040 8.038
27.9 3.78 3.77 0.815 0.765 0.79 1.331 6.542  0.0040 8.171
28.7 3.78 3.77 0.815 0.765 0.79 1.373 6.746  0.0040 8.426
30.5 3.78 3.77 0.815 0.765 0.79 1.414 6.944  0.0040 8.674
31 3.78 3.77 0.815 0.765 0.79 1.434 7.042  0.0040 8.795
32 3.78 3.77 0.815 0.765 0.79 1.47 7.216  0.0040 9.013
33.3 3.83 3.82 0.865 0.815 0.84 1.501 7.367  0.0042 9.201
34.3 3.835 3.825 0.87 0.82 0.845 1.518 7.449  0.0042 9.304
35.3 3.84 3.83 0.875 0.825 0.85 1.541 7.561  0.0043 9.444
36.4 3.84 3.83 0.875 0.825 0.85 1.564 7.672  0.0043 9.583
36.8 3.84 3.83 0.875 0.825 0.85 1.564 7.672  0.0043 9.583
38.2 3.855 3.85 0.89 0.845 0.8675 1.597 7.832  0.0043 9.783
39 3.855 3.85 0.89 0.845 0.8675 1.608 7.886  0.0043 9.850
40.1 3.86 3.86 0.895 0.855 0.875 1.629 7.988 0.0044 9.977
41 3.86 3.86 0.895 0.855 0.875 1.639 8.036 0.0044 10.037
42.2 3.865 3.865 09 0.86 0.88 1.66 8.138  0.0044  10.165
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Table A.2: An example of toughness calculations

M1F1-7 (Three Specimens)

Strainl Stressl Toughness 1 Strain2 Stress2 Toughness2 Strain3 Stress3 Toughness 3

(MPa)  (KJ/m?) (MPa)  (KJ/m®) (MPa)  (KJ/m®)

0.0000 0.0 0 0.0000 0.0 0 0.0000 0.0 0

0.0017 6.5 5.534 0.0014 7.4 5.292 0.0013 8.1 5.102
0.0018 6.8 6.380 0.0016 7.7 6.272 0.0013 8.4 5.636
0.0019 7.1 6.830 0.0016 8.0 6.272 0.0014 8.7 6.191
0.0020 7.3 7.280 0.0017 83 7.314 0.0014 9.1 6.191
0.0020 7.7 7.768 0.0018 8.7 7.867 0.0015 9.4 7.366
0.0022 7.9 8.781 0.0018 9.0 8.440 0.0015 9.7 7.366
0.0022 8.2 9.306 0.0019 9.3 9.033 0.0017 10.1 8.625
0.0023 85 9.829 0.0019 9.6 9.033 0.0017 10.4 8.625
0.0024 8.8 10.954 0.0020 9.9 9.668 0.0017 10.7 8.625
0.0024 9.1 10.954 0.0020 10.3 10.324 0.0018 11.0 10.035
0.0025 9.4 12.154 0.0021 10.6 10.975 0.0018 11.4 10.035
0.0025 9.7 12.154 0.0021 10.9 11.673 0.0019 11.7 11.505

0.0027 10.0 13.408 0.0022 11.2 12.391 0.0019 120 11.505
0.0027 10.3 14.065 0.0023 115 13.130 0.0020 123 12.296
0.0028 10.5 14.741 0.0023 11.8 13.889 0.0020 127 13.108
0.0029 10.8 15.435 0.0024 122 14.640 0.0020 13.0 13.108
0.0029 111 16.146 0.0025 125 15.410 0.0021 133 13.963
0.0030 114 16.877 0.0025 128 15.410 0.0022 136 14.839
0.0031 117 17.628 0.0025 131 16.252 0.0022 139 15.735
0.0031 12.0 18.367 0.0027 134 17.978 0.0022 143 15.735
0.0032 122 19.941 0.0027 13.7 17.978 0.0023 146 16.675
0.0032 125 19.941 0.0027 14.0 18.880 0.0024 149 17.635
0.0034 128 21.587 0.0028 143 19.802 0.0024 152 17.635
0.0034 131 21.587 0.0029 147 20.744 0.0025 156 19.598
0.0035 134 23.239 0.0029 149 20.744 0.0025 1538 19.598
0.0035 13.6 23.239 0.0029 152 21.725 0.0025 16.1 19.598
0.0036 13.9 25.028 0.0030 155 22.686 0.0026 165 21.718
0.0036 14.1 25.028 0.0030 1538 23.705 0.0026 16.8 21.718
0.0038 145 26.887 0.0031 16.1 24.743 0.0027 171 22.819
0.0038 14.8 27.804 0.0031 16.3 24.743 0.0028 174 23.939
0.0039 15.1 28.776 0.0032 16.7 26.886 0.0028 17.7 23.939
0.0040 154 29.765 0.0032 17.0 26.886 0.0028 18.0 25.098
0.0040 15.6 30.771 0.0034 17.3 29.068 0.0029 183 26.232
0.0041 159 31.794 0.0034 175 29.068 0.0029 18.6 27.384
0.0042 16.1 32.835 0.0034 178 30.216 0.0029 188 27.384
0.0042 16.4 33.893 0.0036 18.1 32.548 0.0031 19.2 29.852
0.0043 16.7 34.969 0.0036 184 32.548 0.0031 195 29.852
0.0043 16.9 36.018 0.0036 18.6 33.750 0.0031 19.7 29.852
0.0044 17.2 37.127 0.0037 189 34.970 0.0032 20.0 32.438
0.0045 174 39.377 0.0038 19.2 36.208 0.0032 20.3 32.438
0.0045 177 39.377 0.0038 19.5 37.415 0.0032 20.6 32.438
0.0047 18.0 41.697 0.0039 19.7 39.911 0.0033 20.9 35.133
0.0047 18.2 41.697 0.0039 20.0 39.911 0.0033 21.2 35.133
0.0048 184 44.032 0.0040 20.2 41.217 0.0034 214 36.517
0.0048 18.7 44.032 0.0041 205 42.539 0.0035 21.7 37.865
0.0049 18.9 46.432 0.0041 20.7 42.539 0.0035 22.0 37.865
0.0050 19.2 47.671 0.0042 21.0 45.250 0.0035 223 39.302
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Figure A.1l: Stress-strain results of M1F1-7 (three specimens)
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Figure A.2: Toughness-strain results of M1F1-7 (three specimens)
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Figure A.3: Stress-strain results of M1F1-9.5 (three specimens)
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Figure A.4: Toughness-strain results of M1F1-9.5 (three specimens)
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Figure A.5: Stress-strain results of M1F1-12 (three specimens)
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Figure A.6: Toughness-strain results of M1F1-12 (three specimens)
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Figure A.7: Stress-strain results of M1F2-7 (three specimens)
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Figure A.8: Toughness-strain results of M1F2-7 (three specimens)
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Figure A.9: Stress-strain results of M1F2-9.5 (three specimens)
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Figure A.10: Toughness-strain results of M1F2-9.5 (three specimens)
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Figure A.11: Stress-strain results of M1F2-12 (three specimens)
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Figure A.12: Toughness-strain results of M1F2-12 (three specimens)
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Figure A.13: Stress-strain results of M2F1-7 (three specimens)
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Figure A.14: Toughness-strain results of M2F1-7 (three specimens)
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Figure A.15: Stress-strain results of M2F1-9.5 (three specimens)
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Figure A.16: Toughness-strain results of M2F1-9.5 (three specimens)
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Figure A.17: Stress-strain results of M2F1-12 (three specimens)
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Figure A.18: Toughness-strain results of M2F1-12 (three specimens)
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Figure A.19: Stress-strain results of M2F2-7 (three specimens)
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Figure A.20: Toughness-strain results of M2F2-7 (three specimens)
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Figure A.21: Stress-strain results of M2F2-9.5 (only one specimen)
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Figure A.22: Toughness-strain results of M2F2-9.5 (only one specimen)
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Figure A.23: Stress-strain results of M2F2-12 (three specimens)
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Figure A.24: Toughness-strain results of M2F2-12 (three specimens)
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Figure A.25: Stress-strain results of M3 (three specimens)
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Figure A.26: Toughness-strain results of M3 (three specimens)
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APPENDIX B: RESULTS OF WATER ABSORPTION TEST

Absorption (%)
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Figure B.1: Absorption vs. time during the first 2 hrs for M1F1
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Figure B.2: Absorption indices for M1F1
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Figure B.3: Absorption vs. time during the first 2 hrs for M1F2

Absorption (%)

14
*Vi=T7% A*=0572
12 m Vf=95% _ R=0915
AVi=12% A*=0.5563
R?=0.9246
10
A A*=0500
R?=0.923
8 |
6
A
4
2 T T T T T T
0 2 4 6 8 10 12

Time (min™0.5)

Figure B.4: Absorption indices for M1F2
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Figure B.6: Absorption indices for M2F1
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Figure B.7: Absorption vs. time during the first 2 hrs for M2F2
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Figure B.8 Absorption indices for M2F2
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Figure B.9: Absorption vs. time during the first 2 hrs for M2(F)
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Figure B.10: Absorption index for M2(F)
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Figure B.11: Absorption vs. time during the first 2 hrs for M2F1(F)
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Figure B.12: Absorption indices for M2F1(F)
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Figure B.13: Absorption vs. time during the first 2 hrs for M2F2(F)
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Figure B.14: Absorption indices for M2F2(F)
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APPENDIX C: RESULTS OF CHLORIDE PENETRATION TEST
C.1) Total Chloride Content Profiles with respect to Total Weight
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Figure C.1: Chloride ingress profiles for slurry SIFCON vs.
control concrete (Based on chloride content by total weight)
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Figure C.2: Chloride ingress profiles for mortar SIFCON vs. control
concrete (Based on chloride content by total weight)
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Figure C.3: Effect of mix type on chloride penetration when hooked
fibers (F1) are used (Based on chloride content by total weight)
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Figure C.4: Effect of mix type on chloride penetration when crimped
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Figure C.6: Effect of fiber type on chloride penetration of mortar
SIFCON (Based on chloride content by total weight)
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C.2) Comparisons between model and experimental data in calculations

of chloride diffusion coefficients
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Figure C.7: Comparison of model and experimental data for
slurry SIFCON
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Figure C.8: Comparison of model and experimental data for mortar

SIFCON
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