ABSTRACT

MONTESDEOCA SOLORZANO, OSCAR FABRICIO. Basic Characteristics of Grancrete
HFR. (Under the direction of Dr. Sami Rizkalla).

Grancrete™ is anovel cementitious material originally developed at Argonne National
Laboratories and consist of a family of magnesium phosphate cement (MPC) products. The
objective of thisthesisisto examine the basic characteristics of one type of Grancrete named
Grancrete HFR (High Fire Resistant) which is basically a Fiber-Reinforced Magnesium
Potassium Phospho-Silicate Cement. The research program included a comprehensive
experimental program to evaluate the fundamental properties of the fresh mixture of
Grancrete HFR paste, the mechanical properties of the hardened Grancrete HFR paste, and

the bond characteristics of Grancrete HFR paste to selected construction materials.

The reaction of Grancrete HFR powder and water is exothermic. Test results indicate that the
setting time of Grancrete HFR paste is less than 10 minutes, and the pH level of the fresh
pasteiscloseto 7. Typical values of compressive strength of the paste a 28 days range
between 6,000 to 10,000 psi, and more than 50% of this strength was achieved within the
first 24 hours of air curing. The measured ultimate strain ranges between 0.006 and 0.008.
The modulus of elasticity is between 1650 and 1950 ksi. The modulus of ruptureis
approximately 1,100 psi and can be achieved after 3 days of air curing. Water absorption is
less than 2%. The linear shrinkage is around 0.30%. Grancrete HFR has excellent bond

strengths with itself, concrete and steel.
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CHAPTER 1

1 INTRODUCTION

1.1 Background

Grancrete™ (herein after Grancrete) is anovel patented material co-developed by Jim Paul
of Casa Grande LLC and Arun Wagh of Argonne National Laboratories [Wagh and Paul,
2007]. Grancrete Inc., which is the evolution of Casa Grande LLC, isacompany based in
Morrisville, NC, and has the patented rights to produce a family of magnesium phosphate
cement (MPC) products named Grancrete A, Grancrete B, Grancrete HFR, and Grancrete

PCW.

These products can be used as special cementitious materials for new construction, repair,
rehab and retrofit of existing structural elements, sprayable coating for protection of
structures from severe surrounding environmental conditions and for fire resistance, as well
as cementitious material for permafrost regions. These products are commercially available
and are already distributed in a limited fashion. However, the manufacturer is continuously

adjusting the ingredients in order to optimize the costs, and to enhance certain characteristics.

The objective of thisthesis isto examine the basic characteristics of one of the products of

these adjustments, which is commercially known as Grancrete HFR (High Fire Resistant). A



comprehensive experimental program was undertaken to generate a consistent and

comprehensive database to determine the basic properties of Grancrete HFR.

1.2 Objectives

The main objective of this research program isto determine the basic characteristics of the
product Grancrete HFR used as paste for different type of applications. In order to establish a
comprehensive database on the properties of this product, an experimental program was

designed to obtain information in the following three different categories:

1. Properties of the fresh mixture of Grancrete HFR paste
2. Mechanical properties of the hardened Grancrete HFR paste.
3. Bond characteristics of Grancrete HFR paste to selected traditional construction

materials.

1.3 Scope

Thisthesis is composed of seven chapters. In addition to this introductory chapter, Chapter 2
presents the fundamental information required to understand some of the principles and
definitions related to the behavior of Grancrete HFR based on areview of the available

literature. Based on this, the product Grancrete HFR and its components are introduced.



Chapter 3 summarizes the preliminary and exploratory work performed at the early stage of
the research program. This chapter includes a brief characterization of the materials used
throughout the research program, development of the mixing procedure, and the investigation
of the effect of water-to-Grancrete (w/g) ratio on the compressive strength and flowability of
Grancrete HFR paste samples. Based on this preliminary work, two mixtures were selected
for further research. In addition, results of a microscopic and chemical analysis of Grancrete

HFR are presented.

Chapter 4 reportsthe findings of some of the fresh properties of the two selected mixtures.
Setting Time, Temperature and pH levels were evaluated as a function of time. Information
about experimental program, testing apparatus and procedures as well as test data and

analysis is presented in this chapter.

Chapter 5 presents the investigation of some properties of the hardened Grancrete HFR paste
mixtures. Compression and flexural properties, water absorption properties, linear shrinkage
and coefficient of thermal expansion were evaluated. This chapter summarizes the
experimental program, testing apparatus and procedures as well as the measured data and

analysis.

Chapter 6 reportsthe investigation of the bond characteristics of Grancrete HFR paste with

selected traditional and commercially available construction materials including concrete,



steel, wood, polystyrene, and drywall. Information about experimental program, testing

apparatus and procedures as well astest data and analysis is presented in this chapter.

Chapter 7 summarizes the major findings of the research and presents recommendations for

possible future research.



CHAPTER 2

2 BACKGROUND

2.1 Introduction

Grancrete HFR is one of the new products developed and produced by Grancrete, Inc.
Therefore, there is no information available in the literature specifically addressing the
behavior and mechanical properties of Grancrete HFR. However, aresearch of the origins of
Grancrete' s products leads to some information available in the literature that is closely
related to Grancrete HFR. The objective of this chapter isto present a brief summary of that
information which is believed to be helpful in the understanding of this new material. Since
the material is part of the family of the Magnesium-Phosphate cements (MPC), this chapter

includes some discussions related to MPC.

Before the widespread use of Portland cement, magnesium oxide and magnesium chloride
based cements were popular. Blends of magnesium oxide were used in ancient timesin
several countries around the world. The Great Wall of China and many of the Stupasin India,

which are still standing today, were all built with magnesium-based cements [ Swanson, n.d.].

Most of the research with MPC reports a splitting of this family of cements into: MPC

ammonium-based and MPC potassium-based. The Magnesium Potassium Phosphate cement



was named as “Ceramicrete” by its developers at Argonne National Laboratories.
Ceramicrete is found to be the basic material for the development of products by Grancrete,
Inc.; therefore selected information about Ceramicrete, which is available in the literature, is
believed to be important to the understanding of the definition and behavior of Grancrete
HFR and is included in this chapter. The “family tree” of the Ceramicrete and its relationship

to the different Grancrete’s productsis shown in Figure 2.1.

Ceramics Hydraulic
Cements

y

CBCsalso known as
acid-base cements

CBCs have some characterigtics of
ceramics and some characteristics
of cements

When acid phosphates are
used are called CBPCs
y

CBPCs

When magnesium oxide or
equivalent isused are called MPC

\4

MPC
I
v v
MPC MPC
Ammonium -based Potassium -based
|
v v
Ceramicrete [¢p| Grancrete
Products
|
v v v v

Grancrete A Grancrete B Grancrete HFR || Grancrete PCW

Figure2.1: Grancrete HFR “family tree”



Asit can be observed in figure 2.1, the flow chart starts with Ceramics and hydraulic
cements. Differences between them are described in section 2.1.1. These differences are
important in order to understand the next definition of another family of materials known as
Chemically Bonded Ceramics/Cements (CBCs). CBCs are also called acid-base cements and
are considered a separate family of materials because they present characteristics between
ceramics and hydraulic cements, as described in section 2.1.2. A particular case of CBCs are
the so-called Chemicaly Bonded Phosphate Ceramics/Cements (CBPCs) that acquire that
name due to the fact that acid phosphates are used to produce the chemical reaction that
forms these materials, thisis presented in section 2.1.3. On the other hand, if the alkaline
component of the acid-base reaction is magnesium-based, the CBPCs acquire the name of

Magnesium Phosphate cements (MPC).

2.1.1 Ceramicsand hydraulic cements

According to Glasser [1990], Ceramics and hydraulic cements are two major classes of

inorganic solids that are man made and in common use.

Wagh [2004] states that the main difference between ceramics and hydraulic cements is how
they are produced; ceramics are formed by compaction of powders and their subsequent
fusion at high to very high temperatures while hydraulic cements harden at room temperature

when their powder is mixed with water. However, Wagh [2004] also said that the difference



between ceramics and cements goes beyond this main distinction and therefore identified

other important differences as follows:

From a microstructural viewpoint, the distinction between ceramics and cements concerns
the interparticle bonds that holds them together and provides the necessary strength. Primary
engineering characteristics on hydraulic cements are controlled by Van der Waals forces,
while properties on ceramics are controlled by either ionic or covalent bonds. Because
covalent and ionic bonds are stronger than Van der Waals bonds, ceramics have higher

strength than cements [Wagh, 2004]

Another major distinction between ceramics and hydraulic cements is the porosity. Porosity
is less than 1% (by volume) for the best ceramics, but typically 15-20% (by volume) for
cements. Ceramics tolerate very high temperatures, and are corrosion resistant in awide
range of pH, while cements are made for use at ambient temperatures and are affected by
high temperature as well as acidic environment. Ceramics are more expensive in comparison

to cements [Wagh, 2004].

2.1.2 Chemically Bonded Ceramics/Cements (CBCs)

Wagh [2004] stated that from a scientific viewpoint, calling all room-temperature-setting
materials as cements is a misnomer. There are materials with highly crystalline structures,

such as phosphate ceramics, that are formed by chemical reaction at room temperature. They



are ceramics because of their crystalline structure, while they are cements because they are

formed at room temperature. These materials are classified as CBCs.

Chemically bonded ceramics (CBCs) are defined as inorganic solids consolidated by
chemical reactions instead of the conventional high-temperature heat treatment. This
definition of CBCs was established by Della Roy and Rustum Roy [Roy, 1987; Roy et al.,

1991; Roy et al., 1986].

Wagh [2004] extended this generalization further to include all inorganic materials that are
consolidated into a hard mass by chemical reactions and not by sintering. If silicates are used
to form CBCs, they will be called chemically bonded silicate ceramics. When phosphates are
used to form CBCs, they are chemically bonded phosphate ceramics (CBPCs). By using the
acronyms CBC and CBPC, the debate over the words “cements’ and “ceramics’ is avoided,

asthe last letter “C” will stand for either of them.

Properties of CBCs lie between ceramics and cements. Their strengths are higher than those
of cements but fall short of sintered ceramics. Their corrosion resistance is close to ceramics,
but at the same time, they may be vulnerable to erosion like cements. CBCs are also known
as acid-base cements because they are formed by chemical reaction of an acid component
with a base component. The acidic and alkaline components neutralize each other rapidly,

and the resulting paste sets rapidly into products with neutral pH [Wagh, 2004].



2.1.3 Chemically Bonded Phosphate Ceramics/Cements (CBPCs)

Wagh [2004] explainsthat chemically bonded phosphate ceramics/cements (CBPCs) are
quick-setting and hard materials that were discovered and developed as dental cementsin the
19" century. This development effort was focused mainly on cements of zinc phosphate.
Some silico-phosphates were also developed as dental cements. Starting in 1970, magnesium
phosphate ceramics/cements (MPC) have been investigated as structural materials, the main
work in this area resulting from fundamental investigations conducted at Brookhaven
National Laboratory (BNL) in the United States. In the 1990s, Argonne National Laboratory
developed CBPCs for radioactive and hazardous waste management [Wagh et al., 2001]; the
main advance in this areawas in the use of magnesium phosphate ceramics. Once formulated
for waste management, these ceramics have also found application in structural materials

[Wagh, 2004].

Phosphate bonded ceramics are formed by reaction of metal cations with phosphate anions;
these materials are entirely inorganic and nontoxic. Unlike Portland cement, which is formed
entirely in an alkaline solution, these are acid-base cements and have neutral pH. They are
stable in awide range of pH, and since they are made from natural minerals they are less
expensive compared to other acid-base cements. They are self-bonding; therefore a second

layer will bond intimately to afirst set layer [Wagh, 2004].

10



2.2 Magnesium Phosphate Cements (M PC)

When magnesium oxide or equivalent is the alkaline source in the acid-base reaction that
occurs in CBPCs, this CBPC product is named Magnesium Phosphate Ceramic or
Magnesium Phosphate Cement (MPC). According to ACI Committee 546, MPC is based on
a hydraulic cement system that is different from Portland cement and has been used in repairs
to concrete since the mid 1970s [ACI 546R-04, 2004]. Superior mechanical properties are
obtained using MPC. MPC consumes also less energy during its production than that
consumed by traditional Portland cement. For the production of three common phosphate
binders, the average energy is 2.36 million BTU/ton compared to 5.8 million BT U/ton for

Portland cement [BCS, Inc., 2002; Wagh, 2004].

Various MPC were developed for use in structural materials during the second half of the last
century. These include magnesium ammonium phosphate ceramic grout for rapid repair of
roads in cold regions, and for repair of industrial floors and airports runways [ El-Jazairi,
1982; Popovics et al., 1987; Kudlapur et al., 1989; Gulyaset al., 1997; Yang et al., 2000],
and magnesium potassium phosphate ceramics for stabilization and solidification of low-

level radioactive and hazardous wastes [Wagh et al., 2001; Wagh, 2004; Ding et al., 2005].

MPC were discovered in 1940 by Prosen and Earnshaw as investment materials for casting
alloys [Wagh, 2004]. In their materials, magnesium oxide is reacted with phosphoric acid or

with a source of phosphorous pentoxide (P.Os). However, the resulting products set very
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rapidly and thus allow very little working time. In addition, they are water soluble and hence
not practical for structural material applications [Finch et al., 1989; Wagh, 2004]. Practical
ceramics with very low solubility can be formed by an additional cation provided as a soluble
phosphate. Salts such as ammonium mono- or di- hydrogen phosphate [Sugama et al., 1983;
Sherif et al., 1986], ammonium polyphosphate [Sugama et al., 1983], aluminum
hydrophosphate [Finch et al., 1989; Sugama et al., 1983; Sherif et al., 1986; Ando et al.,
1974], sodium polyphosphate [ Demotakis et al., 1992], or potassium dihydrogen phosphate
[Wagh et al., 2001] provide the necessary additional cation. The mineral compositions of
most of these ceramics have been well studied [Wilson, 1993; Sarkar, 1991; Krylov et al.,
1976; Abdelrazing et al., 1988]. Several papers provide microstructures, mechanical
properties, and chemical compositions on these cements [Wagh et al., 1997; Abdelrazing et

al., 1989; Abdelrazing et al., 1988; Ding et al., 2005; Popovics et al., 1987].

2.2.1 Retardersfor MPC

Wagh [2004] says that: “Literature on the formation of magnesium-potassium and
magnesium-ammonium phosphate ceramics reports addition of several retardants, including
boric acid and borates [ Sarkar, 1991; Wagh et al., 2003]. Sarkar [1991] studied the kinetics
of retardation of magnesium oxide (MgO) and ammonium phosphate with boric acid; he
reported that boric acid develops a polymeric coating on MgO grains and thus retards the

setting rate. Addition of only 1% of boric acid in a powder mixture of magnesium oxide
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(MgO) and potassium phosphate (KH,PO,4) can retard the mixing and setting time of the

slurry from 1.5to 4.5 hours’.

“The general concept of the kinetics of retardation of this reaction is as follows. When MgO
containing H3BOs3 is mixed in the phosphate solution, [inebergite is formed on the surface of
individual grains of MgO, and that compound coats the individual particles. This less soluble
compound prevents the grains from dissolving in the acid solution. Subsequently, as the pH
of the solution rises, the coating dissolves slowly into the solution exposing the grains back
to the acid solution. Because dissolution of MgO is delayed, the rates of dissolution and the

acid-base reaction are reduced” [Wagh, 2004].

In several oxides, such as MgO, the solubility decreases as the pH increases and it eventually
becomes insignificant in an alkaline region. In the case of MgO, pHuin is equal to 8.46, which
is still in the alkaline region. Therefore, MgO cannot be used to produce cements a least ina
significantly large size. However, calcined MgO exhibits lower solubility even in the acidic
region, and has been used to produce cements. Calcination reduces the MgO powder
solubility by reducing the porosity, increasing the grain size, and recrystallizing the

amorphous coatings on individual grains [Wagh, 2004].

Several admixtures are available today in the market to modify the setting characteristics of
mortars and concretes made with conventional Portland cement. However, if these

admixtures are added to MPC, they do not work properly. Popovics et al. [1987] added a
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variety of water-reducing admixtures to Magnesium Phosphate cement (MPC) mixtures.

They conclude that none of the tested plasticizers were effective with MPC.

2.3 Magnesium Potassium Phosphate Ceramic/Cement (Ceramicrete)

In an effort to develop stronger and denser encapsulating material for radioactive and
hazardous waste streams in large sizes, Wagh and his group developed magnesium potassium
phosphate ceramic by reacting calcined magnesium oxide with monopotassium phosphate in

an agueous solution [Wagh et al., 1997; Wagh et al., 1998; Wagh et al., 2003; Wagh, 2004].

According to Wagh [2004], the reaction between these components is given by:

MgO + KH>PO4 + 5H,0 = MgKPO46H20

The reaction product MgKPQO,.6H,0, which is highly crystalline, is called Magnesium
potassium phosphate hexahydrate or (MKP). Because this ceramic set at room temperature

like concrete, it was named “ Ceramicrete” [Wagh, 2004].

“Insmall scale (alitter size), the slurry is mixed for around 25 min until it forms athick but
pourable paste. It is then allowed to set. The setting time is approximately an hour. In larger

scale, this mixing time is reduced significantly. The product has superior propertieswhen it is
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mixed with fly ash or wollastonite (CaSiOs) [Sherif et al., 1985; Wagh et al., 1997].

Compressive strengths range from 55 to 83 MPa (8,000-12,000 psi)” [Wagh, 2004].

“Apart from the high strength of the composites of this material, its major advantage liesin
forming large castings. The reaction is less exothermic. KH,PO,4 has a solubility that is lower
than ammonium phosphates and hence dissolves slowly. This helps in reducing the reaction

rate as well as exothermic heat release” [Wagh, 2004].

Differential thermal analysis (DTA) and thermo-gravimetric analysis (TGA) indicated that
the 6 mol of water in the crystal are loosely bound and escape upon heating at 120 °C, after
which anhydrous MKP is formed. The X-ray diffraction pattern of Ceramicrete does not
contain any peaks other than those of MKP and unreacted MgO. Similarly, the scanning
electron microphotographs show only crystals of MKP. Therefore, this product is

comparatively phase pure [Wagh, 2004].

2.3.1 CBPCsMatrix Composites

Wagh [2004] statesthat: “Chemically Bonded Phosphate Ceramics/Cements (CBPCs) matrix
composites are formed by incorporating a small amount of CBPC binder in a much greater
amount of a second-phase material. These components are then mixed with water to form a
slurry that will react and form the composite. Varying the properties of the additive altersthe
composite so that one obtains a range of products with tailored properties. For example,

mechanical properties can be virtually doubled by adding fly ash to the mixture. Adding
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insulating particles such as ash, sawdust, or hallow microspheres of silica can reduce the
thermal conductivity. The ability of CBPCsto bind a range of materials (“extenders’) and to
form composites makes them promising for niche applications that cannot be fulfilled by
conventional cement”. “The ever-increasing industrial activity is depleting natural resources
worldwide, and at the same time, producing wastes that need disposal. Much of the solid

waste that is produced is nonhazardous and can be recycled as CBPC structural products’.

“CBPC matrix composites can incorporate a high volume of industrial waste streams such as
fly ash, mineral waste such as iron tailings and Bayer proves residue from the aluminum
industry (red mud), machining swarfs from the automobile industry, and forest product waste
such as saw dust and wood chips’. “This high loading reduces the cost of CBPC products
and makes them cost effective. Asaresult, CBPCs are finding niche applications in other
areas. These include road repair in winter seasons in cold countries, novel architectural
products, construction material for low cost housing, and structural material for permafrost
regions. CBPC matrix composites are especially useful in extreme cold climate and corrosive

environments’ [Wagh, 2004].

Ding and Li [2005] studied the microstructure and properties of magnesium phosphate
cement (MPC) with large amounts of fly ash. The results showed that fly ash can improve
the bonding and compressive strength of MPC. The incorporation of fly ash does not retard

the reaction but decreases the heat evolution of MPC. They also found that the hydrated MPC
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systemis alkaline, with apH of 10 to 11. Thisvalue is contradictory with other values found

by Wagh [2004] that states that MPC system is neutral with pH around 7 to 8.

Wagh and Singh [1997] incorporated arange of waste streams and other extendersin
Ceramicrete and concluded that a variety of desired properties can be obtained in

Ceramicrete matrix composites.

2.3.2 Phospho-Silicate Ceramicrete

Semler [1976] used a natural mineral, wollastonite (CaSiOs3 ) reacted with H3PO, to produce
a calcium phosphate quick-setting cement that hardened within 3-8 min and provided a
compressive strength between 60 and 73 MPa (8,650 and 10,645 psi). The thermal expansion
coefficient was 8.2 x 10°°C™*(4.55 x 10° °F*), and the tensile strength was 3 MPa (450 psi).
However, Semler was able to make only small samples because of difficulties due to

excessive exothermic heat evolution during formation of these cements,

Wagh et al. [2003] used wollastonite as an additive to their magnesium potassium phosphate
cement (Ceramicrete) to produce a composite cement. It was named “phospho-silicate
Ceramicrete’. They found that the advantage of using Ceramicrete as the matrix for
wollastonite is that even at very high loading of wollastonite, the exothermic reaction rate is
minimal, and large casts could be made. Table 2.1 lists properties of this wollastonite-filled

Ceramicrete.
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Table 2.1: Properties of Wollastonite-Filled Ceramicrete [Wagh, 2004]

L oading and Properties Measured Value
Curing (days) 21 15
Loading of wollastonite (wt%) in 50 60
power blend
Compressive Strength, MPa 53 (7,755 psi) 58 (8,426 psi)
Flexural Strength, MPa 8.5 (1,236 psi) 10 (1,474 psi)
Fracture toughness (M Pa.m"°) 0.63 0.66
Water Absorption (wt%) 2 2

Asshown in Table 2.1, the superior mechanical properties coupled with the ability to
fabricate large samples make this product a superior cement. The superior mechanical
properties of phospho-silicate Ceramicrete may be attributed to the whisker form of the
grains of wollastonite. As aresult, the composite becomes a whisker-reinforced ceramic

[Wagh, 2004].

According to Wagh [2004], Wollastonite is reactive in a phosphate solution. Therefore, even
though the structure of its whiskers is retained in the ceramic, a reaction occurs between the
surface of the whiskers and the matrix. One of the products of this reaction is calcium
hydrophosphate (CaHPO,). This mineral is formed by the reaction of wollastonite and
KH,PO,. The same reaction will also produce metastable silicic acid (H»SiOs) as a byproduct
that will produce silicates such as K,SiOs. These silicates have a glassy nature. Formation of
such glassy reaction products is a positive attribute of this reaction. The glassy phase makes
this material dense by filling in connected porosity. The result is higher compressive

strength.
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Ding and Li [2005] evaluated the effect of aggregates and water contents on the properties of
magnesium phospho-silicate cement (MPSC). Mortars with different fine aggregates, and
different water contents were investigated. Compressive strength and modulus of elasticity
were tested at several ages. They found that, compressive strength of MPSC mortar decreases
with the increase of sand content, regardless of sand type. They also found that, compressive
strength and modulus of elasticity of MPSC decreased with the increase of water/binder ratio

at all ages.

2.3.3 Fiber Reinforcement of CBPC Products

Wagh [2004] statesthat, “because the CBPC processes are carried out a room or dightly
elevated temperatures, natural fibers, man-made glass, or polymer fibers may be added in the
product. Jeong and Wagh [2003] have demonstrated this capability by incorporating glass
fibers in ash-containing Ceramicrete. They used chopped glass fibers of length 0.25 in (0.6
cm) and 0.5in (1.3 cm). A small amount (1-3%) of fibers was added to the Ceramicrete and
ash powder blend. When water was added, the slurry was thin enough to mix and form a
thick paste that was poured into molds. The distribution of the fibers was found to be very
uniform throughout the sample, and no agglomeration of fibers occurred during mixing.
Monopotassium phosphate is a dispersant, and although fibers were added as a bunch of
strands, they dispersed well in the slurry”. Wagh [2004] reports an increasing in flexural
strength with fiber content for 40 and 60 % (by weight) ash-containing Ceramicrete. The

initial strength of around 900 ps (6.3 MPa) was increased to 1,300 ps (9.1 MPa) and 1,700
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psi (11.9 MPa) with fibers of length 0.25 in (0.6 cm) and 0.5 in (1.3 cm), respectively. The

longer fibers give higher flexural strength.

2.4 GrancreteHFR

Grancrete HFR (High Fire Resistant) is one of the products of the magnesium-phosphate
cement (MPC) family of productsthat are produced by Grancrete, Inc. It isadry-blend of
calcined magnesium oxide (MgO), monopotassium phosphate (KH,PO,), calcium silicate
also known as “wollastonite” (CaSiOs) and polyethylene fibers. These components are
originated from mines, and are considered non-toxic and non-hazardous. The characteristics

and percentages of each of the mentioned components in this product are proprietary.

Based on the definitions available in the literature and also based on the composition of
Grancrete HFR, it can be classified as a “ Fiber-Reinforced Magnesium Potassium Phospho-
Silicate Cement”. Fiber reinforced because the product is commercially available with fibers.
Magnesium potassium because it belongs to the MPC family due to the fact that the alkaline
source is magnesium oxide and the acid source is potassium phosphate. And, finally
phospho-silicate for the similitude encountered with the phospho-silicate ceramicrete
developed by Wagh et al. [2003]. The following is a brief review of the characteristics of the

raw materials used in the fabrication of Grancrete HFR.
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2.4.1 Magnesum Oxide (MgO)

The oxide source in forming Grancrete HFR is magnesium oxide (MgO). Magnesium oxide
isawhite solid mineral that occurs naturally as “periclase” and is a source of magnesium.
MgO is hygroscopic in nature and care must be taken to protect it from moisture. It isthe
eighth most abundant element in earth’s crust. It is extracted either from dolomite or
magnesite rocks, or from magnesium chloride derived from seawater by electrolysis. It is
available in various reactivity grades based on the temperature and duration at which it is
heat treated. Hard burnt and dead burnt grades are most useful for CBPC formation [Wagh,

2004].

2.4.2 Monopotassum Phosphate (KH,PO,)

Monopotassium phosphate is the acid source in forming Grancrete HFR. Commercially
available pure KH2PO4, when reacted with MgO, produces high quality ceramics [Wagh,
1998; Wagh, 2004]. This raw material is comparatively more expensive than other
hydrophosphates, but a very large proportion of fillers can be incorporated in the ceramic
formation and hence the net cost of the binder components in making products is less [Wagh,

2004].

Monopotassium phosphate is formed by reaction of chloride or carbonate of potassium with
phosphoric acid and the phosphate is derived as a crystalline material in a pure form. Its main

commercial applications are as food ingredient in cold drinks and in detergents.
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2.4.3 Calcium Silicate {Wollastonite} (CaSiO3)

Some materials like sand, fly ash and calcium silicate (wollastonite) are used as aggregatesto
produce viable CBPCs. In most cases these aggregates also participate in the reaction and

enhance the mechanical properties of the phosphate ceramics.

In the case of Grancrete HFR, wollastonite is used as an aggregate, but it was proved that it
also participates in the reaction [Wagh et al., 2003]. Therefore, it has to be called extender
instead of aggregate. A wide range of silicates is available in nature in varying degrees of
solubility. Among them, calcium metasilicate or wollastonite is the most important one

because this mineral is abundant in nature and hence is available at low cost [Wagh, 2004].

Wollastonite is found in crystalline limestones and is mined where it is sufficiently high in
concentration and forms major part of the rock mass. Such places are states of New Y ork and
Californiain the United States, Brittany, Germany, Rumania, and Mexico [Klein and

Hurlbut, 1977].

Commercially, wollastonite is available in pure form and with different aspect ratio (length-

to-diameter ratio of grains) [Wagh, 2004].
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2.4.4 Polyethylene Fibers

According to the American Fiber Manufacturing Association (AFMA), Polyethylene Fibers
are part of the so-called Olefin fibers. They are one of the world's strongest and lightest

fibers. Polyethylene fibers are pound-for-pound, 10 times stronger than steel.

Polyethylene fibers are products of the polymerization of ethylene gases. For the productsto
be of use as fibers, polymerization must be carried out under controlled conditions with
special catalysts that give chains with few branches. Polyethylene fibers are characterized by

their resistance to moisture and chemicals [www.afma.org].

Polyethylene fibers are used in numerous applications, including police and military ballistic

vests, helmets and armored vehicles, sailcloth, fishing lines, marine cordage and lifting

slings, cut-resistant gloves, and a wide range of safety apparel [www.afma.org].

2.5 Research Significance

There are several patented products in the market based on magnesium-phosphate; however,
not many of them have been commercialized successfully. In order to make Grancrete HFR
an effective alternative material for the construction industry, research is needed to address

the properties of this novel product. Basic properties of the product should be examined to
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provide a fundamental understanding of its behaviors under the effect of mechanical loads
and environmental conditions. Therefore, this research was undertaken to generate a

consistent and comprehensive database on the basic properties of Grancrete HFR.
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CHAPTER 3

3 PRELIMINARY WORK

3.1 Introduction

This chapter describes the preliminary work performed at the Constructed Facilities
Laboratory at North Carolina State University to examine the performance of Grancrete
HFR. This includes a characterization of the materials used throughout the research, the
development of the mixing procedure and the investigation of the effect of water-to-
Grancrete (w/g) ratio by weight on the compressive strength and flowability of the Grancrete
HFR paste. Results of a microscopic and chemical analysis of Grancrete HFR performed by

the Analytical Instrumentation Facility at North Carolina State University are also included.

3.2 Characterization of the materials

The materials used not only during the preliminary work but also during the entire research
to prepare the different mixtures used in the investigation were Grancrete HFR, Portland
cement Type Il, Metakaolin, Vermiculite and water. A brief description and relevant

information of these materials is described in the following sections.
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3.21 GrancreteHFR

Grancrete HFR (High Fire Resistant) is one of the products of the magnesium-phosphate
cement family of productsthat are produced by Grancrete, Inc. Based on its composition
Grancrete HFR can be classified as a Fiber Reinforced Magnesium Potassium Phospho-

Silicate Cement as described in Chapter 2.

All of the Grancrete HFR used in this research was provided by Grancrete, Inc. packaged in
50-pound bags of dry-powder. Grancrete HFR has a light brown color which is characteristic
of this product. Since Grancrete HFR properties are the object of this research several

mixtures made of Grancrete HFR were studied.

3.2.2 Portland cement

Portland cement is awell known material being used for decades in the construction industry.
In thisresearch, Type Il Portland cement produced by Roanoke was used in some of the tests

to provide comparative characteristics to Grancrete HFR.

3.2.3 Metakaolin

Metakaolin is an admixture for concrete and cement applications. Replacing Portland cement
with 8% - 20% (by weight) by metakaolin produces a concrete mixture which exhibits

favorable engineering properties, including the filler effect, the acceleration of ordinary
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Portland cement hydration, and the pozzolanic reaction. The filler effect is immediate, while

the effect of pozzolanic reaction occurs between 7 to 14 days [wikipedia.org].

Metakaolin was used in this research in one of the mixtures tested for compression strength

to replace 15% (by weight) of Grancrete HFR powder as discussed in Chapter 5.

3.2.4 Vermiculite

Vermiculite is anatural mineral that expands with the application of heat. The expansion
processis called exfoliation and it is routinely accomplished in specially-designed
commercial furnaces. Vermiculite is formed by hydration of certain basaltic minerals. Large
commercial vermiculite mines currently exist in South Africa, China, Brazil and several other

countries [wikipedia.org].

Exfoliated vermiculate brand “Uline’ Grade 2 was used as alightweight aggregate in this

research because of its fireproofing properties. It was provided by Grancrete, Inc.

Saturated Surface Dry (SSD) grains of Vermiculite as well as non preconditioned grains were

used to create different mixtures with Grancrete HFR as discussed in Chapter 5.
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3.3 Development of Mixing Procedure

Magnesium Phosphate mortars and concrete are known to have setting times between 10 to
20 min, therefore, to develop a suitable mixing procedure which permits enough time not
only for mixing but also to prepare the specimensis crucial to the use of Grancrete HFR in

construction.

Initially, a drum mixer with a plastic drum was used. The plastic drum was used due to the
fact that Grancrete's products bond to the stedl within few minutes after the addition of water
to the Grancrete powder. However, the mixing procedure using the plastic drum mixer was
found to be unsuitable for Grancrete HFR, especially when w/g ratios of less than 0.25 (by

weight) were used.

Two other procedures were used and were found to be suitable for Grancrete HFR. The first
one was using a hand mixer and was useful for small batches of approximately less than 0.5
liters which were prepared during the preliminary work. The second procedure uses a
laboratory mixer to prepare batches of approximately more than 0.5 liters and less than 10

liters and was used after the preliminary work.

3.3.1 Mixing procedure used in the preliminary work

During the preliminary work, small batches of approximately less than 0.5 liters were

necessary due to the variation of the water-to-Grancrete (w/g) ratio on the mixtures. Using a
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5-speed hand mixer machine by Oster, the following steps were followed during the mixing
process. First, approximately half of the mixing water was placed into the mixing bowl. A
glass bow! was used. Then, all of the Grancrete HFR was added to that water. Thiswas
followed by the addition of the rest of the water. A period of 30 seconds was allowed for
absorption. Then, the hand mixer was started a lowest speed for 1.5 minutes and then at
highest speed for 1.5 more minutes. Therefore, normally total mixing time was
approximately 3 minutes. However, when the mixture appeared to require more mixing time,
additional 30-second intervals were used. It was observed that, the less water-to-Grancrete
ratio, more mixing time was required. A maximum of 5 minutes of mixing time was used in

this research for all mixing proportions used.

3.3.2 Mixing procedure used after the preliminary work.

For the production of specimens throughout this research and after the preliminary work was
done, a Hobart laboratory mixer equipped with a 20-quart-plastic bowl and a flat beater was
used. This mixing procedure followed the standard ASTM C305 (Standard Practice for
Mechanical Mixing of Hydraulic Cement Pastes and Mortars of Plastic Consistency) but its

times were modified for Grancrete HFR according to the following:

To prepare Grancrete pastes, approximately half of the mixing water was placed into the
plastic mixing bowl. Then, all of the Grancrete HFR was added to that water. Thiswas

followed by the addition of the rest of the water and a period of 30 seconds allowed for
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absorption. Then, the laboratory mixer was started at low speed for 1.0 minute and then at
high speed for 0.5 more minutes. Normally, total mixing time was 1.5 minutes. However,
when the mixture appeared to require more mixing time, additional 30-second periods was
used. After mixing specimens were prepared within 6 to 7 minutes before hardening of the

mixture.

Mixtures using Vermiculite as a lightweight aggregate and Metakaolin as a mineral
admixture were prepared in this research. Vermiculite was mixed with Grancrete HFR using
two moisture conditions in the Vermiculite. The first one was Saturated Surface Dry (SSD)
condition and the second condition used the Vermiculite as delivered (AD). When SSD
conditioning was used, Vermiculite was immerged under water for at least 24 hours and then

SSD condition was approximately achieved by using paper towels.

When an additional material (i.e. Vermiculite and/or Metakaolin) was used in the mixture, it
was dry-mixed with the Grancrete HFR powder for 1.5 minutes at high speed. Then the same

procedure described for Grancrete HFR pastes was followed.

3.4 Effect of water-to-Grancreteratio on Compressive Strength

The effect of water-to-Grancrete (w/g) ratio by weight on the compressive strength was

evaluated according to the standard ASTM C 109 (Compressive Strength of Hydraulic
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Cement Mortars). Three 2-in cubes per variable were tested in compression. All specimens
were cured 24 hours inside the molds and air cured for two days before testing. Therefore,
they were 3 day-old at the time of testing. The results of the effect of w/g ratio on the
compressive strength are given in Table 3.1 where each value is based on an average of at
least three cubes.

Table 3.1: Effect of w/g ratioin Compressive Strength at 3 day-old

w/gratio Comprvg

Strength (ps)
0.17 9,870
0.18 8,920
0.19 8,850
0.20 8,580
0.21 6,330
0.22 4,800
0.25 4,440
0.28 3,360
0.30 2,770
0.33 1,380
0.35 1,110

The relationship between the water-to-Grancrete ratio (w/g) by weight to the measured

compressive strength at 3 day-old is presented in Figure 3.1.

The observed trend follows the trend known for traditional Portland cement where the
compressive strength decreases by increasing the w/g ratio. Analysis of test results suggests
that the Compressive Strength can be related reasonably well to the w/g ratio in an

exponential relationship as follows:
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fo.31 = 84,000 29 (r* = 0.958)

Where:
fg30 = Compressive Strength at 3 day-old in (psi)
w/g= water-to-Grancrete ratio by weight
Compressive Strength @ 3 day-old vs. w/g ratio
11000 1.
10000 %
9000 N
\‘L‘
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Figure 3.1: Effect of w/g ratio on Compressive Strength at 3 day-old

3.5 Effect of water-to-Grancrete ratio on workability

Workability of the fresh Grancrete HFR paste influenced by the water-to-Grancrete (w/g)
ratio was evaluated according to the standard ASTM C 1437 (Flow of Hydraulic Cement

Mortar).
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For this purpose, a frustum of a cone specimen mold was filled up using two layers of paste.
Then, the mold was removed and using a the flow table shown in Figure 3.2, the specimen
was subjected to 25 drops of one inch each in a period of 15 seconds. Four measures of the
base diameter of the mortar along scribed lines in the table top were taken using a caliper and
these values were averaged and compared with the original base diameter. The method
calculates the increase in the average base diameter of the paste mass, expressed as a
percentage of the original base diameter. Figure 3.3 illustrates the test procedure and the

change in the base diameter of the paste.

Figure 3.2: Flow Tableand Mold
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Test results of the flow test are given in Table 3.2 for different water-to-Grancrete ratios

ranging from 0.16 to 0.25 by weight. As expected, the higher the w/g rétio, the higher the

flow.

Table 3.2: Effect of w/g ratio on Flowability of Fresh Grancrete HFR paste

Figure 3.3: Flow Test

w/g ratio | Flow (%) Remarks
0.16 - Too dry mixture
0.17 21 Very Low flow
0.18 88 Low Flow
0.19 88 Low Flow
0.20 101 Good Flow
0.21 124 Good Flow
0.22 119 Good Flow
0.23 136 High Flow
0.24 148 Very High Flow
0.25 150 Very High Flow. Spill a 21 of 25 drops




Using the characterization of flow according to the recommendation of standard ASTM C
109, which states in section 3.1 that “Water content for other cements is that sufficient to
obtain a flow of 110 £5 in 25 drops of the flow table”, a minimum w/g ratio of 0.20 is

required to achieve sufficient flow.

Test resultsindicate that the workability of the fresh Grancrete HFR paste, measured by the
flow, is highly sensitive and directly proportional to the w/g ratio used. The following

polynomial relationship seemsto fit reasonable well for the flow data obtained:

F =-16,880(w/g)* + 8,440(w/g) —910,  (r*=0.906)
Where:
F= Flow (%)
w/g= water-to-Grancrete ratio by weight
The effect of the w/g ratio on Compressive Strength and Flowability of the fresh Grancrete

HFR paste is presented in Figure 3.4.

35



11000 165

10000 > : 150
. \\~\ | //’——‘
9000 < , — 135
| el |
8000 1— Tl 120
« [~~,
7000 et 105
2 6000 - 0
3 pd . <
2 5000 7 et 5 g
> A N N R AR R o
< N L

4000 / e 60
3000 = 45

2000 30

1000 15

¥ 0
0.17 0.18 0.19 021 022 023 024 Q25 026 0.27

w/g ratio (by weight)

| Compressive Stregth X Flow  ----- Expon.(Compressive Stregth) — Poly. (Flow) |

Figure 3.4 Effect of w/g ratio on Compressive Strength and Flow of Grancrete HFR

It can be observed that a small change of the w/g ratio can produce a significant change in the
compressive strength. For example, as we said earlier, aminimum w/g ratio of 0.20 is
required to achieve enough flow. However, if the w/g ratio changes from 0.20 to 0.25, the
compressive strength at 3 days obtained from figure 3.4 is reduced approximately from 7,500
psi to 4,200 psi (Please note that average values obtained during testing are reported in Table

3.1 and were 8,580 psi and 4,440 psi for w/g ratios of 0.20 and 0.25, respectively). Therefore,
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agood quality control program should be applied when using Grancrete HFR to avoid

variations in the specified w/g ratio.

3.6 Selection of potential mixturesfor construction applications

Based on the results obtained during preliminary work, that is compressive strength tested at
3 day-old and flowability of the fresh Grancrete HFR paste, two mixtures that could
represent the limits of the water-to-Grancrete (w/g) ratio in which Grancrete HFR is expected

to be used for typical construction applications were selected for further testing:

Mixture# 1. Grancrete HFR paste with w/g ratio equal to 0.20, which give an
average compressive strength of 8,580 ps after 3 days of curing, and Flow equal to
101%.

Mixture# 2. Grancrete HFR paste with w/g ratio equal to 0.25, which give an
average compressive strength of 4,440 ps after 3 days of curing, and Flow equal to

150%.
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3.7 Microscopic and Chemical Analysis

Microscopic and chemical analyses of Grancrete HFR were performed by the Analytical
Instrumentation Facility at North Carolina State University. The objective of this study was
to characterize Grancrete HFR paste and powder and compare the results to the analysis of
Portland cement paste. This characterization included elemental composition and initial

understanding of the microstructure.

In order to accomplish this objective, samples were prepared a the Constructed Facilities
Laboratory at NCSU and analyzed by the Analytical Instrumentation Facility. This analysis
was extremely useful to a better understanding of the product at the initial phase of this
research. EDX (Energy Dispersive Analysis using X-rays) was used to study the elemental

composition of Grancrete HFR.

Scanning Electron Microscopy images were obtained using a Hitachi S-3200 at 20 and 30 kV
electron beam with an Oxford Isis EDX system for elemental analysis. Because the high
energy electron beam can be focused to obtain lateral resolution on the order of 5nm, it is
possible to obtain EDX elemental information from small regions. Specimens used for EDX

analysis were not sputtered.

EDX detected several elementsin Grancrete HFR paste as shown in Figures 3.5to 3.8:
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Figure 3.5: EDX of Grancrete HFR paste ()
Figure 3.5 shows and EDX of the many small round features found in the specimen of
Grancrete HFR. EDX analysis indicates that they are mostly Silicon (Si), Aluminum (Al),
Potassium (K), Calcium (Ca), Oxygen (O) and Magnesium (Mg). Thisis an indication that
these particles are likely to be atype of glass. These clear particles were also observed in the

optical microscope.

Figure 3.6 shows and EDX of another feature. Analysis showsthat it is primarily Magnesium
(Mg) with some Oxygen (O), Phosphorous (P), Calcium (Ca), and Potassium (K). Note the

crystals on the surface.
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Figure 3.6: EDX of Grancrete HFR paste (1)
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Figure 3.7: EDX of Grancrete HFR paste (111)
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Figure 3.7 presents and EDX of some large irregular features. Analysis shows high Silicon

(Si) and Oxygen (O) indicating that they are probably quartz.

Figure 3.8 shows an EDX of some long crystals in the surface. Analysis shows high Silicon

(Si), Calcium (Ca) and Oxygen (O) with some Potassium (K) and Magnesium (Mg).
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*Source: Analytical Instrumentation Facility, NCSU
Figure 3.8: EDX of Grancrete HFR paste (1V)
Summarizing, EDX analysis indicates that the elemental composition of Grancrete HFR
includes Magnesium (Mg), Potassium (K), Calcium (Ca), Carbon (C), Phosphorous (P) and
Silicon (Si). Significant amounts of Phosphorus (P) and Potassium (K), which are not found
in Portland cement, were found in Grancrete HFR. Other alkali elements, such as Naand Li,

were not detected during the EDX analysis of Grancrete HFR.
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In conclusion, the elemental composition of Grancrete HFR significantly differs from the
elemental composition of traditional Portland cement as it can be seen in Figure 3.9 and

Figure 3.10, respectively.
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Figure 3.9: Grancrete HFR paste EDX Spectra
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Figure 3.10: Portland Cement Typell paste EDX Spectra

42



Other scanning electron micrographs obtained are shown in Figures 3.11 and 3.12.
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Figure 3.11: Scanning Electron Micrograph of Grancrete HFR paste (M ag. 2500X)
Figure 3.11 shows a SEM micrograph of Grancrete HFR surface taken after 3 days of air
curing. High magnification (2500 X) shows that there are many small crystallites on the
surface of the sample. The EDS spectra of this region showed the same background as the

overall EDS spectra

Figure 3.12 presents a SEM micrograph of Grancrete HFR surface after 3 months of air
curing with a magnification of 180 X. Note that features of about 100 to 200 um in length
and varying width can be seen in this cleaved surface. The Grancrete HFR is not

homogeneous on the 100 um scale.
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Figure 3.12: Scanning Electron Micrograph of Grancrete HFR paste (M ag. 180 X)



CHAPTER 4

4 PROPERTIESOF THE FRESH MIXTURE OF

GRANCRETE HFR

4.1 Introduction

This Chapter describes the experimental program undertaken at the Constructed Facilities
Laboratory at North Carolina State University to study the properties of the fresh mixture of
Grancrete HFR paste. The experimental program includes the two mixtures selected
previously from the preliminary work. Setting time, temperature and pH were investigated as
afunction of time. Information about experimental program, testing apparatus and
procedures as well as analysis of the measured data of each characteristic investigated is

reported in this chapter.

4.2 Setting Time

This section describes the experimental program conducted to determine the Setting Time of
Grancrete HFR Paste. Test apparatus and procedures used as well as the analysis of the

measured data are included.
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4.2.1 Experimental Program

Setting time was determined according to sandard ASTM C 403 (Time of Setting of
Concrete Mixtures by Penetration Resistance). The resistance of the sample to penetration by
standard needles was measured and from the relationship of penetration resistance with

elapsed time, the times of initial and final setting were determined.

This test method in particular defines initial setting time as the time at which the mixture has
a penetration resistance equal to 500 psi, while final setting time is defined as the time at

which the mixture has a penetration resistance equal to 4,000 ps.

Three 8-inch diameter and 6-inch height cylindrical specimens were tested for each of the
selected mixtures as given in Table 4.1. Each specimen was prepared in a single batch

according to the procedure described in section 3.3.2.

Table4.1: Setting Time Test Matrix

Mixture D w/g (by weight) | No. of Specimens
Mixture #1: Grancrete HFR Paste 0.20 3
Mixture #2: Grancrete HFR Paste 0.25 3

4.2.2 Test Apparatusand Procedure

A set of standard needles consisting of 6 needles of different diameters was used in the test.
The diameter of each needle which isrequired to calculate the needle’ s area was measured

using a caliper. For each needle, the force required to reach 500 psi and 4000 psi penetration
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resistance was calculated as given in Table 4.2. Table 4.2 provides detailed information with

regards of the measured needl€’ s diameter, the corresponding area, and the forces required to

reach the specified penetration resistances of 500 and 4000 psi.

Table4.2: Forcesrequired to reach Initial and Final setting times by needle

Needle . . i Forcetoreach | Forcetoreach
Number | Diameter (in) | Area(in) | "o (1 by | 4000 psi (Lb)
1 1.1170 0.98 490 3920
2 0.7905 0.49 245 1963
3 0.5500 0.24 119 950
4 0.3420 0.09 46 367
5 0.2390 0.04 22 179
6 0.1645 0.02 11 85

Each cylindrical specimen was casted using a plastic mold filled up in asingle layer of
Grancrete HFR paste. These were consolidated to eliminate air pockets by 50 rod strokes (1
rod for each 1 in®) uniformly distributed over the cross section of the specimen and the sides
were hand tapped in order to close the voids left by the tamping rod and also to level the

surface of the specimen.

Following, using the penetration apparatus equipped with a needle of an appropriate size,
vertical force was uniformly applied downward until the needle penetrated the paste to a
depth of 1 inch as indicated by the scribe mark. The force required to produce the 1-in
penetration of the needle used and the corresponding time of application were recorded. The
time of application was measured as the elapsed time after initial contact of Grancrete HFR

and water. Figure 4.1 shows the apparatus used to test setting time by penetration resistance.
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Figure4.1: Test of Setting Time by Penetration Resistance

4.2.3 Test Dataand Analysis

The measured forces required to produce the 1-in penetration was divided by the
corresponding needle’s area and thus obtaining penetration resistance values. These values
were plotted versus the corresponding elapsed time. Then, by linear interpolation, initial and
final setting times were obtained from each plot as the times when the penetration resistance
equals 500 psi and 4000 psi, respectively. Figure 4.2 presents a plot of penetration resistance

versus elapsed time for the three specimens tested for Mixture #1 with w/g of 0.20.
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Setting Time by Penetration Resistance
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Figure 4.2: Setting Time by Penetration Resistance, Mixture #1

The initial and final setting times for the three specimens tested as well as the average value
for Mixture #1 are given in Table 4.3. The table shows a so the time difference between final

and initial setting in seconds.

Table 4.3: Setting Time by Penetration Resistance, Mixture # 1 (w/g=0.20)

Specimen Im(trﬁnﬁ(tete;)ng Fl(rr]r?ilnsuett;;] ’ (FinaIDtS(gt%ior?i?iz)l Set)
1 7.90 8.29 23
2 8.69 9.40 43
3 9.04 9.66 37
Average 8.54 9.11 34
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The same information is presented in Figure 4.3 and Table 4.4 for Mixture #2 with w/g ratio

of 0.25 by weight.
Setting Time by Penetration Resistance
Mixture #2 (w/g=0.25)
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Figure 4.3: Setting Time by Penetration Resistance, Mixture #2

Table 4.4: Setting Time by Penetration Resistance, Mixture #2 (w/g=0.25)

. Initial Setting | Final Settin Dt (seconds
Specimen | inutes) ’ (minutes) ’ (Final sét -Initia)l Set)
1 9.57 10.59 61
2 9.70 11.02 79
3 9.75 10.48 44
Average 9.67 10.70 61

As it can be observed in Figures 4.2 and 4.3, the hardening process of Grancrete HFR occurs
very rapidly. The difference between initial and final setting timesis lessthan 1 minutein

most cases, which isinsignificant.

50



Rounding and reporting to the nearest 0.5 minutes, test results of setting time by penetration
resistance indicate that the initial setting time for Mixture # 1 with w/g ratio of 0.20 was 8.5
minutes and the final setting time was 9 minutes. While for Mixture # 2 with w/g ratio of
0.25, initial setting time was 9.5 minutes and final setting time was 10.5 minutes. These
values are significantly lower than the typical values reported for the setting time of
conventional Portland cement. According to the literature, Portland cement has an initial

setting time between 1.5 - 3 hours and a final setting time between 4 - 6 hours.

4.3 Temperature Monitoring

Grancrete HFR mixed with water is known to produce an exothermic reaction. The purpose
of the investigation presented in this section is to monitor the temperatures developed in

Grancrete HFR paste samples in order to determine the maximum temperatures reached and
the corresponding times when they occur. This section describes the experimental program,

test apparatus and procedures used as well as analysis of the measured data.

4.3.1 Experimental Program

In order to monitor the temperature of Grancrete HFR Paste, a number of 4” by 8” cylinder
samples as well as 2-in cube samples were casted according to procedure described in section

3.3.2. Table 4.5 shows the test matrix used for temperature monitoring test.
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Table 4.5: Temperature Monitoring Test Matrix

: w/g . 4" by 8" 2-in
Mixture|D (by weight) L ocation cylinders cubes
Mixture #1: 0.20 Air 2 2

Grancrete HFR Paste ' Insulated - 2
Mixture #2: )
Grancrete HFR Paste 0.25 Alr 2 i

4.3.2 Test Apparatusand Procedure

Temperature of the Grancrete HFR paste was monitored using thermocouples embedded in
the middle of two types of specimens: 4" by 8” cylinders and 2-in cubes. Each specimen was
monitored for aperiod of 24 hours using a data acquisition system connected to the
embedded thermocouples. Ambient temperature a 5 feet-height from the floor was also
monitored on each testing day. Data points were recorded at arate of 1 point every 5

minutes.

Cylindrical specimens were prepared according to standard ASTM C 192 (Making and
Curing Concrete specimens in the Laboratory). These specimens were casted using plastic
molds filled up in two equal layers. Consolidation method used was rodding and finishing
was by trowel. One batch for each of the two selected mixtures was prepared in two different
days. Two cylindrical specimens were prepared per batch. Molds were not striped but the top

of each specimen was free and in direct contact with the ambient (air).
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Cube specimens were prepared according to sandard ASTM C 109 (Compressive Strength
of Hydraulic Cement Mortars). In this case specimens were only prepared from Mixture #1
with w/g ratio of 0.20. Six specimens were prepared using two sets of plastic molds. Each
mold had space for 3 specimens in asingle row. Molds were filled up using two equal layers.
Each layer was consolidated using the hand tamping procedure described on ASTM C 109.
Even though 6 specimens were prepared, only 4 specimens were used in temperature
monitoring test. Temperature of the specimens located in the middle of the mold was not
monitored. Molds were not striped. One set of molds with two thermocouple-embedded-
cubes was in direct contact with the ambient (air), while the other set of thermocouple-

embedded-cubes was inside of an insulated box as shown in Figure 4.4.

Figure4.4: Temperature Monitoring Set up (using 2-in cubes)
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Data of temperature versus elapsed time was plotted for every single specimen monitored.
Elapsed time was measured after initial contact of Grancrete HFR and water. Figure 4.5
presents values of temperatures versus elapsed time recorded for the cylindrical specimens
used for Mixture #1. The maximum temperature recorded was 157 °F at approximately 30
minutes. The ambient temperature a a distance of 5 feet from the floor reported values
ranging from 70 to 75 °F. Note that specimens reached equilibrium with the ambient

4.3.3 Test Dataand Analysis
temperature after approximately 20 hours.
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Figure4.5: Temperaturevs. Time, Mixture#1 (using 4’ by 8" cylinders)
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specimens used for Mixture #2. In this case, the maximum measured temperature was 145 °F
reported values ranging from 71 to 75 °F. Note that specimens also reached the equilibrium

Figure 4.6 presents values of temperatures versus elapsed time recorded for the cylindrical
at approximately 30 minutes. The ambient temperature a a distance of 5 feet from the floor

with the ambient temperature after approximately 20 hours.
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Figure4.6: Temperaturevs. Time, Mixture #2 (using 4” by 8" cylinders)

Using the data obtained on each of the two specimens monitored for each mixture, the
average values of temperature at certain time were obtained and are presented in Figure 4.7.
Test results suggest that the less the water-to-Grancrete ratio, the greater the temperature



generated. A difference of 10 °F can be observed between Mixture #1 and Mixture #2;

however, the maximum temperatures occurred at approximately 30 minutes for both

mixtures. Note that curves of temperature versus elapsed time obtained present two peaks, at

thistime it is not clear why that happened but it may be due to a secondary reaction. Future

research may be considered to address this phenomenon.
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Figure4.7. Temperaturevs. Time (using 4’ by 8" cylinders)

The effect of insulation on temperatures generated was studied for Mixture #1 with w/g ratio

of 0.20. Figure 4.8 presents values of temperatures recorded by the data acquisition system

when thermocouples were embedded in the middle of 2-in cube specimens. As shown in
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Figure 4.8, for the cubes in direct contact with air, the maximum temperature recorded was

128 °F at approximately 1 hour; while for the insulated cubes the maximum recorded value

of temperature was 130°F at 1 hour also. In this case, the ambient temperature at a distance

of 5 feet from the floor reported values ranging from 63 to 71 °F.
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Figure 4.8. Temperaturevs. Time, Mixture#1 (using 2-in cubes)

Asit can be seen in Figure 4.8, insulation on these small specimens had little effect on the

maximum temperatures generated and the corresponding times of occurrence. However,

temperatures on insulated specimens reached ambient temperatures in a period of time

greater that non insulated (air) specimens. Air specimens reached ambient temperatures after
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8 hours approximately, while insulated specimens reached ambient temperatures after 18

hours approximately. Also, notethat the curves have only one peak.

Figure 4.9 presents the information of average temperatures obtained versus elapsed time

from the three different test conditions used with Mixture #1.
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Figure 4.9: Temperaturevs. Time (Mixture #1 w/g=0.20)

The comparison indicates that cylinder specimens reached its maximum temperatures at

approximately 0.5 hours, while cubes reached its maximum temperatures at 1 hour. Cylinders

specimens reached greater temperatures than the ones reached by cubes.
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Table 4.6 summarizes the information of maximum temperatures reached, the corresponding

times, and test conditions of each scenario considered in temperature monitoring test.

Table 4.6: Temperature Monitoring Findings

Specimen wig Maximum @Time | Typeof Curve | Location
Temperature (°F) | (hours)
Cylinders 4"by 8" | 0.25 145 0.5 Double Peak Air
Cylinders 4"by 8" | 0.20 157 0.5 Double Peak Air
Cubes 2" 0.20 128 1 Single Peak Air
Cubes 2" 0.20 130 1 Single Peak Insulated

4.4 Setting pH Leve

This section describes the experimental program conducted to determine the pH levels during
setting of Grancrete HFR Paste. Test apparatus and procedures used as well as analysis of the

measured data are included.

4.4.1 Experimental Program

The pH during setting of the Grancrete HFR paste was evaluated for the two selected
mixtures. These are: Mixture #1 which is Grancrete HFR paste with w/g ratio of 0.20 and
Mixture #2 which is Grancrete HFR paste with w/g ratio of 0.25. Several measurements of
pH were taken in a sample to see changes in pH during setting. At the same time, the

temperature of the slurry was also monitored.
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4.4.2 Test Apparatusand Procedure

For the two selected mixtures, pH and temperature were monitored after the addition of water

to the Grancrete HFR powder. Readings were taken every minute between minutes 3 and 8.

Grancrete HFR paste specimens were prepared according to procedure described in section
3.3.2. The pH during setting of the Grancrete HFR paste mixture was evaluated using a
Checker pH tester with a digital reading with accuracy of +0.2 pH units. It was first
calibrated using buffer solutions of pH equal to 7.01 and pH equal to 10.01. Temperature was

measured using a thermometer for concrete with accuracy of +1 °F.

Figure 4.10: Checker pH tester

443 Test Dataand Analysis

Data of pH and temperature during setting of the Grancrete HFR paste isgiven in Table 4.7.
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Table4.7: pH and temperature during setting of Grancrete HFR paste

i Time (minutes)
MBI | wig | Variable
3 4 5 6 7 8

Mixture #1: pH 6.23 6.79 6.68 6.51 6.78 7.05

Grancrete 0.20

HFR Pade TCRH | 7 76 81 85 93 100
Mixture #1: pH 6.16 6.34 6.44 6.69 6.71 7.08

Grancrete 0.25

HFR Pade TCR | 73 76 82 9% 100 | 110

Table 4.7 shows that the pH of Grancrete HFR paste begins slightly acid and reaches neutral
when the slurry is close to hardening. This is consistent with the literature of acid-base

cements and magnesium phosphate cements available [Wagh, 2004].

Values of pH for Grancrete HFR paste are equal or close to 7. These values are less than the

typical reported values for conventional Portland cement which range between 11 and 13.

On the other hand, it is clear that Grancrete HFR powder when mixed with water produce an
exothermic reaction that generates temperatures greater than 100 °F within a few minutes

after addition of water.

Values of pH of the hardened Grancrete HFR paste were not measured but are suspected to
be close to neutral. Lower pH levels could lead to corrosion problems if the product is used

in a composite action with steel.

61




CHAPTER S

5 PROPERTIES OF HARDENED GRANCRETE HFR

5.1 Introduction

This Chapter describes the experimental program conducted at the Constructed Facilities
Laboratory at North Carolina State University to study some of the characteristics of the
hardened Grancrete HFR paste. Compression and flexural properties, water absorption
properties, shrinkage and coefficient of thermal expansion were evaluated. A summary of the
experimental program including testing apparatus and procedures as well analysis of the

measured data of each characteristic is reported in this chapter.

5.2 Compression Properties

This section describes the experimental program conducted to determine the compression
properties of Grancrete HFR. The properties include compressive strength, modulus of
elasticity and stress-strain relationship at various ages of the hardened Grancrete HFR paste.

Test apparatus and procedures used as well as the analysis of the measured data are included.
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5.2.1 Experimental Program

Compression properties, including compressive strength and modulus of elasticity, were
evaluated according to ASTM standards. Compressive strength was evaluated according to
standards ASTM C 109 (Compressive Strength of Hydraulic Cement Mortars) and ASTM C
39 (Compressive Strength of Cylindrical Concrete Specimens), while modulus of elasticity
was determined in general accordance with standard ASTM C 469 (Static Modulus of

Elasticity of Concrete in Compression).

Compressive strength test was the only part of the research that evaluated six mixtures as
givenin Table 5.1. The first two mixtures are the ones selected before (i.e. Grancrete paste
with w/g=0.20 and w/g=0.25). The remaining 4 mixtures were prepared using a light weight
aggregate called Vermiculite. Vermiculite was used in two conditions: “ Saturated Surface
Dry” (SSD) condition and also “as delivered” condition (AD), where the material was taken

directly from the bag and added to the mixture with no preconditioning.

Table5.1: Mixtures Tested for Compression Properties

Component Vermiculite .

_ Gran FcFreete r\gllt/?o / Granprete M etakaolin ?:;:j C¥I£dezrs
Mixture D (by weight)
Mixture #1 1 0.20 - - P P
Mixture #2 1 0.25 - - P P
Mixture #3 1 0.25 | 0.75(SSD) - P
Mixture #4 0.85 0.25 | 0.75(SSD) 0.15 P
Mixture #5 1 0.35 | 0.11(AD) - P
Mixture #6 1 050 | 0.11(AD) - P
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Detailed information of the various mixtures is described in Table 5.2.

Table 5.2: Details of Mixtures Evaluated for Compressive Strength

MixturelD Details
Mixture#l | Plain Grancrete HFR paste with w/g=0.20
Mixture#2 | Plain Grancrete HFR paste with w/g= 0.25
Grancrete HFR + Saturated Surface Dry (SSD) Vermiculite with a proportion of

Mixture#3 _ _
1:0.75 by weight. The w/g ratio was 0.25.
Mixturetd Grancrete HFR + Metakaolin replacing 15% of Grancrete. SSD Vermiculite was
IXtur
added to this mixture in a proportion of 1:0.75 by weight. The w/g ratio was 0.25.
. Grancrete HFR + Vermiculite as delivered (AD) in a proportion of 1:0.11 by
Mixture#s _ _ _ _
weight which was equivalent to 1:1 by volume. Thew/g ratio was 0.35.
. Grancrete HFR + Vermiculite as delivered (AD) in a proportion of 1:0.11 by
Mixture#6

weight which was equivalent to 1:1 by volume. The w/g ratio was 0.50.

Compressive Strength of the six mixtures was evaluated using 2-in cube specimens. The 2-in
cube specimens were to determine compressive strength only. In addition, for Mixture #1 and
Mixture #2, 4" by 8" cylinder specimens were driven up to failure. From each cylinder,

compressive strength, modulus of elasticity and stress-strain relationship were obtained.

5.2.2 Test Apparatusand Procedure

Compressive Strength was evaluated according to standards ASTM C 109 and ASTM C 39.
Standard ASTM C 109 (Compressive Strength of Hydraulic Cement Mortars) was used to
evaluate compressive strength of 2-in cube specimens. Several batches of each mixture were

prepared according to the mixing procedure described in section 3.3.2. For Mixture #1 and



Mixture #2, the volume of each batch was sufficient to produce 6 specimens only. Thisis due
to the limiting setting time which istypically less than 10 minutes, therefore, did not alow
casting more than 6 specimens per person from a single batch. However, special care was
taken in the preparation of the required specimens per mixture within the shortest period of
time. For the remaining 4 mixtures, all of the specimens were prepared using one or two
batches per mixture due to the extended setting time observed with the addition of
vermiculite. The setting time of these mixtures was enough to be able to prepare up to 18
specimens from a single batch, however, this number of specimens was limited by the

number of molds available in the laboratory.

Cube specimens were casted using plastic molds. Each mold had space for 3 specimensin a
single row. Molds were sprayed with a petroleum based release agent (WD-40) prior to
mixing. Molds were filled up using two equal layers. Each layer was consolidated using the
hand tamping procedure described in ASTM C 109. Specimens were finished by trowel.

After hardening, specimens were marked for identification.

The cube specimens were used to determine compressive strength after 1 hour, 3 hours, 1
day, 3 days, 7 days, 14 days, 28 days and 90 days of curing. Specimens were cured one day
in the molds and then air cured until tested with the exception of specimens tested after 1
hour, 3 hours and 1 day which were tested immediately after being demolded. Figure 5.1
shows testing of the cube specimens. Load was applied to specimen faces that werein

contact with the true plane surfaces of the mold. The dimension of the sides of the tested
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faces for every single cube tested were measured before testing using a digital caliper with
accuracy of £0.0005 in. Load was applied using a testing machine by Forney. Loading rate
was between 200 and 400 Ibs/s. The testing machine was equipped with a digital load output

and specimen was loaded until the applied load started to decrease steadily.

Figure5.1: Compressive Strength Testing using 2-in cubes

The modulus of elasticity was determined in accordance with ASTM C 469 (Static Modulus
of Elasticity of Concrete in Compression). 4” by 8” cylindrical specimens were prepared
following standard ASTM C 192 (Making and Curing Concrete specimens in the
Laboratory). Each cylindrical specimen was subjected to a compression test set up that
produced as result not only values of modulus of elasticity but also values of compressive
strength and stress-strain relationship in compression. The use of specimens for both the

elastic modulus test and the compression test is permitted in section 6.5 of ASTM C 469.
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Cylindrical specimens were prepared according to the mixing procedure described in section
3.3.2. Specimens were casted using 4 by 8 inches cylindrical plastic molds. Plastic molds
were sprayed with petroleum based release agent (WD-40) prior to mixing. Several batches
were prepared for each of the two mixtures considered. Three specimens were prepared per
batch. Each cylinder-mold was filled using two equal layers. Consolidation method used was
rodding and the surface was finished using trowel. After hardening, specimens were marked

for identification.

Cylindrical specimens were tested after 3 hours, 1 day, 3 days, 7 days, 14 days, and 28 days
of curing. Specimens were cured one day in the molds and then air cured until tested with the
exception of specimenstested after 3 hours and 1 day which were tested immediately after
being demolded. Measurements of the diameter of each cylinder and the height were
determined using adigital caliper with accuracy of +0.0005 in. Two measurements of the
diameter were taken at right angles to each other at about midheight of the cylinder. The area

of each specimen was calculated using the average of the two measured diameters.

The method used to determine the elastic modulus of the cylinders was according to ASTM
C 469. Axial deformations were measured using potentiometers connected to a data
acquisition system and attached to a compressometer. Three vertical potentiometers were
used to measure the axial deformation. Figures 5.2 and 5.3 show the apparatus known as
compressometer which consisted of two aluminum rings attached with screwsto the test

specimen. Prior to attachment the rings were joined by three aluminum bars. The spacing
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between the bottom of the top ring and the top of the bottom ring when the aluminum bars
were attached was 4.00 inches as shown in Figure 5.2. This length was used as the gage

length for calculating the axial strains from the recorded deformation readings

Figure5.3: Top View of Corhprmeter
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The concrete cylinder was centered horizontally and vertically inside the compressometer.
The temporary aluminum bars, connecting the upper and lower rings, were removed before
loading. Neoprene caps were placed at top and bottom of the cylinder specimen and the
instrumented-specimen was placed inside the testing machine. The specimen was centered on
the bearing plates and the potentiometers were made plum and level. Figure 5.4 shows test
set up prior to loading. Once the instrument readings were reset to zero, the loading cycles

were started. Loading rate was between 350 and 500 Ibs/second.

Figure 5.4: Modulus of Elasticity Test Set Up

The test consisted of two loading cycles. The first loading cycle began at zero and ended at

approximately 40% of the predicted maximum compressive strength. The predicted
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maximum compressive strength was determined using results previously obtained by testing
2-in cube specimens. No data was recorded during the first loading cycle, which was only
intended for seating of the gauges and the specimen. The second loading cycle also began at
zero applied load and ended at failure when the load indicator showed that the load was
decreasing steadily and the specimen showed a notorious crack. During the second loading
cycle, the vertical deformations and applied loads were recorded by data acquisition system
at arate of 2 readings per second. These values were later used to calculate the elastic

modulus and to plot the strain-stress relationship in compression.

5.2.3 Test Dataand Analysis

This section presents the measured test data and the analysis conducted to determine the three

main compression properties.

5.2.3.1 Compressive Strength

This section reports the measured data and the analysis based on testing of the two types of

specimens used to evaluate compressive strength.

5.2.3.1.1 Compressive Srength using Cube Specimens

When 2-in cube specimens were used to test compressive strength, the maximum reading of
load indicated by the testing machine was recorded and then compressive strength was

calculated as follows:
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1

(5.1)

>| T

g(cube)

Where fycube IS the compressive strength, P is the measured maximum load and A is area

based on the measured two sides of the loaded surface.

Detailed values of fycune) for each individual specimen, aswell as the average and the

standard deviation for each time series, can be found in Appendix A.

Results of compressive strength of cube specimens tested at the same age were averaged and
reported to the nearest 10 psi. The maximum permissible range of variation between
specimens of the same batch, at the same test age recommended by ASTM C 109 shall be
8.7% of the average when three cubes represent atest age and 7.6% when two cubes
represent atest age. If the range of three specimens exceeded the maximum, the result which
varied the most from the average was discarded and the range of the remaining two

specimens was checked.

Results of the average compressive strength using 2-in cube specimens are given in Table 5.3
for the six mixtures considered. Asit is can be observed, Mixture # 1 and Mixture #2 could
be considered high strength paste for concrete due to their high values of compressive
strength. They also developed high early strength; in fact, they developed more than 50% of

compressive strength at 28 days during the first 3 hours of air curing. Using traditional
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Portland cement, the 50% of compressive strength at 28 days is reached after approximately

3 days of moist curing.

Table 5.3: Compressive Strength test resultsusing 2-in cubes

Mixture#1 Mixture#2 Mixture#3 Mixture#4 | Mixture#5 Mixture #6

Age
g fg(cube) % fg(cube) % fg(cube) % fg(cube) % fg(cube) % fg(cube) %

(PS) |Fgeube | (PS) | Fgeuve | (PS) | T gcuve) | (PSI) | Fgicune) | (PSI) | Fgeube) | (PS1) | ' gcupe)

lhr| 4240 | 51 |2680| 44 80 31 140 33 - - - -

3hr| 6360 | 76 |3470| 57 120 46 140 33 - - - -

1d | 6570 | 78 |3580| 59 160 62 150 36 - - 390 50

3d | 7260 | 87 |3950 | 65 190 73 180 43 570 58 460 59

7d | 7420 | 89 |4550| 75 200 77 180 43 530 54 550 71

14d| 8030 | 96 |5630| 92 250 96 230 55 820 83 730 94

28d| 8380 | 100 |6,100 | 100 | 260 | 100 | 420 | 100 | 990 | 100 | 780 | 100

90d|10,750| 128 |6,400| 105 | 500 | 192 | 490 | 117 - - 950 | 122

fq(cune) = Average Compressive Strength (psi)
% f gcube= Average compressive strength over compressive strength at 28 days as percentage

Figure 5.5 presents the evolution of compressive strength in time for the six mixtures
evaluated based on testing the 2-in cubes. It can be observed that the use of vermiculite as an
aggregate affects significantly the compressive strength. Values of compressive strength at

28 days were reduced at least 80 percent.

Test results also indicate that the condition in which vermiculite is added to the mixture

seemsto play an important role in the compressive strength of those mixtures. When
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vermiculite was added in SSD condition (i.e. Mixture #3 and Mixture #4), values of
compressive strength were around 500 psi at 90 days, which is approximately 50 percent of
the compressive strength obtained when vermiculite was added as delivered (i.e. Mixture #5

and Mixture #6).

Compressive Strength vs. Time
2-in Cubes
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Figure5.5: Compressive Strength gain in Time using 2-in cubes

Even though the flow of mixtures prepared using vermiculite (i.e. Mixtures #3 to #6) was not
measured, visual inspection during mixing indicates that Mixture #5 had very low flow
evident by the difficulty experienced during the fabrication of the specimen and finishing of
the surface as shown in Figure 5.6. Mixture #3, Mixture #4 and Mixture #6 did not present

any problems for finishing and had good flow.
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On the other hand, comparing Mixture #3 with Mixture #4, the use of Metakaolin to replace
15% of Grancrete HFR in Mixture #4 seemsto affect the compressive strength between days

14 and 28. However, the compressive strength was the same for both mixtures after 90 days.

Figure5.6: Finishing of Mixture #5 cubes

Figure 5.7 presents the evolution of compressive strength for mixtures prepared using

vermiculite.
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Figure5.7: Compressive Strength-Time for mixtures prepared using vermiculite
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5.2.3.1.2 Compressive Strength using Cylindrical Specimens
Compressive strength, fgcy1), of the 4” by 8” cylinders was determined based on the

maximum load applied P and the cross sectional area of the cylinder A as follows:

f (5.2)

_P
gloyl) _Z

The cross sectional area A was calculated using the averaged diameter of two measurements

taken at right angles to each other at about midheight of the cylinder.

Details of the values of fyy) for each individual specimen, as well as the average and
standard deviation for each time series, can be found in Appendix A. Asrecommended by
ASTM C 39, the maximum permissible range of variation between specimens of the same
batch fabricated under laboratory conditions shall be 10.67% of the average when three
cylinders represent atest age and 9.0% when two cylinders represent atest age. Results of
the average compressive strength obtained using 4” by 8” cylinder specimens are given in

Table 5.4 for the two mixtures considered in this program.

The development of compressive strength with time for the two mixtures evaluated is

presented also in Figure 5.8.

75



Table5.4: Compressive Strength test resultsusing 4” by 8” cylinders

Mixture#1 Mixture#2
Age Grancrete_H FR Paste Grancrete_H FR Paste
(w/g=0.20) (w/g=0.25)
foeeny (psi) % Foey | faen (PS) % fgen)
3 hours 1,100 11 370 5
1 day 5,890 58 3,710 51
3 days 7,210 71 4,580 63
7 days 8,930 88 5,490 75
14 days 9,900 98 6,900 95
28 days 10,110 100 7,290 100

fqey1)= Average Compressive Strength (psi)
% f gy1)= Average compressive strength over compressive strength at 28 days as percentage

Compressive Strength vs. Time
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10,000 -+
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Figure 5.8: Compressive Strength gain in Timeusing 4" by 8" cylinders

76




Typical failures of cylinder specimens are shown in Figure 5.9 to Figure 5.14 for each one of

the tested ages considered and given in Table 5.4.

Mixture #2

Mixture #1 Mixture #2

Figure5.10: Typical Failure of cylinder specimens @ 1 day
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Mixture #1 Mixture #2

Figure5.12: Typical Failure of cylinder specimens @ 7 days
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Mixture #1 : f Mixture #2

Mixture #1 Mixture #2

Figure5.14: Typical Failure of cylinder specimens @ 28 days
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These figures indicate that most of the failures were due to side fracture at the top of the

specimen without formation of the cones typically observed in conventional Portland cement

concrete. Test results also indicate that the older the specimen, the more explosive the failure.

In conclusion, two different types of specimens were used to determine the compressive

strength of Grancrete HFR paste. Test results indicate different compressive strength values

for the same mixture depending on the type of specimen used as presented in Figure 5.15 and

Figure 5.16 for Mixture #1 and Mixture #2, respectively. For both mixtures, higher early

compressive strengths were obtained for cube specimens due to size effects. On the other

hand, for ages of 3 days or older, higher compressive strength values were obtained when

cylinder specimens were used due to shape effects (i.e. cylindrical shape is more efficient).

12,000

Compressive Strength (psi)

2,000

Compressive Strength vs. Time
Mixture #1 (Grancrete HFR Paste- w/g=0.20)

10,000 4
8,000 H
6,000 A

4,000 A

|

|
1
|

'
|
|

—4— 4-by-8Cylinders ~—#— 2-in Cubes

6 8 10 12 14 16 18 20 22 24 26 28
Age (days)

Figure 5.15: Results of Compressive strength test of Mixture #1
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Compressive Strength vs. Time
Mixture #2 (Grancrete HFR Paste -w/g=0.25)
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Figure 5.16: Results of Compressive strength test of Mixture #2

5.2.3.2 Stress-Strain relationship

The stress-strain relationship for Grancrete HFR paste was determined based on the
measured displacement d; using the potentiometers and the measured load P, using the load

cell. The stress and strain values were calculated as follows:

(5.3)

(5.4)

|2 » |

Where S; isthe compressive strength in psi, P, is the corresponding load in pounds, A isthe

cross-sectional area of the cylinder in square inches, € isthe strain corresponding to S, d; is
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the average displacement in inches corresponding to S;. This average was calculated using

the three measurements of vertical displacement in the potentiometers. Finally, (L) isthe

gauge length of the compressometer which in this case is 4 inches.

The stress-strain relationship for each cylinder specimen tested can be found in Appendix A.
Figure 5.17 and Figure 5.18 show the stress-strain relationship for Mixture #1 and Mixture
#2, respectively. Please observe that the shape and magnitude of the stress-strain
relationships of the specimens tested at 3 hours differ completely from the others, so this data
was not included in the averages. This includes the variation of the measured ultimate strain,

ey, for both mixtures.
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Figure5.17: Stress-Strain relationship for Mixture #1
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Stressvs. Strain
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Figure5.18: Stress-Strain relationship for Mixture #2
The measured minimum and maximum ultimate strain for Mixture #1 with w/g ratio of 0.20
was 0.0054 and 0.0087, respectively, with an average value using 15 specimens of 0.0067.
For Mixture #2 with w/g ratio of 0.25, the minimum and maximum values of ultimate strain
were 0.0063 and 0.0093, respectively, with an average value using 15 specimens of 0.0075.
Details of the measured ultimate strain, e,, for each individual specimen can be found in

Appendix A.

The average ultimate strain per time series is presented in Figure 5.19. Asit can be observed,

there is no clear tendency in the variation of ultimate strain with time.

83



Ultimate Strain (€,) variation with time series
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Figure5.19: Variation of Ultimate Strain (e,) with time

Test resultsindicate that the ultimate strain (e,) for Grancrete HFR paste is within the range
of 0.006 to 0.008. These values are much higher than the design value of 0.003 used for

conventional Portland cement.

5.2.3.3 Modulus of Elasticity

The measured stress-strain relationship was used to determine the Modulus of Elasticity
according to ssandard ASTM C 469 (Static Modulus of Elasticity of Concretein

Compression). The chord Modulus of Elasticity, E, was calculated as follows:

- (S 2~ S 1) (5 5)
(e, - 0.00005) '

Where, E isthe chord Modulus of Elasticity in psi rounded to the nearest 50,000, S, isthe

stress corresponding to 40% of ultimate load in psi, S1 isthe stress corresponding to a



longitudinal strain of 5.0x10” in psi, € is the measured longitudinal strain at stress S, All

S, S1, and & were determined by linear interpolation in the corresponding stress-strain

relationship.

Results of the chord modulus of elasticity are given in Table 5.5 and presented in Figure 5.20
for the two mixtures evaluated in this research program. Note that values on Table 5.5 and
Figure 5.20 show the average of three specimens which represent atime series. Details of the

values of E for each individual specimen can be found in Appendix A.

Table 5.5: Modulus of Elagticity for Grancrete HFR paste

Age Average M odulus of Elagticity, E (ks)
Mixture #1 (w/g=0.20) | Mixture #2 (w/g=0.25)
3 hours 450 200
1 day 1400 1050
3 days 1800 1250
7 days 1850 1350
14 days 1900 1450
28 days 1950 1650

Table 5.5 shows that the values of E for Mixture#1 are higher than the values of E for
Mixture #2. These values of E for Grancrete HFR paste are in the low part of the range of
values of E for conventional Portland cement Paste which is around 1000 to 4000 ksi

[Mindess and Y oung, 1981].
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Modulus of Elasticity vs. Time
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Figure 5.20: Modulus of Elasticity vs. Time for Grancrete HFR paste

Figure 5.20 indicate also that the variation of the modulus of elasticity became insignificant

after an age of 7 days.

Figure 5.21 shows the calculated elastic modulus E versus square root of the measured
compressive strength gy for all tested cylinders tested, regardless of testing age. A linear
regression analysis of test results indicated that the values of modulus of elasticity E can be

related to the square root of compressive strength (fg g1 as following:

E,. =19,000,/f " (ps)  (5.6)
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The coefficient of correlation r? of the measured values with the proposed relationship is

0.872. It should be noted that the above relationship is for Grancrete HFR paste.

Linear Regresion of Modulus of Elasticity
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Figure 5.21: Modulus of Elasticity vs. Cfgeyi)
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5.3 Flexural Properties

This section describes the experimental program conducted to determine the flexural
properties represented by the modulus of rupture of Grancrete HFR paste. Test apparatus and

procedures used as well as the analysis of the measured data are included.

5.3.1 Experimental Program

Modulus of rupture was evaluated according to ASTM C 580 (Flexural Strength of
Chemical-Resistant Mortars, Grouts, Monolithic Surfacings, and Polymer Concretes). Three
prism specimens 3x3x12-in were tested for each variable. Two Grancrete HFR paste
mixtures were considered: Mixture #1 with w/g ratio of 0.20, and Mixture #2 with w/g ratio
of 0.25. Specimens were tested after of 1hr, 3 hrs, 1 day, 3 days, 7 days, 14 days and 28 days.
Specimenstested a 1hr, 3hrsand 1 day were tested immediately after demolding, while
specimenstested at 3 days, 7 days, 14 days and 28 days were cured in the molds for one day

and then air cured until the testing date.

5.3.2 Test Apparatusand Procedure

Modulus of rupture tests were carried out using 3x3x12-in prism specimens. All specimens
were tested according to the configuration presented in Figure 5.22; where a single point load

was applied at the middle of the clear span of 11-in.

88



Prism specimens were prepared accordingly to the mixing procedure described in section
3.3.2. Each batch was prepared in order to produce 3 specimens only. This is due to the
[imiting setting time of less than 10 minutes which does not allow cast more than 3
specimens per person in asingle batch. Special care was taken in the preparation of all tested
specimens per mixture in the shortest period of time. Prism specimens were prepared using
steel molds. Molds were sprayed with a petroleum based release agent (WD-40) prior to
mixing. Molds were filled up using two equal layers. Each layer was consolidated using a
tamper similar to the one used to consolidate cube specimens. Tamping pressure was just
sufficient to ensure uniform filling of the molds. Specimens were finished by trowel. After

hardening, the prisms were marked for identification.

Before testing, irregularities above the plane of the loading surfaces of the specimen were
removed by hand using a grinding stone. Marks were made on the specimen to align it with
the supports and the loading point. Two measurements were taken near the middle of the
beam’ s length (loading point) on each direction (height and width). The average value in
each direction was used to calculate the stress at the extreme bottom fiber of the prism. The
specimen was then placed in the testing frame as presented in Figure 5.22. A 90-kip
hydraulic jack mounted inside a structural steel test frame was used to apply the load. The
hydraulic jack was operated with a hand pump. A load cell measured the applied load and
values were recorded using a data acquisition system. Load was applied until complete

failure of specimen as shown in Figure 5.23.
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Figure 5.23: Flexural Strength Test Typical failure
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5.3.3 Test Dataand Analysis

The modulus of rupture was calculated asthe stress, S, produced by the maximum load at the
bottom fiber of the beam specimen as follows:

3PL
= 5.7

2bd? (5.7)
Where P is the maximum measured load in pounds, L is the span that in this case was 11
inches, and b and d are the averaged values of width and depth of the tested prism,

respectively.

Average modulus of rupture results are given in Table 5.6 for the two mixtures considered in
this research program. Individual results for each specimen are summarized in Appendix B.
Figure 5.24 presents the variation of modulus of rupture with time for the two mixtures

considered.

Table 5.6: Modulus of Rupture using 3x3x12-in prism specimens

Average M odulus of Rupture (ps)
Age Mixture #1 Mixture #2
(w/g=0.20) (w/g=0.25)
1 hour 320 *
3 hours 788 501
1 day 1,109 776
3 days 1,195 994
7 days 1,312 1,275
14 days 1,077 977
28 days 1,053 1,144

* Specimens could not being demolded without breaking
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Figure 5.24: M odulus of Rupturevs. Time using 3x3x12-in prism

Table 5.6 indicates that, as with compressive strength, the modulus of rupture of Grancrete
HFR paste developed very quickly with respect to time. Results suggest that the values for
modulus of rupture at 3 days can be used to estimate the modulus of rupture of Grancrete
HFR paste. The variation in modulus of rupture after day 3 is believed to be primarily due to
normal scatter. Values at 3 days are very close to values at 14 and 28 days while values at 7

days are higher.

Modulus of Rupture (f;) isan indirect indicator of the tensile strength of the material. Values
of modulus of rupture are normally correlated to the square root of compressive strength.

Relations of the measured modulus of rupture (f;) to the square root of the compressive
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strength measured by the 2-in cubes (see Table 5.3) and the 4” by 8” cylinders (see Table

5.4) provide the following relationship:

f. » (10t015),/f 'y (5.8)

Equation 5.8 indicates that the coefficient of correlation of the modulus of rupture to the
sguare root of compressive strength varies between 10 and 15. This is higher than the one

reported for conventional Portland cement paste which ranges between 9 and 11.

5.4 Water Absorption

This section describes the experimental program conducted to test the water absorption
properties of Grancrete HFR paste. Test apparatus and procedures used as well asthe

analysis of the measured data are included.
5.4.1 Experimental Program

Water absorption for Grancrete HFR paste was evaluated using three procedures according to
the test matrix given in Table 5.7. The first procedure, described in section 5.4.2.1, isin
general accordance to ASTM C 642 (Standard Test Method for Density, Absorption, and
Voids in Hardened Concrete). This procedure is named as “standard procedure’ in this thesis

to differentiate it from the second procedure named as “reversal standard” which is described
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later in section 5.4.2.2 The third procedure used was simple water immersion for along

period of time and is described in section 5.4.2.3

Table5.7: Water Absorption Test Matrix

Material and Mixture | Testing Number of 4 by 8 inches cylinder s tested
ID. Age Standard Reversal Water
Procedure Standard Immersion

Mixture #1 3 days - 2 1

Grancree HFR Paste | 14 days 3 2 1
wi/g=0.20 28 days i 2 1
Mixture #2

Grancrete HFR Paste | 14 days 3 - -
w/g=0.25

Portland Cement Paste
W/c=0.30 28 days ] 2 !

For the evaluation of water absorption according to the standard ASTM C 642, the
experimental program included two mixtures of Grancrete HFR paste. Mixture #1 with w/g
ratio of 0.20 and Mixture #2 with w/g ratio of 0.25. Three 4" by 8" cylinders per mixture
were evaluated at an age of 14 day-old. Specimens were cured one day in molds and then air
cured until tested. However, due to heavily cracking patterns observed during the standard
procedure, unrealistic values of water absorption could be obtained. This phenomenon
occurred a the first phase of the standard procedure; therefore, a modification on the
standard procedure was included. This modification reversed the procedure described in
ASTM C 642. Thisis explained later in section 5.4.2. This procedure was named as “reversal

standard” in thisthesis.
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When “reversal standard” procedure was used, only Mixture #1 with w/g ratio of 0.20 and
some control specimens made with Portland cement were considered as given in Table 5.7.
Thisisto be able to compare the water absorption of Grancrete HFR paste versus the
absorption of Portland cement paste tested under the same procedure and conditions. Two 4”
by 8” cylinders per variable were tested. Testing times of 3 days, 14 days and 28 days were
considered for Grancrete HFR samples. The cylinders were cured one day in molds and then
air cured until tested. Portland cement (PC) paste samples with wi/c ratio of 0.30 were tested
at 28 days. The curing method used for PC samples was 7 days in molds covered with plastic

caps to avoid migration of water, and then air cured until tested.

The third procedure consisted in simple water immersion to complement the second
procedure. One 4” by 8’ cylinder specimen was selected for each variable considered in the

second procedure and was keep immersed under water for several months.

5.4.2 Test Apparatusand Procedure

This section describes the procedures used to test water absorption of Grancrete HFR paste.

5.4.2.1 First Procedure: “Standard Procedure”

Standard ASTM C 642 (Standard Test Method for Density, Absorption, and Voidsin
Hardened Concrete) was used to determine the water absorption of Grancrete HFR. The

sequence of the standard procedure is presented in Figure 5.25 and is following described:
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Water Absorption Test
ASTM 642 Standard Procedure Diagram

1070y . <

1]
1]
<
=
g Gain of mass due
@ to water
o Loss of mass absorption
= due to oven-
drying
A
Drying Immersion Immersion

Time (days) and Boiling

Figure 5.25: Diagram of Standard Procedure accordingto ASTM C 642

a. Theoriginal or “initial” mass of the specimens is measured, and is designated as“O”.

b. Specimensweredried in an oven at 110°C temperature (See Figure 5.26) for at least 24
hours or until the difference between two successive measurements of oven-dry massin
a 24-hour period was less than 0.5% of the lowest measured value. The last measured
value is designated as “A” as shown in the bottom part of Figure 5.25.

c. The specimens were then immersed in water at approximately 21°C (See Figure 5.27)
for at least 48 hours and until the difference between two successive measurements of
the surface-dried-mass of the sample in a 24-hour period was less than 0.5% of the

larger measured value. Paper towels were used to dry the specimens in order to achieve

96



surface-dry mass after immersion and this mass is designated as “B” as shown in Figure

5.25.

Figure5.27: Determination of Surface-Dry Mass of Specimens after immersion
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d. Using a suitable receptacle, specimens were covered with tap water and boiled for 5
hours as shown in Figure 5.28. After boiling, the cylinders were allowed to cool by
natural loss of heat for not less than 14 hours to room temperature. Then, surface
moisture was removed and the soaked, boiled surface-dried mass of the specimen was

taken and designated as “C” as shown in Figure 5.25.

Figure 5.28: Determination of Surface-Dry Mass of Specimens after immersion and
boiling

5.4.2.2 Second Procedure: “Reversal Standard”

Due to heavily cracking pattern observed during standard procedure after the first 24 hours of

oven drying, the criterion is that the standard procedure provides unrealistic values for water
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absorption. In order to address this issue, “reversal standard” procedure with a modification
on the standard procedure is proposed. In this second procedure the specimen is first
immersed in water and then oven-dried. This second procedure is proposed to avoid
absorption of the specimens after cracking. Consequently, the new sequence of the testing

procedure is following described and is presented in Figure 5.29:

Water Absorption Test
"Reversal Standard" Procedure Diagram

1.00
Gain of mass due
to water
@ absorption
1]
<
= Loss of mass
8 due to oven-
= drying
P
12
<
=
A
f
—>
Immersion Immersion Drying

and Boiling
Time (days)

Figure 5.29: Diagram of “ Reversal Standard” Procedure
a. Theoriginal or “initial” mass of specimens is measured, and is designated as“O”.
b. Specimenswere then immersed in water at approximately 21°C for at least 48 hours
and until the difference between two successive measurements of mass of the surface-

dried sample in a 24-hour period was less than 0.5% of the larger value. Paper towels
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were used to dry specimens as shown in Figure 5.30 in order to achieve surface-dry

mass after immersion and this value is designated as “B” as shown in Figure 5.29.

Figure 5.30: Procedureto dry the surface of the specimens using paper towels

. Then, using a suitable receptacle, specimens were covered with tap water and boiled for
5 hours. After boiling, they were allowed to cool by natural loss of heat for not less than
14 hours to aroom temperature. At this stage the surface moisture was removed and the
soaked, boiled, surface-dried mass of the specimen was determined and designated as
“C” as shown in Figure 5.29.

. Finally, specimens were dried in an oven at atemperature of 110°C for at least 24 hours
or until the difference between two successive values of oven-dry mass in a 24-hour
period was less than 0.5% of the lowest measured value. The last measured value is

designated as“A” as shown in Figure 5.29.
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5.4.2.3 Third Procedure: “Water Immersion”

The third procedure proposed in this investigation consists of simple water immersion of the
cylinders under water for eight months. This procedure tries to simulate the real behavior of
the material in terms of the evolution of the water absorption with time when it isimmersed

under water.

Basically, the original or “initial” mass of specimens was determined, and was designated as
“O". Specimens were then immersed in water at approximately 21°C for eight months. The
values of surface-dry mass after immersion were designated as “B” and were monitored

according to the following sequence:

a) Every day during the first 8 days
b) Every week during the first eleven weeks of immersion
c) Every 2 weeks between the 11" and the 15" week of immersion

d) Every 2 months between the 4™ and the 8th month of immersion

Paper towels were used to dry specimens in order to achieve the surface-dry mass after

immersion.

543 Test Dataand Analysis

As defined by the standard ASTM C 642. The percentage of water absorption after

immersion in water a room temperature (approximately 21°C) was calculated based on the
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oven-dried mass of the sample “A” and the surface-dry mass of the sample after immersion

“B" asfollows:

Absorption after immersion, % = (B_—AA)* 100 (5.9

The percentage of water absorption after immersion and boiling was calculated based on the
oven-dried mass of the sample “A” and the surface-dry mass of the sample after immersion

and boiling “C” asfollows:

Absor ption after immersion and boiling, % =

€- Ao (5.10)
A

In order to use the Archimedes' principle, the apparent mass in water of the specimens was
determined as shown in Figure 5.31. This value was designated as “D”. According to the
universal Archimedes' principle, “The weight of the displaced fluid is directly proportional
to the volume of the displaced fluid”, therefore, the density of an immersed specimen relative
to the density of the fluid could be easily calculated without measuring any volumes using
the following equation:

Density of specimen _ Weight

= 5171
Density of fluid (Weight - Apparent immersed weight) 1D

Based on the Archimedes' principle and using the oven-dried mass of the sample “A”, the

surface-dry mass of the sample after immersion “B”, the surface-dry mass of the sample after
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immersion and boiling “C”, the apparent mass of the sample in water “D”, and the density of

water, r, of 62.4 Lb/ft®, bulk density of the samples can be calculated as follows:

. A
Bulk density, dry, g, = *r 5.12
.0y.8:= =) (5.12)
Bulk density after immersion = B_. r (5.13)
(C-D)
Bulk density after immersion and boliling = (CCD) *r (5.14)

Figure 5.31: Determination of the apparent massin water of Specimens

This test method does not involve the calculation of absolute density of solids also known as

specific gravity because is believed that during the procedure some pore of the pore spaces
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may be present in the samples and they are not totally emptied during drying nor filled with
water during immersion and/or boiling. In other words, there are poresthat are considered
“impermeable” and they can not be differentiated from the solid portion of the sample for
calculations. Therefore, the term apparent density, which isthe most closed value to the
absolute density of solids that can be calculated using this procedure is defined by the

standard and can be calculated according to the following equation:

Apparent density, g, = A *r (5.15)

(A- D)

Finally, based on the dry bulk density, g1, calculated using equation 5.12, and apparent
density, g, calculated using equation 5.15, the percentage of volume of permeable pore

Space or voids can be determined according to the following equation:

Volume of permeable pore space (voids), % = (G- G« 100 (5.16)

_(C-A

) *100  (5.17)

Analysis of the test results suggest that calculation of absorption using equations described
by the standard is unrealistic since the material will not be totally dry while they are in
service. Therefore, the so caled “oven-dried” mass of the sample is mainly a theoretical
approach. A more realistic situation could be the evaluation of the absorption based on the

initial condition of the specimens. Therefore, a smple modification will be introduced in the
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calculation. The modification replaces the so called “A” value, which is the oven-dried mass
of the sample, by the value “O”, which is the original or initial mass of the specimen at the
time of testing. As aresult, the new equations for the calculation of the percentage of water

absorption are:

(B-0O)

Absorption after immersion, % = *100 (5.18)

(C-9O)

Absorption after immersion and boiling, % = *100 (5.19)

Based again on Archimedes’ principle previously mentioned, and using the original mass of
the specimen at the time of testing “O”, the surface-dry mass of the sample after immersion
and boiling “C”, the apparent mass of the sample in water “D”, and the density of water, r, of

62.4 Lb/ft>, theinitial bulk density of the samples can be calculated as follows:

Bulk density,initial, g, = (COD)* r (5.20)

Neither, bulk density after immersion (eg. 5.13), bulk density after immersion and boiling

(eg. 5.14) nor apparent density (eg. 5.15) require any change in their equations.

Based on the initial bulk density, gs, calculated using equation 5.20 and the apparent density,
02, calculated using equation 5.15, the new percentage of volume of permeable pore space or

voids can be determined using the following equation:
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Volume of permeable pore space(voids), % = (9.~ G) 100 (5.2

2

Results using this second set of equations proposed will be called “density based calculation”

in thisthesis in order to differentiate from the “ standard calculation”.

5.4.3.1 Standard Procedure Results

The experimental program using the standard procedure included two mixtures of Grancrete
HFR paste. Test results indicate formation of extensive cracking after the first 24 hours of
oven-drying as shown in Figure 5.32. Cracking continued to develop and enlarge in width
and depth when specimens were immersed in water at room temperature as shown in Figure
5.33. At the final stage of the procedure, visual inspection indicated significant cracking
pattern and the cylinders are holding only by the fibers used as one of the components of

Grancrete HFR bridging the cracks.

Figure 5.34 presents the results of the evolution of the mass during this standard procedure
for every single specimen tested. It should be mentioned that specimens C057-W20 and

C060-W25 were not boiled.
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(@) (b)
(a) Figure 5.32: Specimen cracked after 24 hoursover-dry
(b) Figure 5.33: Specimen cracked after drying and 24 hrsimmersion in water

Water Absorption Test (Grancrete HFR)
Mass Evolution during Standard Procedure

1.10

1.05

=——CO55-W20
—m- C056-W20
=& CO057-W20  —
«+ -+ C058-W25
=%~ C059-W25
—o— C060-W25

Mass / Initial Mass

0 1 2 3 4 5 6 7 8

Drying Immersion Immersion
and Boiling

Time (days)

Figure 5.34: Mass Evolution during Standard Procedure (ASTM C 642)
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Table 5.8 summarize test results of Density, Absorption and Voids obtained using the

“Standard calculations’ equations while Table 5.9 provide the results obtained using the

eguations named “density based calculation”.

Table 5.8: Standard Calculation of Absorption, Density and Voids

ABSORPTION BULK DENSITY Volume of
P eabl
After Dr After Apparent erlgl)re €
After Immersion y After Immersion | Density
w/g . (pcf) . Spaces
Immersion and Immersion and (Voids)
(%) Boiling (pcf) Boiling (pcf)
0,
(%) (pcf) )
0.20 19.1 219 103.8 123.6 126.0 159.5 34.9
0.25 25.1 27.2 96.3 1205 121.7 163.0 40.9
Table 5.9: Density Based Calculation of Absorption, Density and Voids
ABSORPTION BULK DENSITY Volume of
Permeable
After After Apparent Pore
i i Densit
wig After. Immersion Initial After. Immersion y Spaces
Immersion and (pch) Immersion and (Voids)
(%) Boiling P (pcf) Boiling (pcf)
(%) (pef) %)
0.20 0.5 2.8 123.1 123.6 126.0 159.5 22.8
0.25 2.7 4.4 117.3 1205 121.7 163.0 28.0

Comparison of results clearly indicates that the calculation of water absorption is highly

dependent on the reference value used. Results of water absorption using the oven-dry mass

of the specimen as the reference value, as given in Table 5.8, are significantly greater than

the same results considering the original or initial mass of the specimen as the reference, as
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given in Table 5.9. Test results using the proposed “density based calculation” to determine
the values of water absorption, presented in Table 5.9, seem to be more readlistic to real

service situations.

The effect of (w/g) ratio on the water absorption can be observed in Figure 5.35 and Figure
5.36, including calculations performed according to standard equations, as presented in
Figure 5.35, and also considering the original condition of the specimen at 14 days asthe

reference using the density based calculation, as presented in Figure 5.36.

Effect of (w/g) in Water Absorption
Grancrete HFR 14 days old
Standard Procedure

w
o
N
~
N

251

)
S
%)

19.1

After Immersion (%) After Immersion and Boiling (%)

O 14 days (W/g=0.20)  ® 14 days (w/g=0.25)

Figure5.35: Effect of (w/g) in Water Absorption, Standard Calculations
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Effect of (w/g) in Water Absorption
Grancrete HFR 14 days old
Standard Procedure

2.8

N W A~ o

[y

After Immersion (%) After Immersion and Boiling (%)

014 days (W/g=0.20)  m 14 days (w/g=0.25)

Figure 5.36: Effect of (w/g) in Water Absorption, Density Based Calculations
In general, all test results suggest that the water absorption is reduced by reducing the water-
to-Grancrete ratio. Thisisrealistic since the volume of permeable pores decreases by

reducing the water-to-Grancrete ratio similar to what is already known for Portland cement.

5.4.3.2 Reversal Standard Procedure Results

The experimental program included Mixture #1with w/g ratio of 0.20 and control specimens
made of Portland cement paste with w/c ratio of 0.30. Figure 5.37 presents the evolution of
the mass during the “reversal standard” procedure for all tested specimens. Test results
clearly indicate the higher values of mass-increases of Portland cement specimensin

comparison with Grancrete HFR specimens.
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Water Absorption Test
Mass Evolutionduring "Reversal Standard" Procedure
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Figure 5.37: Mass Evolution during “Reversal Standard” Procedure

Table 5.10 provides the values of water absorption and volume of permeable pore spaces
calculated using the “standard calculation” set of equations for specimens tested at different
ages using the “reversal standard” procedure; Table 5.10 also includes the values presented
previously in Table 5.8 which were obtained using the “ standard procedure”. Likewise, Table
5.11 provides the values of water absorption and volume of permeable pore spaces calculated
using the proposed “density based calculation” set of equations for specimens tested at
different ages using the “reversal standard” procedure; Table 5.11 also includes the results

presented previously in Table 5.8 which were obtained using the “ standard procedure”
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Table 5.10: Standard Calculationsfor Absorption and Voids

Ageat ABSORPTION Volume of
. time of | Procedure wig After After. Permeable
Material or . Immersion | Pore Spaces
Test used / I mmersion e Void
(days) wic %) and Boiling (Voids)
(%) (%)
14 STD 0.25 25.1 27.2 40.9
14 STD 0.20 19.1 21.9 34.9
Granlféae 3 RVS 0.20 20.6 20.8 347
14 RVS 0.20 20.1 20.2 34.0
28 RVS 0.20 20.2 20.2 34.1
Portland | g RVS 0.30 16.4 16.8 29.9
Cement

Notes: STD= Standard Procedure (ASTM C 642), RVS= “Reversal Standard” Procedure

Table5.11: Density Based Calculationsfor Absorption and Voids

Ageat ABSORPTION Volume of
. timeof | Procedure wig After After. Permeable
Material or . Immersion | Pore Spaces
Test used y I mmersion 2 Void
(days) w/c %) and Boiling (Voids)
(%) (%)
14 STD 0.25 27 4.4 28.0
14 STD 0.20 0.5 2.8 22.8
Grancrete
HER 3 RVS 0.20 0.3 0.5 21.5
14 RVS 0.20 0.8 0.8 21.3
28 RVS 0.20 0.8 0.8 21.4
Portland | g RVS 0.30 3.8 4.1 21.4
Cement

Notes: STD= Standard Procedure (ASTM C 642), RVS= “Reversal Standard” Procedure
Comparison of results given in Tables 5.10 and 5.11 confirms that the calculation of water
absorption is highly dependent on the reference value used. Results also indicate that the

volume of permeable pore spaces or voids for Grancrete HFR paste is very similar to the
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volume of voids for Portland cement paste. The following set of figures will permit to

visualize the analysis of the data presented in Tables 5.10 and 5.11.

The effect of age in water absorption was studied using the “reversal standard” procedure.
Figure 5.38 presents this evaluation based on the “standard calculations’, as given in Table
5.10; while Figure 5.39 presents the same evaluation based on the proposed “density based
calculation”, asgiven in Table 5.11. Tes results indicate that in both cases, age does not
seem to have a significant effect in water absorption. The average value is approximately
20% based on the “standard calculation” and less than 1% for the proposed “density based

calculation”.

Effect of Age on Water Absorption
Grancrete HFR (w/g=0.20; 3, 14 and 28 days old)
"Reversal Standard™ Procedure

30
25
20 —
15 — B— —
10 — —— —

20.6 20.1 20.2 20.8 20.2 20.2

After Immersion (%) After Immersion and Boiling (%)

3daysreversal MW14daysreversal [O28days reversal

Figure 5.38: Effect of Age on Water Absorption, “ Standard Calculations’
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Effect of Age on Water Absorption
Grancrete HFR (w/g=0.20; 3, 14 and 28 days old)
"Reversal Standard" Procedure

5

4

3

2

0.8 0.8 o 0.8 0.8

1 03 U.J

o e [ __ I

After Immersion (%) After Immersion and Boiling (%)

3daysreversal MW14daysreversal [O28days reversal

Figure 5.39: Effect of Age on Water Absorption, “Density Based Calculation”

Figure 5.40 and Figure 5.41 compare values of water absorption for Grancrete HFR paste and
Portland cement paste based on values given on Table 5.10 and Table 5.11, respectively.
Figure 5.40 provides the values obtained using the “standard calculation” set of equations
from which Grancrete HFR has more absorption than Portland cement (20.2% vs. 16.8%).
However, if the values are based on the proposed “density based calculation”, as givenin
Figure 5.41, the absorption of Grancrete HFR is 25 percent of the absorption of Portland
cement (0.8% vs. 4.1%). It should be mentioned that all of these values were obtained using
the “reversal standard” procedure in which the specimens were immersed for 4 days under

water asit can be observed in Figure 5.37.
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Comparison of Water Absorption using

Grancrete HFR and Portland Cement
"Reversal Standard" Procedure

30

25 20.2 20.2

20 164 168

15 —

10 —
After Immersion (%) After Immersion and Boiling (%)

B HFR Grancrete (w/g=0.20)  OPortland Cement (w/c=0.30)

Figure 5.40: Comparison of Water Absorption using Grancrete HFR and Portland
cement, “ Standard calculations’

Comparison of Water Absorption using

Grancrete HFR and Portland Cement
"Reversal Standard" Procedure

j 28 4.1 -
3 —
2 —
1 0.8 0.8 L
, I ]

After Immersion (%) After Immersion and Boiling (%)

M HFR Grancrete (w/g=0.20) O Portland Cement (w/c=0.30)

Figure5.41: Comparison of Water Absorption using Grancrete HFR and Portland
cement, “Density Based Calculations’
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On the other hand, values of bulk density and apparent density are given in Table 5.12. Test
results indicate that the values of apparent density and bulk density of Grancrete HFR paste

are very similar to the values of Portland cement paste.

Table5.12: Calculationsfor Bulk Density and Apparent Density

BULK DENSITY

Ageat

time w/g After Apparent
Material of Pr%csaure or | Initial | Dry Imgfére;on Immersion | Density

Test w/c | (pcf) | (pcf) (pch) and Boiling (pcf)

(days) P (pcf)

14 SID | 025| 1173 | 963 | 1205 121.7 163.0

14 STD  |020| 1931 | 1038 | 1236 126.0 159.5
Granlféae 3 RVS |020| 1953 | 1042 | 1257 125.9 150.6

14 RVS |0.20]| 1250 | 1049 | 126.0 126.1 158.9

28 RVS |0.20| 1954 | 1052 | 126.4 126.4 159.5
Portland | og RVS |0.30| 1245 | 1111 | 129.3 129.7 158.4
Cement

Notes: STD= Standard Procedure (ASTM C 642), RVS= “Reversal Standard” Procedure

5.4.3.3 Water Immersion Results

Water absorption was calculated using the original mass of the specimen “O” and surface-dry

mass of the specimen after immersion “B” as presented previously in equation 5.18.

Results of the evolution of water absorption with time are presented in Figure 5.42. It should
be noted that the absorption was significant during the first 4 days, however, the absorption

rate decreased with time.
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Water Absorption Evolution during Immersion
Grancrete HFRvs. Portland Cement
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Figure 5.42: Water Absorption Evolution during immersion

Figure 5.42 shows that the water absorption for Portland cement paste is greater than the
water absorption for Grancrete HFR paste. However, it is notorious that the main portion of
the water absorption in Portland cement paste took place during the first day of immersion;
this denotes that the size of the permeable pores in Portland cement paste is bigger than the
size of the permeable poresin Grancrete HFR paste. Also, notein Figure 5.42 that the slopes
of the absorption evolution curves for Portland cement paste and Grancrete HFR paste are

approximately parallel, which means that the absorption rates are very similar.
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5.4.3.4 Comparison of test procedures

This section discusses the differences in the water absorption as a function of the procedure

used either to test or to perform the calculations.

Figure 5.43 presents a comparative chart of the mass evolution during “standard” and

“reversal standard” procedures.

Water Absorption Test (Grancrete HFR)
Comparative Chart of Mass Evolution during Procedures
. A1=222%
11 - A2=3.0% —
"Reversal Standard" ,/‘
. Al=215%
g N === A2=25%
1]
8
=
T L B
£ Al=Absorption After Immersion and Boiling,
> standard calculation
2 A2=Absorption After Inmersion and Boiling
= considering Initial condition of the specimen
0.9 |---omeoed asreference
~ A1=20.2%
/ A2=0.8%
0.9 |---mmmmmmmmnnona s ahicgg oo oo QR o
N
A1=20.3%
A2=0.8%
0.8 t t t t t t t t
0 1 2 3 4 5 6 7 8 9
Time (days)
—— CO55-W20 ~ W —C056-W20 —+— CO68-W20 €070-W20

Figure 5.43: Comparative chart of mass evolution during procedures used

Values of water absorption after immersion and boiling obtained in both procedures (i.e.

“standard” and “reversal standard”) and calculated using standard equations do not differ
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significantly. The water absorption values vary between 20.2% and 22.2%. The difference is

within 2% which represents only a variation of 10% between the two methods.

However, if the calculation is made using the proposed “density based calculation”, the
values of water absorption after immersion and boiling change from 2.5% and 3% using the
“standard procedure” to 0.8% using the “reversal standard” procedure. This is about the same
difference of 2%, but in this case thisis a significant deviation. The significant deviation is
due to the fact that during the * standard procedure’, specimen was already cracked when it
was immersed in water while in the “reversal standard” procedure the specimen was not

cracked. The presence of significant cracks increased the values of water absorption.

Figure 5.44 presents average values of water absorption obtained for Grancrete HFR and for
Portland cement pastes using the two set of equations and “reversal standard” procedure.

Thisdataisgiven in Table 5.10 and Table 5.11.

Absorption After Immersion and Boiling
30 "Reversal Standard" Procedure
20.8 20.2 20.2
20 — 16.8
104 4.1
0.5 0.8 0.8
0
3days 14 days 28 days 28 days
Grancrete HFR Portland Cement
O Standard Calculations m Density Based Calculations

Figure 5.44: Water Absorption valuesin function of equation used
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Note in Figure 5.44 that the water absorption is highly dependent on the reference mass used
in the calculation. The differences suggest that most of the water used during mixing does not
react with Grancrete HFR powder and significant amount of water became encapsulated
inside the Grancrete HFR paste, therefore, if the specimens are subjected to high
temperatures greater than 100 °C the pressure induced from the flow of encapsulated boiled
water cause those significant cracks observed in the “standard procedure”. The space created
by escaping of this encapsulated water increase the voids volume as shown in Figure 5.45.

Thisdataisgiven in Table 5.10 and Table 5.11.

Volume of Permeable Pore Spaces or Voids
Reversal of Standard Procedure
40 —347 34.0 34.1
29.9
30 —
215 21.3 214
20 —
10 —
0
3days 14 days 28 days 28 days
Grancrete HFR Portland Cement
O Standard Calculations m Density Based Calculations

Figure 5.45: Volume Permeable Pore Spaces or Voids
It should be noted that the difference between the two values of voids given for each case
would be approximately the amount of space occupied by the encapsulated water. The

volume of permeable pore spaces calculated according to the proposed “density based
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calculations’ of Grancrete HFR paste, which is around 21%, is very similar to the volume of
voids of Portland cement paste. However, smaller values of water absorption presented in
Figure 5.44 for Grancrete HFR paste in comparison with water absorption of Portland cement
paste suggest that the pores of Grancrete HFR paste are less permeable than those of Portland

cement paste.

In conclusion, water absorption was evaluated according to three procedures. Values of water
absorption obtained using the proposed “density based calculations’ for specimens tested at
14 days were 2.8%, 0.8% and 2.3% for “standard procedure”, “reversal standard” and “water
immersion” procedures, respectively. Specimens were immersed under water for 3 days in
“standard procedure”’, 4 days in “reversal standard” procedure and 8 months in “water
immersion” procedure. However, the third test procedure used (i.e. water immersion) is
considered to be more realistic than the other two. Therefore, the water absorption of
Grancrete HFR paste is considered to be approximately 2%, while the water absorption of

Portland cement paste obtained is around 5%.
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5.5 Shrinkage and Coefficient of Ther mal Expansion

This section describes the experimental program conducted to evaluate shrinkage and
coefficient of thermal expansion of Grancrete HFR paste. Test apparatus and procedures used

aswell asthe analysis of the measured data are included.

5.5.1 Experimental Program

Due to the lack of standards for Grancrete materials, linear shrinkage and coefficient of
thermal expansion of Grancrete HFR paste were evaluated according to sandard ASTM C
531 (Standard Test Method for Linear Shrinkage and Coefficient of Thermal Expansion of
Chemical-Resistant Mortars, Grouts, Monolithic Surfacings, and Polymer Concretes). ASTM
C 531 isnot specified for Portland cement testing. Therefore, in order to have a comparative
value, drying shrinkage of Portland cement paste was evaluated according to standard ASTM
C 596 (Standard Test Method for Drying Shrinkage of Mortar Containing Hydraulic
Cement). In addition to ASTM C 531, coefficient of thermal expansion of both Grancrete
HFR and Portland cement pastes were evaluated according to a modified version of

AASHTO TP 60 (Coefficient of Thermal Expansion of Hydraulic Cement Concrete).

Specimens consisted in 1x1x11Y4 inch standard bars. Each bar was first tested for shrinkage
and then tested for coefficient of thermal expansion according to test matrix given in Table

5.13.
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Table 5.13: Shrinkage and Coefficient of Thermal Expansion Test Matrix

Number of Procedures
Material and MixtureD. Ix1x11%ainch _ Coefficient of

bars tested Shrinkage Ther mal Expansion

Mixture #1 ASTM C 531, and
Grancrete HFR Paste w/g=0.20 8 ASTM C 531 AASHTO TP 60 Mod.

Mixture #2 ASTM C 531, and
Grancrete HFR Paste w/g=0.25 4 ASTM C 531 AASHTO TP 60 Mod.

_ ASTM C 531, and
Portland Cement Paste w/c=0.35 3 ASTM C 596 AASHTO TP 60 Mod.

55.2 Test Apparatusand Procedure

Standard bars (1x1x11 %2 inch) were prepared in general accordance with the mixing
procedure described in section 3.3.2. Eight specimens of Mixture #1 were prepared in two
different batches to cast four specimens from each batch. Four specimens of Mixture # 2 and
three specimens of Portland cement paste were prepared in a single batch on each case.
Special care was taken to prepare al of the required batches in the shortest period of time.
Bar specimens were prepared using steel molds wrapped with plastic tape in order to avoid
bond between Grancrete HFR and steel, because in this case, it was observed that spraying
the molds with petroleum based release agent WD-40 was not enough to be able to strip the
steel molds without breaking the specimens. Molds were filled using one single layer that
was consolidated using atamper similar to the one used to consolidate cube specimens.
Tamping pressure was just sufficient to ensure uniform filling of the molds. Specimens were

finished by trowel.
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Steel molds for casting standard bars have two compartments and were equipped with
measuring studs that were secured to the two ends of the finished casting by screws as shown
in Figure 5.46 and it is prescribed by ASTM C 490 (Use of apparatus for the determination of
length change of hardened cement paste, mortar and concrete). Standard nickel alloy studs
with a coefficient of thermal expansion of 2.22x10° per °F (4x10° per °C) and 0.8 inch long
were used. After casting the machine screws that were holding the end blocks of the

specimens were removed to permit free movement of the blocks.

Machine Screws

Figure5.46: Molds and casting of 1x1x11 ¥sinch bar specimens

It should be noted that the length of the bar specimens is 11 ¥ inches, however, the length
considered for the calculations is only 10 inches which is the distance between the studs as it

is presented in Figure 5.46.
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5.5.2.1 Evaluation of Shrinkage

A comparator with accuracy of £0.0001-inch with its respective 10-inches (nominal)
standard bar was used to monitor the change in length as shown in Figure 5.47. All tests were
conducted under controlled conditions of Temperature (23°C + 4 °C) and relative humidity

(at least 50%) as prescribed on ASTM standards.

Comparator
Dial

Figure5.47: Shrinkage Test Set Up

Grancrete HFR paste specimens were demolded after 2.5 hours of casting and the Initial
reference reading was taken at 3 hours after casting. Then the change in length during air

curing was monitored according to the following sequence:
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a) Every 30 minutes for the initial 8 hours after casting
b) onceaday, for the first 14 days

c) once aweek between day 14" and day 56™

These values were used to calculate linear shrinkage of Grancrete HFR paste according to

ASTM C 531.

Portland cement paste samples were monitored in parallel to Grancrete HFR samples;
however, in this case drying shrinkage was determined according to ssandard ASTM C 596.
Basically, the differences between the two standards used for shrinkage are the curing
method and the time of the Initial reference reading. For Portland cement samples the Initial
reference reading was taken after 3 days of casting and “special” curing, while for Grancrete
HFR samples, the Initial reference reading was taken after 3 hours of casting and air curing.
Curing for Portland cement samples consisted in covering specimens in the molds for 24
hours using plastic sheets to avoid migration of water. They were then demolded and placed
in lime—saturated water for 48 hours. After this, the Initial reference reading was taken
immediately and length change during air curing was monitored according to the following

sequence:

a) once aday for 14 days

b) once aweek between day 14" and day 56™
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5.5.2.2 Evaluation of Coefficient of Thermal Expansion

Since it is known that the degree of saturation of concrete influences its measured coefficient
of thermal expansion, the moisture condition of the concrete specimens must be controlled
[AASHTO TP 60, 2000]. In this research two different moisture conditions were used to
evaluate the coefficient of thermal expansion. The first one uses oven-dry condition
according to ASTM C 531 and the second one is saturated condition according to AASHTO

TP 60.

As prescribed in ASTM C 531, the same 1x1x11 % inches standard bars used previously to

test linear shrinkage were used to evaluate the coefficient of thermal expansion as follows:

a) Length of specimen at room temperature (23 °C) was taken,

b) Specimens were heated in an oven at 99 °C temperature for a least 24 hours as
shown in Figure 5.48, and then length at that temperature was determined using the
comparator. Usualy, the length was read within 4 to 5 seconds after removal of
specimen from the oven.

¢) Finally, specimens were allowed to cool down for at least 16 hoursto observe if they
returned to their original length at room temperature. If not, this last measured length
was considered the original length and a new heating and cooling cycle was

performed.
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Figure5.48: Bar specimensin the oven

The second procedure to evaluate the coefficient of thermal expansion is a modified version
of AASHTO TP 60. The 1x1x11 %4 inches standard bars used previously to test linear
shrinkage and coefficient of thermal expansion according to ASTM C 531 were used again to

test coefficient of thermal expansion as follows:

d) Specimens were conditioned by immersion in water at room temperature (22 °C), as
shown in Figure 5.49, until two successive values of surface-dry-mass of the sample
at intervals of 24 hours showed an increase in weight of less than 0.5%. Surface-dried
sample was obtained using paper towels.

€) Specimenswere removed one at atime from the saturation bucket and using the

comparator, the length at room temperature (22 °C) was measured.
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Figure5.49: Bar specimensduring saturation

f) Then, using a heating bath, specimens were heated from 22 °C to 84 °C for at least 6

hours as shown in Figure 5.50.

Figure5.50: Bar specimensduring heating bath
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g) Specimenswere removed one a atime from the heating bath and using the
comparator, the length at 84 °C temperature was measured. Usually, the length was
read within 4 to 5 seconds after removal of specimen from the heating bath.

h) Finally, specimens were re-immersed in water at room temperature (22 °C) for at
least 16 hoursto observe if they will return to their original length at room
temperature. If not, this last measured length was considered the original length and a

new heating and cooling cycle was performed.
5.5.3 Test Dataand Analysis

This section is devoted to report test data and its corresponding analysis for shrinkage and

coefficient of thermal expansion.

5.5.3.1 Shrinkage

Using the Initial reference reading of the comparator taken 3 hours after casting (L1), the
standard bar length (10 inches) and the reading of the comparator a a given time (L), the
Linear shrinkage for Grancrete HFR specimens was calculated as follows:

Variationinlength _ L, - L,

Shrinkage(%) =
96 =g length 10

(5.22)

A positive value would indicate an expansion while a negative value would indicate
shrinkage. Figure 5.51 presents shrinkage values for al Grancrete HFR paste specimens as

well as average values shown as a line for the two selected mixtures.
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Figure5.51: Linear Shrinkage of Grancrete HFR paste

Drying shrinkage of Portland cement paste specimens was calculated using the equation
5.22; however in this case, the Initial reference reading (L1) was taken after 3 days of curing
as shown in Figure 5.52. The figure provides also a comparison of the measured shrinkage of

Grancrete HFR paste and Portland cement paste.

131



Shrinkage
PC vs. Grancrete HFR

0.05 : :
0.00 ' ' | i '
10 20 30 40 50 60

005 LA A R S —

T I AL
g ' ' i i i —o— P010-W35
o ! ! ! ! ! —8— P011-W35
@ 2015 4o\ N b
< v AN | : : : PO12-W35
= : Portland ; ; “— AVG W20
0 ' > : 14 CementPaste ; ;

-0.20 +----m-o- y- R R L s LR —X—= AVG W25

Grancrete HFR
Paste

PO I /\/\ __________

-0.30 -

-0.35

Time (days)

Figure 5.52: Shrinkage of Grancrete HFR paste vs. Portland cement paste
The comparison indicates that the linear shrinkage values for Grancrete HFR paste are higher
than drying shrinkage values for Portland cement paste. For example at day 56", Grancrete
HFR paste has a shrinkage value of 0.31% while Portland cement paste has a value of 0.23%.
It should be mentioned that the International Concrete Repair Institute (ICRI) statesthat any

shrinkage value higher than 0.10% is considered high [ICRI, 1996].
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5.5.3.2 Coefficient of Thermal Expansion

Using the variation in length of each specimen (in), the variation in temperature (°C), and the
nominal length of specimen (10 inches); coefficient of thermal expansion was calculated as:

K= Variationin length _Ly-Lg-Y

S = (5.23)
VariationinTemperature*10 (T, - Tz)*10

In equation 5.23, Ly is the comparator reading at high temperature Ty, Lr is the comparator

reading at room temperature Tg, and Y is the expansion of the studs calculated as:

Y = X*(T, - T)*k (5.24)

In equation 5.24, X isthe length of the two studs a room temperature (2*0.8=1.6 inches)

and k is the coefficient of thermal expansion of the studs (4x10°® per °C).

When coefficient of thermal expansion was determined according to ASTM C 531, seven
heating and cooling cycles were necessary for specimens to return to their original length at
room temperature. Results obtained in the evaluation of coefficient of thermal expansion of
oven-dry specimens are given in Table 5.14. Values of individual specimens as well as
average values are reported. Even though, ASTM C 531 is not specified for Portland cement,
specimens made of Portland cement paste were tested for comparison purposes. Average
value of coefficient of thermal expansion obtained for Portland cement paste with w/c ratio

of 0.35 was 0.67x10° per °F (1.2x 10° °C™?) with a standard deviation of 11%.

133



Table 5.14: Coefficient of Thermal Expansion of Grancrete HFR, ASTM C 531

Mixture1D. Specimen Coefficient (?)fFTlh(?rCrH?l Expansion
S001-W20 | 1.54x10° (2.78 x10°)
-W 1.54x10° (2.78 x10°
S002-W20 0° (2.78 x10®)
Mixture 1 S003-W20 | 1.47x10° (2.65 x10°)
S004-W20 | 1.62x10° (2.91 x10°) 6 6
Grancrete HFR Paste 1.21x10™ (2.17 x10
WG=0.20 S009-W20 | 1.03x10° (1.86 x10%) X107 (2.17x107)
10-W .82x10° (1.47 x10°
S010-W20 | 0.82x10° ( 0°)
11-W .89x10° (1.60 x10°
0 20 | 0.89x10° (1.60 x10°)
12-W 74x10° (1.33 x10°
S012-W20 | O 0° (1.33x10°)
Mixture #2 S005- W25 -
S006-W25 | 0.74x10° (1.33x10°) 5 &
Grancrete HFR Paste 0.84x10™ (1.51 x10
Wg=0.25 S007-W25 | 0.96x10° (1.73x10%) X107 (1.51x107)
S008-W25 | 0.82x10° (1.47 x10°)

Note: * Specimen S005-W25 never returned to its original length at room temperature

Standard deviation for Mixture # 1 specimens was 31% of the average value while for

Mixture # 2 was 13%.

On the other hand, when coefficient of thermal expansion was determined with AASHTO

TP60 modified procedure, specimens returned to the original length at room temperature in

the second heating and cooling cycle. Results obtained in the evaluation of coefficient of

thermal expansion of saturated specimens are given in Table 5.15. Values of individual

specimens as well as average values are reported. In this case, average value of coefficient of

thermal expansion obtained for Portland cement paste with w/c ratio of 0.35 was 6.39x10°

per °F (11.5x10°® per °C). This value is lower than the value reported in the literature.
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According to the literature Portland cement paste with w/c between 0.4 and 0.6 have a

coefficient of thermal expansion between 18 to 20 (x10° °C™*) [Mindess and Y oung, 1981].

Table 5.15: Coefficient of Thermal Expansion of Grancrete HFR, AASHTO TP60 Mod.

MixturelD

Specimen

Coefficient of Thermal Expansion

oF-l (oC-l)
S001-W20 | 4.57x10° (8.23 x10°)
_ S002-W20 | 4.66x10° (8.39 x10°)
Mixture #1 S003-W20 | 5.38x10° (9.68 x10°)
S004-W20 | 5.11x10° (9.20 x10° . .
Grancrete HFR Paste 005 W20 | 212107 E7- o 10_% 4.56x10° (8.21 x10°)
W/g=0.20 S010-W20 | 4.31x10° (7.75x10°)
S011-W20 | 4.31x10° (7.75x10°)
S012-W20 | 4.03x10° (7.26 x10°)
Mixture #2 S005-W25 4.57x10'Z (8.23 xlO'Z)
S006-W25 | 4.66x10° (8.39 x10° ] )
Grancrete HFR Paste | S007-W25 | 5.02x10° 59.04 xlo'% 4.82x10° (8.67 x10°)
w/g=0.25 S008-W25 | 5.02x10° (9.04 x10°)

Standard deviation for Mixture # 1 specimens was 10% of the average value while for

Mixture # 2 was 5%.

As expected, the moisture condition of the specimens plays an important role in the

coefficient of thermal expansion testing. Values obtained for saturated condition were a lot

greater than values obtained in oven-dry condition.

For Grancrete HFR, thereis no clear evidence of which one of the two procedures provide

better assessment of the coefficient of thermal expansion; however, less variability was

obtained using the saturated condition as specified in AASHTO TP60.
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CHAPTERG

6 BOND CHARACTERISTICS OF GRANCRETE HFR

6.1 Introduction

This chapter describes the experimental research program undertaken at the Constructed
Facilities Laboratory at North Carolina State University to study the bond characteristics of
Grancrete HFR paste. Bond strength between Grancrete HFR paste and selected traditional
and commercially available construction materials was investigated as a function of time.
Information about experimental program, testing apparatus and procedures as well as

analysis of the measured datais reported in this chapter.

6.2 Experimental Program

Bond strength of Grancrete HFR paste with selected traditional and commercially available
construction materials was evaluated using a pull-off test recommended by both ICRI
Guideline 03739 (Guide to Using In-Situ Tensile Pull-Off Teststo Evaluate Bond of
Concrete Surface Materials) and by ASTM D 4541 (Standard test method for Pull-off

strength of coatings using portable adhesion testers).
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Inthistest, arigid steel disc was glued onto a prepared testing surface and was pulled-off
after a partial core had been cut around the disc. Then, this pull-off force was related to the
bond strength. The principle of the pull-off test aswell as the different types of failures

mechanisms that can occur are shown in Figure 6.1.

Pull Force Rigid Disc
F

l V Counter Pressure

Overlay [—F !

Substrate | [ Siaiinie

Bond-Test

C
L
'J-.--._-{.:-.--.--.-

X R
- e L g

STy '.-::‘..-:'-.f" :"."E"E"-."-?.’-l‘-:

T e B B T T T P T il

(a) Failure in substrate (b) Failure in adhesion layer  (c) Failure in overlay

Figure 6.1: Bond Test and Failures M echanisms
Failure in the substrate, Figure 6.1 (a), indicates the bond strength to be higher than the
tensile strength of the substrate. For afailure within the adhesion layer, Figure 6.1 (b), the
bond strength is measured directly. Failure in the overlay, Figure 6.1 (c), indicates that the

bond strength is higher than the tensile strength of the overlay. Failure type (@) should be the
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preferred one, as it proves the bond strength to be higher than the tensile strength of the

substrate.

Several traditional and commercially available construction materials were used as substrates
asgivenin Table 6.1. An overlay of Grancrete HFR was cast on the top of each substrate to
produce the composite specimens. Composite specimens tested were 2 inches diameter.
Testing ages of 7 days, 14 days and 28 days were considered. Three specimens were

evaluated per variable.

Table 6.1: Substrates and overlaysused in pull-off test

Potential
Case Substrate Overlay Application
Grancrete HFR Portl’arEj cement_panel Grancrefe HFR paste
f’c=4,000 psi w/g=0.25 .
vs. Old Portland more than 1 Id Thick 2inch Repair
cement concrete : year-o ICKNESS= < Inches
Thickness= 4 inches
Grancrete HFR paste panel | Grancrete HFR paste
Grancrete HFR w/g=0.25 w/g=0.25 Renair
vs. itself 1 month-old Thickness= 2 inches P
Thickness=2 inches
Steel plate Grancrete HFR paste
Gra\?sc“gt;" FR Grade A36 W/g=0.25 Coating
' Thickness= 3/8 inch Thickness= % inch
Grancrete HER Plywc_)od board Grancrefe HFR paste _
vs. Wood Birch wood- 5 layers w/g=0.25 Coating
' Thickness= %inch Thickness= %2inch
Drywall board Grancrete HFR paste
G:/e;n%(rete HaIII:R Thickness= %2 inch w/g=0.25 Coating
- OIW Thickness= %2 inch
EPS Polystyrene panel Grancrete HFR paste
\Clssragtc):etscta ';';IZ Thickness= 2 inches w/g=0.25 Coating
- FOYSY Thickness= 2 inches
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6.3 Test Apparatusand Procedure

Initially, an overlay of Grancrete HFR was prepared in according to the mixing procedure
described in section 3.3.2 and was cast on the top of the substrate material in order to
produce composite specimens. Then, a partial core was cut perpendicular to the surface of the
composite specimen using a core driller equipped with a 2-in core bit. However, it was
observed that shear forces induced during coring procedure could eventually break the
composite specimen at the adhesion layer. Therefore the partial core on the composite

specimen was generated according to the following:

a) A partial core was cut perpendicular to the substrate surfaces with a core driller equipped
with a 2-in core hit, asit is shown in Figure 6.2. Depth of the partial core was 1 inch for
Portland cement concrete, Grancrete HFR and Polystyrene substrates, ¥z inch for Wood and

Drywall substrates. No partial core was used for steel substrate.

Figure 6.2: Partial coring of substrate surfaces
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b) Several types of surface preparation were used for the different type of substrate materials
prior to casting of the Grancrete HFR overlay. For Portland cement concrete, Grancrete HFR
and steel substrates, the surfaces were sand blasted. For wood, drywall and polystyrene

substrates, the surfaces were only cleaned to eliminate impurities.

c¢) Plastic molds with different depths, given in Table 6.1, were used to cast the 2-inch
diameter overlay part of the composite specimen asit is presented in Figure 6.3 and Figure

6.4.

Figure 6.3: Molds on Portland cement concrete substrate

Figure 6.4: Moldsready to cast specimens
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d) The overlay part of the specimen was cast. The partial core was generated by means of the

plastic mold as shown in Figures 6.5 and 6.6.

Figure 6.5: Inner part of overlay poured

Figure 6.6: Outer part of overlay poured

The next step is to epoxy-glue the rigid disc to the composite specimen. The steel disc used
was 2-inch in diameter and 1-inch thick. Sand blasting was used for both the steel disc and

the surface of the overlay in order to produce a clean interface as shown in Figure 6.7.
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Figure 6.7: Sand Blasting Process
A clean steel disc was then epoxy-glued on the sand blasted surface of the overlay as shown
in Figure 6.8. SIKADUR 30 was used as the bonding agent and it was cured for at least 3

days before testing.

Figure 6.8: Steel rigid discs gluing process

A bolt was inserted in the steel disc and the circular counter pressure was positioned centrally

around the specimen as presented in Figure 6.9.
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Figure 6.9: Bolt and circular counter pressure placement
Finally, a calibrated hydraulic precision instrument (i.e. pull-off tester) was attached to the

head of the bolt as shown in Figure 6.10.

Figure 6.10: Pull-off test set up
A HILTI Tester 4 with a maximum capacity of 3000 pounds was used in thistest. The steel

disc was pulled-off in direct tension with a controlled loading rate to produce a stress of less
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than 150 psi/s. The maximum load, P, and the type of failure were recorded and used to

calculate the bond strength, fy,, as follows:

_ 4P _ 4P
" pd® p(2)
T (6.1)
p

6.4 Test Dataand Analysis

Details of the measured bond strength and the type of failure obtained for each individual
specimen can be found in Appendix C. Average bond strength per time series rounded to the
nearest 10 ps obtained for Grancrete HFR with traditional and commercially available

construction materials are summarized in Table 6.2.

Table 6.2: Bond Strength of Grancrete HFR with traditional construction materials

Bond Strength (ps) Typical
Substrate 7days | 14days | 28 days Failure
Polystyrene | 30 30 30 (b) Adhesion Layer
Grancrete 390 400 390 (a) Substrate
Concrete 300 380 350 (b) Adhesion Layer
Steel 240 270 270 (c) Overlay
Wood 80 80 100 (a) Substrate
Drywall 30 30 30 (a) Substrate

Figure 6.11 presents the same results given in Table 6.2. Test results indicate that Grancrete

HFR has excellent bond strength with itself, concrete and steel.
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Figure 6.11: Bond Strength of Grancrete HFR with traditional construction materials
However, it is also important to consider the type of failure mechanisms obtained for each
tested material. Figures 6.12 to 6.17 show the typical failures observed for each substrate

material.

Figure 6.12 represents the typical failure observed between Grancrete HFR and old Portland
cement concrete. All of the observed failures were at the adhesion layer; therefore, the
measured strength of around 350 psi isthe bond strength. This value is very important for the
potential use of Grancrete HFR as arepair material for concrete. In fact, the International
Concrete Repair Institute (ICRI) [1996], in Guideline No. 03733, recommends minimum

bond strength of 100 psi because field experience has repeatedly shown that anything lower
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is an indication of serious problems. Some designers may require bond strengths between
125 and 250 psi depending on specific project conditions. The values of bond strength

obtained for Grancrete HFR are greater than all recommended values.

Figure 6.12: Grancrete HFR vs. Old Portland cement Concrete Typical Failure
Figure 6.13 represents the typical failure observed between Grancrete HFR and itself. The
failure was in the substrate, meaning that the measured strength of around 400 ps isthe
direct tensile strength of Grancrete HFR. This was expected since a second layer of
Grancrete HFR was supposes to intimately bond with a previous cast layer, developing full

strength as aresult.

Figure 6.13: Grancrete HFR vs. Grancrete HFR Typical Failure
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Figure 6.14 shows the typical failure observed between Grancrete HFR and Steel. The failure
was in the bottom part of the overlay. These results indicate that the bond strength is greater
than the tensile strength of Grancrete HFR. However, the measured values were
approximately 250 psi which is lower than the measured direct tensile strength of Grancrete
HFR of 400 psi as discussed previously. At thistime there is no clear explanation of this
results, maybe the facts that no partial coring was performed in the steel substrate or the
thickness of the overlay (%2 inch) did have influences on the testing results. However, test
results indicate that the bond strength between Grancrete HFR and Steel is very good and is

greater than 250 psi.

Figure 6.14: Grancrete HFR vs. Steel Typical Failure
Figure 6.15 shows the typical failure observed between Grancrete HFR and plywood. Note

that the failure was in the substrate, which indicates that the measured strength of around 80
psi is controlled by the direct tensile strength of the plywood. It should be noted that this
failure occurred within the soft layers of the plywood board, therefore it may not be a

representative value of the direct tensile strength of the wood. However, the bond strength of
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Grancrete HFR and wood obtained is greater than 80 psi. Thisrelatively high bond strength
between Grancrete HFR and wood should be considered in the design of wood formwork for

Grancrete HFR.

Figure 6.15: HFR Grancretevs. Wood Typical Failure
Figure 6.16 presents the typical failure mechanism observed between Grancrete HFR and

EPS polystyrene. Note that the failure was within the adhesion layer and the measured
strength was only 30 psi. These findings indicate that Grancrete HFR can not bond well with

EPS polystyrene material.

Figure 6.16: HFR Grancrete vs. Polystyrene Typical Failure
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Figure 6.17 shows the typical failure observed between Grancrete HFR and drywall. Note
that the failure occurred within the substrate. Therefore the measured strength of 30 psi is

controlled by the direct tensile strength of the substrate. It should be mentioned that this

failure occurred in the gypsum part of the drywall panel.

Figure6.17: HFR Grancretevs. Drywall Typical Failure
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CHAPTER 7

7 CONCLUSIONS

The main objective of this research program isto determine the basic characteristics of the
product Grancrete HFR (High Fire Resistance) used as paste. The research included a
comprehensive experimental program undertaken at the Constructed Facilities Laboratory at
North Carolina State University. The experimental program included testing of significant
number of specimensto determine the following: (1) Properties of the fresh mixture of
Grancrete HFR paste, (2) Mechanical properties of the hardened Grancrete HFR paste and
(3) Bond characteristics of Grancrete HFR paste to selected traditional construction

materials. This chapter summarizes the main conclusions obtained in this research.

7.1 Conclusions of the Preliminary wor k

The preliminary and exploratory work performed at the early stage of the research program
was crucial in order to gain experience with mixing Grancrete HFR and explore its potential
applications for construction. Based on this study, two mixtures were selected for further

research.
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The exploratory work consisted of an investigation to determine the effect of the water-to-
Grancrete (w/g) ratio on the compressive strength and flowability of Grancrete HFR paste.

The conclusions regarding this study are as follows:

The effect of water-to-Grancrete ratio (w/g) by weight on the compressive strength of
Grancrete HFR paste at 3 day-old is similar to that known for conventional Portland
cement. It was observed that the compressive strength decreases with increasing w/g
ratio.

Similarly, the effect of water-to-Grancrete ratio (w/g) by weight on the flowability of
Grancrete HFR paste is comparable to that known for conventional Portland cement. That
IS, an increase in the w/g ratio increases the flow.

A minimum w/g ratio of 0.20 is required to achieve sufficient flow.

The two selected mixtures of Grancrete HFR paste with water-to-Grancrete ratios of 0.20

and 0.25 appear to represent the limits of typical w/g ratios for construction applications.

In addition to the exploratory work, preliminary work also consisted of a microscopic and
chemical analysis of Grancrete HFR paste performed by the Analytical Instrumentation
Facility at North Carolina State University. The following are the main findings of this

analysis.
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The elemental composition of Grancrete HFR includes Magnesium (Mg), Potassium (K),
Calcium (Ca), Carbon (C), Phosphorous (P) and Silicon (Si). This composition differs
significantly from the composition of conventional Portland cement.

A moderate magnification (2500X) SEM images showed the presence of many
crystallites in Grancrete HFR microstructure; however, other SEM micrographs indicated
that the microstructure has variability. It may be useful to examine a large number of
SEM images to properly characterize the surface of Grancrete HFR using high

magnification resolution.

7.2 Conclusions of the study of the fresh properties of Grancrete HFR

Setting Time, Temperature and pH levels were investigated as a function of time. The
following conclusions are drawn regarding the study of the fresh properties of Grancrete

HFR paste:

Test results of setting time by penetration resistance indicate that the initial and final
setting time for Grancrete HFR is less than 10 minutes. These values are significantly
lower than the typical values reported for conventional Portland cement.

The reaction of Grancrete HFR powder and water is exothermic. Temperature monitoring
suggest that lower values of water-to-Grancrete ratio, generates greater temperatures. The

maximum temperatures occurred within 60 minutes ranging from 128 to 157 °F.
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The pH of Grancrete HFR paste begins slightly acid and reaches a slightly basic but
essentially neutral when the slurry is close to hardening. The research did not evaluate the

pH level for hardened Grancrete HFR paste.

7.3 Conclusions of the study of the Har dened Grancrete HFR

Compression and flexural properties, water absorption properties, and linear shrinkage and
coefficient of thermal expansion were evaluated. The following conclusions are drawn

regarding the study of the properties of the hardened mixture of Grancrete HFR paste:

7.3.1 Compressive Properties

Compressive strength, modulus of elasticity and stress-strain relationships were evaluated as

afunction of time. The following conclusions are drawn:

Typical values of compressive strength at 28 days obtained for Grancrete HFR paste are
between 6,000 to 10,000 psi.

Grancrete HFR paste developed more than 50% of its compressive strength at 28 days
during the first 24 hours of air curing.

The use of vermiculite as an aggregate affects significantly the compressive strength of
Grancrete HFR paste. Vaues of compressive strength at 28 days were reduced by at least

80%.
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The ultimate strain (€,) for Grancrete HFR paste mixtures ranges between 0.006 and

0.008.

Values of modulus of elasticity (E) at 28 days for Grancrete HFR paste are between 1650

and 1950 ksi.
A linear regression analysis of test results indicated that the values of modulus of

elasticity can be related with the values of square root of compressive strength as

approximately E . =19,000,/ f ., (pd)
7.3.2 Flexural Properties

The modulus of rupture of Grancrete HFR paste developed very quickly with time. Test
results suggest that a modulus of rupture of approximately 1,100 psi can be achieved at 3
days.

Modulus of rupture of Grancrete HFR paste was found to be related to the square root of

compressive strength as follows:

f » (10to15)/f'; (psi)
7.3.3 Water Absorption, Density and Voids

Water absorption of Grancrete HFR paste is less than 2%. This value is less than the

value obtained for Portland cement paste which ranges between 4 and 5%.
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Volume of permeable pore spaces or voids for Grancrete HFR paste is around 21% and
thisis very similar to the one obtained for Portland cement paste. However, smaller
values of water absorption of Grancrete HFR paste suggest that these pores are less
permeable than those of Portland cement paste.

Apparent density and bulk density of Grancrete HFR and Portland cement pastes are very

similar.

7.3.4 Shrinkage and Coefficient of Thermal Expansion

The linear shrinkage of Grancrete HFR paste was found to be around 0.30%.

Research findings indicate that the moisture condition of the specimens plays an
important role in the evaluation of the coefficient of thermal expansion of Grancrete HFR
paste. Measured values for saturated condition are greater than values obtained for oven-

dry condition.

7.4 Conclusions of the study of the bond characteristics of Grancrete HFR

Bond strength between Grancrete HFR paste and selected traditional construction materials
was investigated as a function of time. The following conclusions are drawn regarding the

study of the bond characteristics of Grancrete HFR:

Grancrete HFR paste has excellent bond strength with itself, concrete and steel.
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The bond strength between Grancrete HFR paste and old Portland cement concrete is
around 350 psi. This value is greater than the minimum values recommended in the
literature. Therefore, the potential use of Grancrete HFR paste as arepair material for
concrete is promising.

The bond strength between Grancrete HFR and steel is greater than 250 psi. The potential
use of Grancrete HFR paste as a coating for fire proofing of steel members appears
promising. However, a corrosion study should be performed due to the fact that the

neutral pH of Grancrete HFR could lead to corrosion problems in the steel.
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7.5 Summary of the basic propertiesfor Grancrete HFR paste

Table 7.1 presents a summary of the basic properties evaluated for Grancrete HFR in this

research.

Table7.1: Summary of propertiesfor Grancrete HFR paste.

M aterial Attribute

Grancrete HFR Paste

Initial Setting Time <10min
Final Setting Time <10min
Setting pH level 7
Typical Compressive _ .
Strength, ', 6,000-10,000 psi

Timeto develop 50% of f'4

<1lday

Flexural Strength (psi)

(10 to 15)* CF 4

Modulus of Elasticity

1650-1950 ksi

Modulus of Elasticity (psi) 19,000* (X
Ultimate Strain (ey) 0.006 to 0.008
Water Absorption @%

Bulk Density (pcf) 125
Voids 21%
Linear Shrinkage 0.30%
Coefficient of Thermal 0.8-1.2 x10° (°F) oven-dry
Expansion 4.6-4.8x10° (°F*) saturated
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7.6 Future Research

Based on the understanding of the basic characteristics of Grancrete HFR, the future research

may include the following:

Evaluation of the durability of Grancrete HFR as a construction material. Freeze and
thaw resistance, chloride penetration resistance among other durability properties should
be tested to address the potential use of Grancrete HFR as a coating for severe
environmental conditions.

There is a need to study the effect of the addition of boric acid or other componentsto the
Grancrete HFR powder in order to increase its setting time. For certain construction
applications, the current setting time of 10 minutesis too short.

Evaluation of the mechanical properties of Grancrete HFR mixed with aggregates (i.e.
sand and gravel) in order to reduce the cost.

Utilize the excellent bond strength of Grancrete HFR to old Portland cement concrete to
develop arepair technique using Grancrete HFR paste in conjunction with fiber
reinforced polymers (FRP) for repairs and strengthening of concrete structures.

Study the pH value for hardened Grancrete HFR paste.

Although, EDX analysis was very useful at the initial stage of this research; future
research may include other techniques as DTA (Differential Thermal Analysis) and X-

Ray Diffraction of Grancrete HFR.
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APPENDIX A

COMPRESSION PROPERTIES

TableA.1-A.6: Tablesof Valuesof Compressive Strength for each specimen and
Average Values and Standard Deviation of each seriesusing 2-in cube

specimens.

Table A.7-A.8: Tablesof Values of Compressive Strength (fg), M odulus of Elasticity
(E), and Ultimate Strain (e,) for each specimen and Average Values

of each seriesusing 4” by 8" cylinder specimens.

Figure A.1—A.12: Stress-Strain relationship for each series.-
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Table A.1: Compressive Strength using 2-in cube specimens,
Mixture#1: Grancrete HFR paste w/g=0.20.

Average

Specimen Compressive Compressive | Standard Stabev/ .
Age Strength S Average Observations
ID (bsi) Stren_gth Deviation (%)
(psi)
E031-W20 | 1 hour 4,116
E032-W20 | 1 hour 4,387 4,240 138 3.25
E033-W20 | 1 hour 4,211
E034-W20 | 3 hours 6,573
E035-W20 | 3 hours 6,317 6,360 193 3.03
E036-W20 | 3 hours 6,194
E040-W20 | 1 day 6,731
E041-W20 | 1 day 6,071 6,570 446 6.79
E042-W20 | 1 day 6,920
EO079-W20 | 3 days 7,168
E080-W20 | 3 days 5,976 7,260 125 1.73 Not consid. on Avg.
E081-W20 | 3 days 7,346
EO037-W20 | 7 days 7,654
E038-W20 | 7 days 6,890 7,420 458 6.18
E039-W20 | 7 days 7,711
E070-W20 | 14 days 8,202
E071-W20 | 14 days 7,689 8,200 506 6.17
E072-W20 | 14 days 8,700
E136-W20 | 14 days 7,482
E137-W20 | 14 days 7,727 7,860 452 5.75
E138-W20 | 14 days 8,357
E133-W20 | 28 days 7,739
E134-W20 | 28 days 8,288 8,010 388 4.85
E135-W20 | 28 days 5,985 Not consid. on Avg.
E139-W20 | 28 days 8,546
E140-W20 | 28 days 8,453 8,380 214 2.55
E141-W20 | 28 days 8,139
E142-W20 | 28 days 7,417
E143-W20 | 28 days 10,059 8,760 1322 15.09
E144-W20 | 28 days 8,810
E145-W20 | 90 days 10,693
E146-W20 | 90 days 11,242 10,750 465 4.33
E147-W20 | 90 days 10,317
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Table A.2: Compressive Strength using 2-in cube specimens,
Mixture#2: Grancrete HFR paste w/g=0.25.

Average

Specimen Compressive Compressive | Standard Stabev/ .
Age Strength S Average Observations
ID (bsi) Stren_gth Deviation (%)
(psi)
E049-W25| 1 hour 2,855
EO050-W25| 1 hour 2,442 2,680 215 8.02
EO051-W25| 1 hour 2,753
E043-W25 | 3 hours 3,607
E044-W25 | 3 hours 2,902 3,470 196 5.64 Not consid. on Avg.
E045-W25 | 3 hours 3,330
E052-W25| 1 day 3,687
EO053-W25| 1 day 3,040 3,580 145 4.05 Not consid. on Avg.
E054-W25| 1 day 3,481
E061-W25| 3 days 3,958
E062-W25| 3 days 3,832 3,950 112 2.83
E063-W25| 3 days 4,055
E046-W25| 7 days 4,617
E047-W25| 7 days 4,414 4,550 115 2.52
E048-W25| 7 days 4,608
E064-W25 | 14 days 5,886
E065-W25 | 14 days 5,485 5,630 223 3.97
E066-W25 | 14 days 5,514
E073-W25 | 28 days 5,993
EO074-W25 | 28 days 5,972 6,100 204 3.35
EO075-W25 | 28 days 6,336
E076-W25 | 90 days 6,874
EO077-W25 | 90 days 6,175 6,400 407 6.36
E078-W25 | 90 days 6,162
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Table A.3: Compressive Strength using 2-in cube specimens,
Mixture#3: Grancrete HFR + (SSD) Vermiculite (1:0.75 by weight), w/g=0.25.

Average

Specimen Compressive Compressive | Standard Stabev/ .
Age Strength - Average Observations
ID (bsi) Stren_gth Deviation (%)
(psi)

E103-M3 | 1 hour 163 Not consid. on Avg.
E104-M3 | 1 hour 79 80 2.52 3.28
E105-M3 | 1 hour 75
E106-M3 | 3 hours 242 Not consid. on Avg.
E107-M3 | 3 hours 124 120 4.10 3.39
E108-M3 | 3 hours 118
E085-M3 | 1 day 158
E086-M3 | 1 day 169 160 8.25 5.15
E087-M3 | 1 day 278 Not consid. on Avg.
E121-M3 | 3 days 297 Not consid. on Avg.
E122-M3 | 3 days 190 190 5.05 2.71
E123-M3 | 3 days 182
E088-M3 | 7 days 215
E089-M3 | 7 days 256 200 23.79 12.03 | Not consid. on Avg.
E090-M3 | 7 days 181
E109-M3 | 14 days 258
E110-M3 | 14 days 203 250 12.77 5.13
E111-M3 | 14 days 240
E091-M3 | 28 days 270
E092-M3 | 28 days 250 260 13.62 5.24
E093-M3 | 28 days 322 Not consid. on Avg.
E124-M3 | 90 days 514
E125-M3 | 90 days 485 500 15.73 3.17
E126-M3 | 90 days 491
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Table A.4: Compressive Strength using 2-in cube specimens,
Mixture#4. Grancrete HFR + M etakaolin replacing 15% of Grancrete + (SSD)
Vermiculite (1:0.75 by weight), w/g=0.25.

. Compressive Average_ StaDev/
Specimen Compressive | Standard .
Age Strength S Average Observations
ID (psi) Stren_gth Deviation (%)
(psi)

E112-M4 | 1 hour 168 Not consid. on Avg.
E113-M4 | 1 hour 146 140 3.98 2.79
E114-M4 | 1 hour 140
E115-M4 | 3 hours 139
E116-M4 | 3 hours 133 140 4.01 291
E117-M4 | 3 hours 141
E094-M4 | 1 day 140
E095-M4 | 1 day 154 150 11.61 7.74
E096-M4 | 1 day 163
E127-M4 | 3 days 173
E128-M4 | 3days 189 180 8.51 4.75
E129-M4 | 3 days 175
E097-M4 | 7 days 181
E098-M4 | 7 days 182 180 0.63 0.35
E099-M4 | 7 days 182
E118-M4 | 14 days 243
E119-M4 | 14 days 226 230 8.25 3.52
E120-M4 | 14 days 234
E100-M4 | 28 days 433
E101-M4 | 28 days 420 420 9.30 2.20
E102-M4 | 28 days 415
E130-M4 | 90 days 458
E131-M4 | 90 days 518 490 30.43 6.20
E132-M4 | 90 days 496
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Table A.5: Compressive Strength using 2-in cube specimens,
Mixture#5: Grancrete HFR + (AIB) Vermiculite (1:0.11 by weight), w/g=0.35.

Average

Specimen Compressive Compressive | Standard Stabev/ .
Age Strength - Average| Observations
ID (bsi) Stren_gth Deviation (%)
(psi)
E148-M5 | 3 days 654
E149-M5 | 3 days 593 570 30.33 5.30
E150-M5 | 3 days 551
E151-M5 | 7 days 526
E152-M5 | 7 days 511 530 29.23 5.47
E153-M5 | 7 days 567
E154-M5 | 14 days 809
E155-M5 | 14 days 793 820 35.57 4.34
E156-M5 | 14 days 861
E157-M5 | 28 days 1,010
E158-M5 | 28 days 983 990 15.45 1.56
E159-M5 | 28 days 985
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Table A.6: Compressive Strength using 2-in cube specimens,
Mixture#6: Grancrete HFR + (AIB) Vermiculite (1:0.11 by weight), w/g=0.50.

Average

Specimen Compressive Compressive | Standard Stabev/ .
Age Strength S Average Observations
ID (bsi) Stren_gth Deviation (%)
(psi)
E160-M6 | 1 day 361
E161-M6 | 1 day 410 390 28.23 7.18
E162-M6 | 1 day 410
E163-M6 | 3 days 446
E164-M6 | 3 days 477 460 15.92 3.44
E165-M6 | 3 days 467
E166-M6 | 7 days 566
E167-M6 | 7 days 530 550 25.63 4.66
E168-M6 | 7 days 465 Not consid. on Avg.
E169-M6 | 14 days 738
E170-M6 | 14 days 709 730 15.93 2.19
E171-M6 | 14 days 735
E172-M6 | 28 days 778
E173-M6 | 28 days 782 780 4.38 0.56
E174-M6 | 28 days 787
E175-M6 | 90 days 1,015
E176-M6 | 90 days 929 950 56.18 5.90
E177-M6 | 90 days 910

173




Table A.7: Compressive Propertiesusing 4” by 8" cylinder specimens,

Mixture#1: Grancrete HFR paste w/g=0.20.

. Average i
Specimen Compressive Compresgsive Modulus of Average Uslttlgﬁ]te Average,
Age Strength Elasticity, : '
ID (psi) Strength E (ksi) E (ksi) e, €,
(psi)
C040-W20 | 3 hours 1,053 415 1.5E-02
C041-W20 | 3 hours 1,056 1,100 352 450 1.4E-02 | 1.2E-02
C042-W20 | 3 hours 1,183 562 5.9E-03
C034-W20 | 1 day 5,864 1,353 8.7E-03
C035-W20 | 1 day 5,630 5,890 1,484 1,400 6.3E-03 | 7.1E-03
C036-W20 | 1 day 6,172 1,350 6.4E-03
C028-W20 | 3days 7,267 2,000 5.4E-03
C029-W20 | 3days 7,148 7,210 1,806 1,800 6.2E-03 | 6.0E-03
C030-W20 | 3days 7,213 1,537 6.5E-03
C022-W20 | 7 days 8,725 1,588 6.1E-03
C023-W20 | 7 days 8,706 8,930 1,829 1,850 7.3E-03 | 6.6E-03
C024-W20 | 7 days 9,375 2,082 6.3E-03
C016-W20 | 14 days 9,789 1,707 7.5E-03
C017-W20 | 14 days 10,061 9,900 2,024 1,900 7.0E-03 | 7.2E-03
C018-W20 | 14 days 9,836 2,042 7.1E-03
C052-W20 | 28 days 10,600 1,952 6.2E-03
C053-W20 | 28 days 10,398 10,110 1,778 1,950 7.6E-03 | 6.6E-03
C054-W20 | 28 days 9,334 2,116 5.9E-03
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Table A.8: Compressive Propertiesusing 4” by 8” cylinder specimens,

Mixture#2: Grancrete HFR paste w/g=0.25.

: Average Modulus i

Specimen Compressive Compresgsive of Average Uslttlgﬁ]te Average,

Age Strength o : '

ID . Strength Elasticity, | E (ksi) e,
(psi) (psi) E (ksi) &

C043-W25 | 3 hours 358 126 6.9E-03
C044-W25 | 3 hours 397 370 239 200 5.7E-03 | 8.1E-03
C045-W25 | 3 hours 360 207 1.2E-02
C037-W25 1 day 3,593 978 6.9E-03
C038-W25 1 day 3,765 3710 1049 1050 6.9E-03 | 6.7E-03
C039-W25 1 day 3,783 1152 6.3E-03
C031-W25 | 3 days 4,552 1289 9.1E-03
C032-W25 | 3 days 4,547 4580 1166 1250 6.4E-03 | 8.2E-03
C033-W25 | 3days 4,653 1252 9.3E-03
C025-W25 | 7 days 5,568 1426 9.1E-03
C026-W25 | 7 days 5,399 5490 1316 1350 8.5E-03 | 8.2E-03
C027-W25 | 7 days 5,490 1319 7.0E-03
C019-W25 | 14 days 6,778 1599 7.1E-03
C020-W25 | 14 days 7,152 6900 1396 1450 8.1E-03 | 7.7E-03
C021-W25 | 14 days 6,772 1360 7.9E-03
C049-W25 | 28 days 6,474 1668 7.1E-03
C050-W25 | 28 days 6,736 6710 1456 1650 6.6E-03 | 6.7E-03
C051-W25 | 28 days 6,934 1834 6.6E-03
C063-W25 | 28 days 7,870 2860 - - - -
C064-W25 | 28 days 7,840 - - - -
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Stress vs. Strain @ 3 hours
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Figure A.1: Stress-Strain relationship for specimenstested @ 3 hours, Mixture#l

Stress vs. Strain @ 1 day
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Figure A.2: Stress-Strain relationship for specimenstested @ 1 day, Mixture#l
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Stress vs. Strain @ 3 days
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Figure A.3: Stress-Strain relationship for specimenstested @ 3 days, Mixture#l

Stress vs. Strain @ 7 days
Mix #1 (w/g=0.20)
10,000

9,000

8,000 ——C022-W20 e

— - C023-W20 - -

7,000 < Ao
€024-W20 id

6,000
5,000

4,000

Compressive Strength (psi)

3,000

2,000

1,000

0 ¥ | | | | } ; ;
0.0E+00 1.0E-03 2.0E-03 3.0E-03 4.0E-03 5.0E-03 6.0E-03 7.0E-03 8.0E-03

Strain

Figure A.4: Stress-Strain relationship for specimenstested @ 7 days, Mixture#l
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Stress vs. Strain @ 14 days
Mix #1 (w/g=0.20)
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Figure A.5: Stress-Strain relationship for specimenstested @ 14 days, Mixture#l
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Figure A.6: Stress-Strain relationship for specimenstested @ 28 days, Mixture#l
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Figure A.7: Stress-Strain relationship for specimenstested @ 3 hours, Mixture#2
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Figure A.8: Stress-Strain relationship for specimenstested @ 1 day, Mixture#2
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FigureA.9: Stress-Strain relationship for specimenstested @ 3 days, Mixture#2
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Figure A.10: Stress-Strain relationship for specimenstested @ 7 days, Mixture#2



Stress vs. Strain @ 14 days
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Figure A.11: Stress-Strain relationship for specimenstested @ 14 days, Mixture#2

Stress vs. Strain @ 28 days
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Figure A.12: Stress-Strain relationship for specimenstested @ 28 days, M ixture#2
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APPENDIX B

FLEXURAL PROPERTIES OF GRANCRETE HFR

TableB.1-B.2: Tablesof Valuesof Modulusof Rupture (Flexural Strength) for each
specimen and Average Values and Standard Deviation of each series.
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Table B.1: Modulus of Rupture (Flexural Strength) for Mixture #1: Grancrete HFR paste w/g=0.20.

. Flexural Average

Specimen Flexural Standard | StaDev/Average .

D Age Stren_gth Strength Deviation (%) Observations
B038-W20 1 hour 234 Specimen still hot, difficult to demold
B039-W20 1 hour 315 320 88 27.6 Specimen still hot, difficult to demold
B040-W20 1 hour 411 Specimen still hot, difficult to demold
B035-W20 3 hours 810 Specimen still hot
B036-W20 3 hours 806 788 34 4.3 Specimen still hot
B037-W20 3 hours 749 Specimen still hot
B026-W20 1 day 1109
B027-W20 1 day 1148 1109 38 3.5
B028-W20 1 day 1071
B020-W20 3 days 1129
B021-W20 3 days 1129 1195 115 9.6
B022-W20 3 days 1328
B017-W20 7 days - Load Value not recorded
B018-W20 7 days 1369 1312 81 6.2
B019-W20 7 days 1254
B008-W20 14 days 1092
B009-W20 14 days 932 1077 139 12.9
B010-W20 14 days 1208
B002-W20 | 28 days 1087
B003-W20 28 days 1414 1053 48 4.6 Not considered on average
B004-W20 | 28 days 1019
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Table B.2: Modulus of Rupture (Flexural Strength) for Mixture #2: Grancrete HFR paste w/g=0.25.

. Flexural Average

Specimen Flexural Standard | StaDev/Average .

D Age Stren_gth Strength Deviation (%) Observations
B041-W25 1 hour - Not possible to demold at 35 minutes
B042-W25 1 hour - - - - Not possible to demold at 42 minutes
B043-W25 1 hour - Not possible to demold at 50 minutes
B032-W25 3 hours 508
B033-W25 3 hours 490 501 10 1.9
B034-W25 3 hours 504
B029-W25 1 day 811
B030-W25 1 day 741 776 35 4.6
B031-wW25 1 day 775
B023-W25 3 days 1026
B024-W25 3 days 1022 994 52 5.2
B025-W25 3 days 935
B014-W25 7 days 952 Not Considered on average
B015-W25 7 days 1245 1275 42 3.3
B016-W25 7 days 1304
B011-W25 14 days 1008
B012-W25 14 days 990 977 39 4.0
B013-W25 14 days 933
B0O05-W25 | 28 days 1143
B006-W25 | 28 days 1119 1144 25 2.2
BO0O7-W25 | 28 days 1170
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APPENDIX C

BOND STRENGTH OF GRANCRETE HFR

TableC.1-C.3: Tablesof Valuesof Bond Strength, Type of failuresfor each specimen
and Average Values of each series using Pull-Off Test.
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Table C.1: Bond Strength of Grancrete HFR with Polystyrene and itself.

Core and Rigid Disc Size: 2 inches, Testing Device: HILTI Tester 4

Substrate Overlay Age of Bond Failure Average Bond
Material Material Testing | Strength (psi) Mode Strength (psi)
Polystyrene Grancrete HFR (2in) 7 days 32 100% adhesion layer
Polystyrene Grancrete HFR (2in) 7 days 32 98% adhesion layer, 2% substrate 30
Polystyrene Grancrete HFR (2in) 7 days 32 95% adhesion layer, 5% substrate
Polystyrene Grancrete HFR (2in) 14 days 32 95% adhesion layer, 5% substrate
Polystyrene Grancrete HFR (2in) 14 days 32 98% adhesion layer, 2% substrate 30
Polystyrene Grancrete HFR (2in) 14 days 32 98% adhesion layer, 2% substrate
Polystyrene Grancrete HFR (2in) 28 days 32 95% adhesion layer, 5% substrate
Polystyrene Grancrete HFR (2in) 28 days 32 95% adhesion layer, 5% substrate 30
Polystyrene Grancrete HFR (2in) 28 days 32 100% substrate
Grancree HFR | Grancrete HFR (2in) 7 days 382 100% substrate
Grancree HFR | Grancrete HFR (2in) 7 days 382 100% substrate 390
Grancree HFR | Grancrete HFR (2in) 7 days 414 100% substrate
Grancree HFR | Grancrete HFR (2in) 14 days 414 60% adhesion layer, 40% overlay
Grancree HFR | Grancrete HFR (2in) 14 days 382 60% adhesion layer, 40% overlay 400
Grancree HFR | Grancrete HFR (2in) 14 days 414 100% substrate
Grancree HFR | Grancrete HFR (2in) 28 days 382 100% substrate
Grancree HFR | Grancrete HFR (2in) 28 days 382 100% substrate 390
Grancree HFR | Grancrete HFR (2in) 28 days 414 100% substrate
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Table C.2: Bond Strength of Grancrete HFR with Old Portland Cement (PC) and Steel

Core and Rigid Disc Size: 2 inches, Testing Device: HILTI Tester 4

Substrate Overlay Age of Bond Failure Average Bond
Material Material Testing | Strength (psi) Mode Strength (psi)

PC Concrete | Grancrete HFR (2in) 7 days 286 100% adhesion layer

PC Concrete | Grancrete HFR (2in) 7 days 318 100% adhesion layer 300

PC Concrete | Grancrete HFR (2in) 7 days 286 100% adhesion layer

PC Concrete | Grancrete HFR (2in) 14 days 286 100% adhesion layer

PC Concrete | Grancrete HFR (2in) 14 days 414 100% adhesion layer 380

PC Concrete | Grancrete HFR (2in) 14 days 446 100% adhesion layer

PC Concrete | Grancrete HFR (2in) 28 days 414 98% adhesion layer, 2% substrate

PC Concrete | Grancrete HFR (2in) 28 days 318 100% adhesion layer 350

PC Concrete | Grancrete HFR (2in) 28 days 318 100% substrate
Steel Grancrete HFR (3/4 in) 7 days 223 95% overlay, 5% adhesion layer
Steel Grancrete HFR (3/4 in) 7 days 255 98% overlay, 2% adhesion layer 240
Steel Grancrete HFR (3/4 in) 7 days 255 100% overlay
Steel Grancrete HFR (3/4in) | 14 days 286 100% overlay
Steel Grancrete HFR (3/4in) | 14 days 255 100% overlay 270
Steel Grancrete HFR (3/4in) | 14 days 255 100% overlay
Steel Grancrete HFR (3/4in) | 28 days 255 100% overlay
Steel Grancrete HFR (3/4in) | 28 days 286 100% overlay 270
Steel Grancrete HFR (3/4in) | 28 days 255 100% overlay
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Table C.3: Bond Strength of Grancrete HFR with Wood and Drywall.

Core and Rigid Disc Size: 2 inches, Testing Device: HILTI Tester 4

Substrate Overlay Age of Bond Failure Average Bond
Material Material Testing | Strength (psi) Mode Strength (psi)
Wood Grancrete HFR (1/2in) | 7 days 95 100% adhesion layer
Wood Grancrete HFR (1/2in) | 7 days 95 100% adhesion layer 80
Wood Grancrete HFR (1/2in) | 7 days 64 100% adhesion layer
Wood Grancrete HFR (1/2in) | 14 days 95 100% substrate
Wood Grancrete HFR (1/2in) | 14 days 95 100% substrate 80
Wood Grancrete HFR (1/2in) | 14 days 64 100% substrate
Wood Grancrete HFR (1/2in) | 28 days 95 100% substrate
Wood Grancrete HFR (1/2in) | 28 days 95 100% substrate 100
Wood Grancrete HFR (1/2in) | 28 days 95 100% substrate
Drywall | GrancreteHFR (1/2in) | 7 days 32 100% substrate
Drywall | GrancreteHFR (1/2in) | 7 days 32 100% substrate 30
Drywall | GrancreteHFR (1/2in) | 7 days 32 100% substrate
Drywall | Grancrete HFR (1/2in) | 14 days 32 100% substrate
Drywall | Grancrete HFR (1/2in) | 14 days 32 100% substrate 30
Drywall | Grancrete HFR (1/2in) | 14 days 32 100% substrate
Drywall | Grancrete HFR (1/2in) | 28 days 32 100% substrate
Drywall | Grancrete HFR (1/2in) | 28 days 32 100% substrate 30
Drywall | Grancrete HFR (1/2in) | 28 days 32 100% substrate
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