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ABSTRACT

Tricalcium silicate hydrate, the product of the hydration 

reaction between tricalcium silicate and water, was investigated as a 

potential inorganic adhesive. This thesis reports on the theoretical 

aspects associated with developing a high strength chemical ceramic 

based on tricalcium silicate as well as experimental results that were 

obtained from determining the cohesive strength of the material using 

a three point bending test.

The design of experiments consisted of incorporating the 

theoretical factors associated with producing high strength tricalcium 

silicate hydrate into a parameter and processing matrix. The 

parameters and processing schemes that were investigated included: 

water to tricalcium silicate ratio, autoclaving time and temperature, 

silica fume additions, and extended aging times. The cohesive 

strength was assessed by using a modified modulus of rupture (MOR) 

test on miniature samples.

The strength of tricalcium silicate hydrate was found to: 

increase linearly as the water to tricalcium silicate ratio increased ; 

be maximum at approximately twenty percent silica fume addition; and 

be independent of autoclaving time and temperature. Adherence to the 

Griffith criteria could not be demonstrated if the defect was 

considered as being a discrete void ; however, if a cluster of voids 

are considered to be the strength limiting defect, then the 

experimental results adhered to the Griffith criteria.
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CHAPTER 1 

INTRODUCTION

The interest in the cohesive strength of tricalcium silicate 

hydrate (CSH) originated as one part of a systematic evaluation of 

this material as a potential inorganic adhesive. The objective was to 

ultimately develop an advanced adhesive containing tricalcium silicate 

hydrate and reinforcement fibers for joining metal-matrix composites. 

This chemical-ceramic matrix composite material would be engineered so 

as to obtain the desired material properties of good adhesive and 

cohesive strength. In addition to the adhesive strength of a joint 

produced using tricalcium silicate paste, it was apparent that an 

understanding of the setting and hardening behavior of this candidate 

adhesive would be important to its overall performance.

Tricalcium silicate hydrate is formed by an exothermic reaction 

between tricalcium silicate (C^S) and water. Initially, a paste is 

formed which sets, becoming stiff and unworkable, over a time period 

of 45 minutes to 10 hours. The paste then undergoes a hardening 

process, where strength is developed, and which can last from one to 

two years. Strength development occurs during the hardening process 

which follows the initial and the final set.

C^S was selected as a candidate material for joining application

because the hydrated material (CSH) possesses a coefficient of thermal
-6expansion (GTE) (12 to 20 x 10 per degree C [1]), which is similar 

to that for metal-matrix composites. Historically, the dissimilarities
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between CTEs for metal/ceramic joints is a major cause for joint 

failure. In addition to possessing a high GTE, the hydrated C^S also 

experiences low shrinkage which could otherwise contribute to low 

strength joints, in comparison to typical inorganic joining compounds, 

such as soluble silicate adhesives (water glass). Soluble silicate 

adhesives typically set by water evaporation and polymerization of

hydrated silicates. In general, water loss causes material shrinkage,

creating cracks and voids which decrease joint strength. Tricalcium 

silicate reacts with water forming a hydration product which sets and 

hardens by way of a reaction product that incorporates the water into 

its chemical structure.

1.1 SCOPE OF RESEARCH

The strength developed by tricalcium silicate pastes is 

determined by the hydration reaction rates and mechanisms, which in 

turn, are influenced by composition of the paste and the manner in

which the test bars are prepared and cured. There has been

considerable work on the hydration reaction behavior of C^S 

particles with water to produce CSH, independent of the paste setting 

characteristics. This has included calorimetry, differential thermal 

analysis (DTA), X-ray diffraction, and morphological studies. Most of 

the work on hardening behavior and the associated strength development 

of agglomerated materials, which incorporate C^S, has been in regard 

to the production of concrete structures. There has been little work
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conducted, however, on strength properties of miniature shapes made 

from C^S paste. The work conducted in this thesis is considered to 

be a contribution to this latter subject area.

1.2 OBJECTIVES OF THE RESEARCH

This thesis reports on the theoretical and experimental factors 

involved in producing a high strength chemical ceramic from C^S 

paste. The theoretical aspects, which must be considered in order 

that high strengths can be achieved, have been retrieved from the 

literature. The processing schemes associated with achieving 

increased strength were demonstrated in the laboratory. The objective 

was to determine the cohesive strength of hardened paste using a 

modulus of rupture test and to assess the potential of the material to 

be further developed as an inorganic adhesive.

1.3 ORGANIZATION OF THESIS

In this, the first chapter, an introduction to the thesis is 

provided as well as background information on the selection of C^S 

for joining applications. In Chapter 2, the results of the literature 

review are presented. It covers the basic chemical reaction of C^S 

with water, microstructure of the products, reaction mechanisms, 

additives used as reaction accelerators, and the effects of various 

processing variables.
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Chapter 3 contains pertinent theoretical details which are 

relevant to the thesis subject matter. It contains the development of 

the equation for calculating the MOR of the samples tested, fracture 

behavior of (brittle) Griffith solids, influence of porosity on the 

strength of the cured paste, and sources of Griffith flaws, depending 

on the manner in which the paste was cured.

Details of experiments conducted are described in Chapter 4, 

including materials, test apparatuses, die compaction details, sample 

preparations, and methods for evaluating the effects of the various 

test parameters examined during the determination of the material 

properties.

Chapter 5 presents the results that were obtained from the 

experiments conducted and a discussion of these results. A summary 

and conclusions that were derived are presented in Chapter 6 along 

with suggestions for possible further research.
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CHAPTER 2 

LITERATURE SURVEY

Tricalcium silicate hydrate, 3 CaO*2 SiO^’S H^O is a product of 

the hydration reaction of tricalcium silicate, 3 CaOSiO^ (C^S) . The 

hydrated product is a major constituent of Portland cement and is the 

main contributor to the development of strength in cement.

Portland cement is primarily composed of four constituents: 

tricalcium silicate (3 CaOSiO^ or C^S); dicalcium silicate (2 CaOSiO^ 

or CgS); tricalcium aluminate (3 CaO’Al^O^ or C^A); and tetracalcium 

aluminoferrite (4 CaO^Al^O^'Fe^O^) [2]. Other minor constituents are 

present in varying amounts depending on the cement type. Portland 

cement is typically mixed with a coarse aggregate, sand, and water to 

form concrete. Mortar is formed by mixing cement with sand and water, 

and grout is a mixture of cement and water.

The history of cementing materials dates back to the use of 

limes, which were mixtures of calcium oxide (CaO), sand, and gypsum, 

by the Egyptians [3]. The Greeks and Romans mixed lime with siliceous 

materials to form a cement with enhanced strength and water durability 

which was a significant advancement in the development of 

materials [4]. The invention of Portland cement, patented in 1824 by 

Aspdin [5], resulted in a superior product in comparison to the 

materials previously available. Research in the science and 

engineering of this material has led to continuous advancements so 

that the material now has a broad range of applications. Many of the
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limitations of Portland cement, such as low tensile strength, have 

been significantly reduced by increasing the knowledge base of this 

material.

2.1 Application of Tricalcium Silicate

Applications for pure tricalcium silicate are minimal because of 

the cost factor associated with procuring the material in its pure 

form. However, because the material has the potential to be utilized 

as an adhesive, it was evaluated as a joining material and compared to 

commercially available ceramic adhesives. Joining properties of 

tricalcium silicate hydrate have been described [6 ] where flexural 

strengths, obtained using a three point bend test, revealed that the 

cohesive strength of CSH is some 28 MPa (4000 psi) greater than the 

Aremco 569 brand, a commercially available inorganic adhesive.

Tricalcium silicate, as a component of Portland cement, has a 

multitude of applications, primarily contained in the construction 

industry —  as road materials, bridges, foundations, dams, and joining 

compounds for cementing brick together.

2.2 Hydration of Tricalcium Silicate

Tricalcium silicate reacts exothermically with water to form a 

poorly crystallized product tricalcium silicate hydrate (CSH), and 

calcium hydroxide (CaOH^) [7] which is present in both the amorphous
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and crystalline form. The approximate chemical reaction is:

2 (3 CaO • SiO
2 (s) + 6 H-02V (1) -> 3 CaO • 2 SiO2 3 Ho0

2 u(s)

+ 3 Ca(OH)
2 (s) (2.1)

The abbreviated notation used by the cement industry would represent 

the chemical reaction by the use of the following symbols:

The chemical formula for the hydrated product, 3 CaO*2 SiO^'3 H^O, 

is an approximation due to the fact that the hydration reaction 

produces a series of hydrated silicates with varying contents of water 

of hydration [8 ]. Therefore, the reaction is non-stoichiometric and 

the hydrate exists in more than one form with a varying CaO/SiO^ ratio 

depending upon which stage of the complex chemical reaction is 

considered.

Although the hydration reaction and mechanism of the reaction of 

CgS has been studied since 1887, when it was investigated by 

Le Chatelier [9], it is still poorly understood. The difficulty in 

elucidating the reaction mechanisms are associated with the 

sensitivity of C^S to experimental conditions, and therefore 

contradictory results are often obtained in different laboratories.

2 C^S + 6 H -> CSH + 3 CH ( 2 . 2 )
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In addition, the complex sequence of reactions, and the slow kinetics 

also contribute to this situation.

2.2.1 Calorimetry Studies

The chemical reaction of C^S with water is exothermic; and 

therefore, one method of following and assessing the hydration 

reaction is to monitor the heat released using an isothermal 

calorimeter. Figure 2.1 [10] shows the results obtained. The heat 

evolution curves are divided into five stages, each stage 

corresponding to a particular event associated with both chemical and 

physical changes. The degree of hydration can be described on the 

basis of the heat evolved during the reaction [1 0 ].

Stage I is the initial period of reaction and is highly

exothermic due to the rapid chemical reaction of C^S and water;

lasting about 5 to 10 minutes.

Stage II is an induction or dormant period where very little

heat is evolved; it lasts from about 5 minutes to 4 hours.

Stage III is an acceleratory period where the chemical reaction 

resumes at an increased rate; it lasts from 4 hours to about 12 hours.

Stage IV is a period of decreasing heat liberation; lasting 

from 12 hours to 24 hours.

Stage V is a very slow but continuing reaction period; lasting 

from 24 hours to 1 or 2 years, or longer.
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reaction as a function of time for Portland cement. 
Specimens were cured at approximately 20°C with a water 
to cement ratio of approximately 0.5 [10].
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On contact of C^S with water an initial rapid chemical 

reaction occurs, resulting in changing chemical concentrations as

shown in Figure 2.2 [10]. The concentration levels of calcium ion
2+  —(Ca ), hydroxyl ion (OH ), pH, and silicate (SiO^) have been

monitored during the reaction sequence. Depending upon the analytical
2+technique employed, there have been discrepancies in the Ca

levels, which are necessary to describe the CaO/Si^O ratio [11].

These discrepancies were resolved when it was determined that part of

the Ca(OH)^ was amorphous or poorly crystalline and that extraction

techniques, rather than X-ray diffraction analysis, should be the
2+analytical method utilized to determine the Ca levels. The so 

called "missing lime" from XRD analysis was determined to be present 

in the matrix as amorphous material [1 2 ].
2 +When CgS is contacted with water, both Ca and silicate 

ion (HgSiO^) are solubilized during Stage I as indicated in

Figure 2.2, which shows the concentration levels of the important
2+species. During Stage II, the dormant period, Ca levels rise

slowly, due to the continuous dissolution of C^S, while the silicate

ion concentration, measured as SiO^, continuously decreases. During
2+Stage III, the acceleration period, Ca increases more rapidly, 

reaches the solubility limit for CaCOH)^, and ultimately exceeds 

that limit. A supersaturation level of some one and one-half [10] to 

two [13] times the saturation value for Ca(OH)^ is achieved. 

Precipitation of CaCOH)^ is initiated due to the supersaturation of



C/s
 

AT 
SU
RF
AC
E 

OF 
PA

RT
IC

LE

T-3568 11

2.5

2.0

1.5

1.0

0.5

Figure

50 - -12.5

0:40-
C/S

H

- 12.0
SATURATION LEVEL 
WITH RESPECT TO 
Ca (OH),

H 40- 20 - -

« 10 -
[SlOg]

5 SECS 5 MINS 2HRS 4HRS 10HRS
TIME
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bulk electrolyte during hydration of C3 S. The C/S ratio 
of the product which is formed is also indicated [1 0 ].
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the electrolyte. This supersaturation phenomenon has been shown to be

the result of silicate ions inhibiting the nucléation and growth of

GaCOH)^ [14]. Following supersaturation and precipitation of 
2+Ga(OH)^, the Ca level decreases with time.

The silicate ion concentration, reported as dissolved silica
2+(SiO^), which is much smaller than both Ca and OH concentrations 

during all the five stages, is at a maximum during Stage I [10] and 

sharply decreases thereafter as shown in Figure 2.2.

Following the course of the reaction by using calorimetry 

studies and by monitoring the concentration of ionic species, is not 

sufficient to uncover the behavior of the complex sequence of 

hydration reactions by which CSH is produced. Considerably greater 

amounts of information can be gathered about the hydration reaction by 

examining the microstructure of the products. The five defined stages

of exothermic activity have been correlated to the formation of three

distinct hydrate product types: "early product" formed in Stages I

and II, "middle product" formed in Stages III and IV, and "late 

product" formed in Stage V [15].

2.2.2 Early Hydrate Development: Stages I and II

Initial contact of C^S with water results in rapid attack of the

C^S grains by water followed by dissolution of C^S [16] releasing 
2+Ca and silicate ions into the interfacial solution [17]. Hence, the
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C^S surface is altered both compositionally and structurally due to the 

dissolution at this surface and subsequent atom rearrangement [18].

CSH gel forms during Stages I and II at a rapid rate due to a 

higher initial concentration of silicate available for reaction. The 

amorphous CSH gel coats and envelops the unreacted C^S grains forming a 

protective gel coating that functions as a barrier to additional reaction 

and retards further hydration [19]. The reaction of C^S with water is 

therefore decreased and the reaction enters a dormant period.

Early product has been observed on the surface of C^S within 

30 seconds, and after some 15 minutes the thickness of the coating is 

approximately 200-300 A [20]. The hydrate layer grows thicker 

throughout Stage II, thus creating a barrier which prevents the 

diffusion of water to the reaction interface.

Determination of the CaO/SiO^ ratio for early product 

indicates that the first hydrate has a very high molar ratio of CaO to 

SiOg (3:1) [21], so that the reaction responsible for the formation 

of early product can be described as:

3 CaO • Si02 + m H^O -» 3 CaO • SiO^ • m H^O (2.3)

Determination of the CaO/SiO^ ratios of the different products often 

results in conflicting assessments because the amounts of calcium and 

silicon in the product are a function of the water/C^S ratio as well as
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the pH of the solution, and different results are obtained depending

on the method of analysis (direct or indirect).

Throughout Stage II the morphology of the hydrate is that of

early product, which is described in Section 2.2.5. As the reaction
2+  —proceeds, the levels of Ca ion and OH ion in the solution

2+continue to rise as well as the pH. Supersaturation of Ca , 

resulting in precipitation of Ca(OH)^, occurs and the termination of 

Stage II. It is, therefore, in these two stages that development of 

early product takes place.

2.2.3 Middle Product Hydrate Development: Stages III and IV

During Stage III, the acceleration period, the reaction rate 

increases as well as the rate of heat liberation; both associated with 

renewed reaction due to the breakdown of the reaction barrier -- the 

gel coating. The disintegration of the CSH gel coating, which acted 

to impede further reaction, is believed to occur either by rupture of 

the gel coating due to osmotic pressure, or conversion of initial 

hydrate products into products that are more permeable and therefore 

allow for diffusion. The hydrate is approximately 0.5 ym thick and 

surrounds the C^S grains. Middle product forms beneath the early 

product, displacing it away from the C^S surface [15]. This
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reaction product has a lower CaO/Si^O ratio of 0.8-1.5 [21,22], and 

the reaction has been described as:

3 CaO • Si02 • m H^O -> 0.8-1.5 CaO • SiO^ • n H^O

+ Ca(OH) (2.4)

Middle product exfoliates exposing anhydrous C^S surface. It, 

therefore, does not present a barrier to further reaction [18].

2.2.4 Late Product: Stage V

Continued hydration of C^S decreases during the formation of 

late product —  a poorly crystalline hydrate, often referred to as being 

Tobermorite gel because of the similiarities in crystal structure and 

composition to the natural mineral. The reaction rate is decreased due 

to the prior formation of hydration products which are of low porosity, 

and therefore, impede the transport of ionic species to the liquid-solid 

interface [18]. Late product forms inside of the middle product and due 

to severe space constraints, the resulting hydrate possesses a dense 

microstructure [15].

The Ca0/Si02 ratio for the late product species is increased and 

it has been reported as being 1.5-2.0 [21,22]. The reaction can be 

written as:

0.8-1.5 CaO * Si02 • n + Ca(0H) 2

-» 1.5-2.0 CaO • Si02 • pH^O (2.5)
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2.2.5 Early Product Microstructure

Initial CSH early product precipitates on the surface of the 

anhydrous C^S grains has been measured as being 8 A thick. It grows 

to a thickness of some 60A within 15 minutes and to approximately 

150A [15] at the end of Stage II, forming the reaction-inhibiting 

barrier.

As the thickness of the amorphous gel coating increases, during 

the period from the onset of the reaction to after four hours have 

elapsed, the early product changes in its physical appearance. Etch 

pits that are created on the surface of C^S within seconds [15], 

rapidly develop into a honeycomb morphology [2 0 ] within some fifteen 

minutes. After approximately three hours of reaction time have 

elapsed, the honeycomb morphology is observed to peel off the C^S 

surface and to develop the appearance of seaweed [15]. At the end of 

four hours, the seaweed structure takes on the designated Type E 

appearance which has been described as thin flakes or foils [18] 0.5 

pm long [23] which inhibit additional reaction by enveloping the 

anhydrous C^S grain and serving as a reaction barrier. Type E 

product is present as thin flakes, which if subjected to drying using 

high vacuum electron microscopy (HVEM) to examine the microstructure, 

curl and crumple into the foil morphology. At the end of Stage II, 

less than one percent of the C^S has reacted to form the CSH Type E 

product [23].
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2.2.6 Middle Product Microstructure

Beyond four hours of elapsed time, early product begins to 

exfoliate from the C^S surface exposing additional anhydrous C^S 

surface [18] which becomes available for renewed reaction activity.

The designated Type 0 (middle product) is an amorphous gel 

approximately 0.5 ym thick [18], which envelops the unreacted C^S grain. 

It forms beneath Type E (early product), during the exfoliation 

process [23]. As time elapses and the available water is continuously 

depleated. Type 0 product transforms into either Type 1 (fibrous type) 

or Type 3 (foil type) depending on the space that is available within 

the reaction site region. Type 1 (fiber product) forms from Type 0 

when the spacing between the C^S particles exceeds 1 ym [15]. Type 1 

(middle product) has the appearance of a slightly tapered needles some 

0.75-1 ym [18] in length that radiates from the C^S surface. A more 

compact product is formed as late product if the space between the 

particles is less than 1 ym.

At the end of Stage IV, some 32 percent of the C^S material has 

reacted [23] ; the remaining C^S will react to form Type 3 or Type 4 

(late product), or will remain as anhydrous C^S in the matrix.

2.2.7 Late Product Microstructure

The presence of late product, either Type 3, which forms from 

Type 0 or Type 4, which forms from hydration of the remaining 

unreacted C^S material, is established during Stage V [23].
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After several days, Type 0 product transforms into compact Type 3 

product in restricted space regions (less than 1 pm) and has the 

appearance of interlocking crumpled foils some 0.25 pm in size [23].

Type 4 product, forms within the original C^S particle boundaries [18] 

and due to space constraints, a fine, dense, gelatinous microstructure 

develops. Type 4 is fine-grained and approximately 0.1 pm in size 

having a dimpled or mottled appearance [18]. Some two-thirds of the 

volume of CSH product produced is Type 4 [15] while the remaining 

one-third is either Type 1 or 3 [23].

2.3 Reaction Mechanisms

As the reaction proceeds through the five stages, different 

mechanisms control the chemical and morphological events that occur. 

Mixing C^S with water results in immediate changes that occur on the 

surface of the C^S grains, and changes in the composition of the 

aqueous electrolyte. A hydration product is immediately formed when 

CgS contacts water; this hydration product later converts to other 

hydration products as the reaction proceeds according to the stages 

previously described.

In Stage I initial contact with water results in instantaneous 

release of heat due to the wetting of the surface of the C^S particles 

and dissolution of C^S. Initially, C^S dissolves congruently [18] in 

the aqueous electrolyte, altering the composition of the surface layer of 

C^S, and resulting in subsequent structural changes produced due to the 

precipitation of fine grained early product.
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Immediately after contact with water, either hydrogen ions or

water molecules react at the C^S surface causing it to become

protonated [18]. Depletion of hydrogen ions in the electrolyte next

to the surface results in an increasing hydroxyl ion concentration,

and therefore increased pH in this interphase region. The pH of the

interphase region and the bulk electrolyte increases rapidly to

approximately 12.5 within minutes, as seen in Figure 2.2, and remains

at 12.5 for several hours until the onset of Ca(OH)^ precipitation.

The addition of water to C^S results in adsorption and

chemisorption of water molecules onto the surface, followed by rapid
2+dissolution of the C^S surface releasing Ca ions and some silicon as

2+silicate ion into solution. On the Ca ion depleated C^S surface,

silica tetrahedral, SiO^ polymerize to the dimer species, Si^O^ ,

which can undergo additional polymerization during the later stages of

the reaction to form units with five or more monomeric units bonded

together [18]. Hydration product is produced either by a "through

solution mechanism", where chemical species dissolve, react, and

precipitate out of solution, or by a "topochemical mechanism" where

the reaction occurs at the surface in the interface region between the

solid and liquid phase [18].

An induction period. Stage II, begins within a few minutes,

significantly decreasing the production of CSH product and the
2+subsequent rate of Ca ions leaving the surface of the C^S grain.

The existence of the dormant period which follows the activities of
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Stage I have been accounted for by two distinct groups of theories 

referred to as: (a) protective layer and (b) delayed nucléation.

The protective layer theory encompasses the reaction mechanisms

that describe the existence of a protective coating which envelops

unreacted C^S grains and inhibits further reaction since diffusion

of ionic species and water is reduced. A coherent, protective hydrate

layer, having a high CaO/SiO^ ratio of three, formed during Stage I,

coats and envelops the anhydrous C^S grain creating a diffusion
24-barrier [24]. The transport of Ca from the reaction interface, 

across the CSH layer and into the aqueous phase, and the concomitant 

counter-diffusion of water to the surface of the C^S grain is 

excluded [25,26]. During Stage II, the primary protective adherent 

hydrate is converted [18] into another hydrate having a lower 

CaO/SiO^ of 0 .8 -1 .5, and greater permeability [27], allowing for the 

reinitiation of mass transport. This marks the end of the dormant 

period and the beginning of the acceleratory period.

Another category of protective layer theory is the "osmotic 

pressure model" [27-29] which describes the formation of hydrate 

product and the termination of the dormancy period as being associated 

with the bursting of the gel envelope or membrane. CSH formed within 

the first few minutes of the hydration reaction forms a semi-permeable 

membrane around the C^S grain. Pressure builds up within the 

membrane as a result of osmotic diffusion of water during the dormant 

period. Eventually, the pressure becomes greater than the membrane



T-3568 21

can support and it ruptures, releasing the contents to the external 

solution. Precipitation now occurs as the solutions become mixed. 

Consequently, CSH fibrils and tubes that are formed, continue to grow 

by further reaction with the solution, thus terminating the induction 

period.

It is interesting to note that the acceleratory effect of some 

admixtures, such as silica, have been explained through the existence 

of a more permeable membrane to water, which increases the rate of 

product formation [30].

"Delayed nucléation" theories [25-27] attribute the dormancy 

period to the delay in nucléation of CSH and/or calcium hydroxide 

formation. The dormant period terminates when the nucléation process 

initiates.

"Delayed nucléation and subsequent growth of C a [ O H ) i s  attributed

to the time required for the solution to become supersaturated with
24-respect to CaCOH)^» and the onset of crystallization. Ca ions

produced during the initial reaction of C^S with water, chemisorb onto

the surface of the C^S grains creating a positively charged surface
2+which retards further reaction due to the high concentration of Ca " in

the interfacial region. The interfacial solution thus becomes saturated 
2+with Ca and OH as the reaction proceeds. Silicate ion also retards 

nucléation and growth of CaCOH)^, up to the point where the electrolyte 

composition is between one and one half to two times the saturation level 

for CaCOH)^» at which time CaCOH)^ crystals nucleate and grow and the 

Stage II dormancy period terminates.
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The ’’lattice defect theory”, another category within delayed 

nucléation theories [18,25,27], attributes the dormant period to a 

requirement for the time necessary for the critical size of CSH to

nucleate on the C^S surface. Active surface sites, existing on the

CgS surface, provide preferential sites for chemisorption of water 

molecules and subsequent nucléation of hydration embryo on the sites, 

which grow in size. Increasing the number of active sites, by 

heating, grinding, or quenching, decreases the length of Stage II. 

Dormancy ends at the onset of CSH nucléation. The time required to 

develop the critical size of CSH nuclei on the C^S surface is 

responsible for the induction period.

Regardless of which reaction mechanism is responsible for the

hydration reaction after approximately five to ten minutes has

elapsed, chemical and physical changes take place at a very slow rate
2+and lasts for about four hours. The concentrations of Ca and

OH ions in the solution increase and exceed saturation during

Stage II; the pH of the electrolyte rises to about 12.5 and stabilizes 

at this level with very small amounts of silica being detectable in 

Stage II.

Stage III is the rapid conversion of early product into late 

product and the precipitation of CaCOH)^ from the electrolyte.

Type 0 product forms from the Type E (early product) and subsequently 

develops the microstructural features that classify it either as 

Type 1 or Type 3 product depending on the space available between 

grains.
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After initial rapid reaction which occurs during the first

24 hours, the rate of the reaction decreases and diffusion becomes the

rate-controlling step in Stages III, IV, and V [18,25-27]. At the end

of 24 hours some 20 to 30 percent of the C^S has reacted and

additional reaction will occur over a period of one year or longer

thereby achieving 1 0 0  percent hydration.

Reaction of C^S proceeds as H+ ions diffuses inwards toward

the unreacted G^S core and the reaction front moves toward the
2+center of the anhydrous grain, and Ca ions diffuse outwards

through the product layer forming additional CSH and CaCOH)^ in the
2+space available. As Ca ions are removed from the C^S, the reacted

region is replaced by dense late CSH product, formed with little

distinguishing structure. Little or no capillary network is present

in the microstructure of late product due to the manner in which it is

formed. There is restricted space available to accommodate the

hydrated material which is formed from the shrinking core of C^S.

Silica tetrahedral of SiO^ , initially polymerized as dimers 
6 —of SigO^ , react further to form polymers of five or more

silicon atoms. After complete reaction some 50 percent of the silicon

is present as the dimer, but polymerization can continue even after 

the reaction has gone to completion [18]. The reaction is controlled 

by the availability of reactants and the degree of polymerization 

probably depends on the distance between active ends, resulting in 

variable degrees of polymerization.
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2.4 Accelerators of the Hydration Reaction

Extreme time constraints for 100 percent hydration (one year or 

longer) are not feasible if C^S is to be developed and utilized as a 

ceramic adhesive material. Additives capable of increasing the rate 

of hydration and subsequent strength development are necessary from a 

practical standpoint in order that the joint can be put in to service 

in a reasonable amount of time and meets the necessary strength 

requirements.

The knowledge that the properties of concrete could be modified 

by the addition of admixtures has been documented since Greek and 

Roman times, when animal blood was added to concrete to improve the 

workability and durability of the material [31]. Blood serves as an 

air entraining agent in concrete mixtures and affects the rheological 

properties which in turn influence the ultimate strength.

A tremendous diversity of admixtures are commercially available 

including both organic and inorganic materials. Accelerators 

typically function in one of two ways: (a) accelerator admixtures

which increase the rate of material setting as shown in 

Figure 2.3 [32], and reduces the time required for the material to 

transform from a plastic flowing state to a solid state; and 

(b) admixtures which accelerate the hardening process. The setting 

process or increased resistance of the paste to penetration of a 

needle (Vicant), is distinguishable from the hardening process which 

involves the development of strength. Different types of accelerators
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increase the development of strength by decreasing the time to set 

and/or the hardening process. Nevertheless, the end result is the 

same; strength properties are developed in a shorter period of time.

Calcium chloride, CaCl^, is an effective and perhaps the most 

well known accelerator. It functions as both a set accelerator 

admixture as shown in Figure 2.3 as well as a hardening accelerator, 

as can be seen from the information presented in Figure 2.4 [32] and 

in Table 2.1 [32], where the compressive strength is seen to increase 

as the CaCl^ content is increased.

CaClg increases the rate of hardening by increasing the overall 

rate of hydration [33] of C^S. Reduction in the time for the 

dormant period is presumably due to enhanced diffusion of chloride ion 

across hydrate early product due to the high diffusivity possessed by 

the small Cl ion, requiring counter diffusion of OH ions to 

maintain a charge balance [32]. A five percent CaCl^ addition 

reduced the time of the induction period from four to two hours [33]. 

Figure 2.5 [34] is a plot showing the increased amount of hydration 

product formed due to CaCl^ additions. CaCl^ alters the chemical 

composition as well as the microstructure of the hydration products. 

Figure 2.6 [34] indicates that with CaCl^ addition, the CaO/SiO^ 

ratio remains constant as the degree of hydration increases, whereas 

for C^S containing no CaCl^, the CaO/SiO^ ratio decreases as the 

degree of hydration increases to about 50 percent, after which it 

appears to level off. In the presence of CaCl^, the lime-rich early
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TABLE 2.1: Effects of Calcium Chloride, Calcium Nitrate, and Calcium
Thiosulphate Additions on the Strength Development of 
Portland Cement Mortar [32]

1 day 3 days 7 days 28 days

% B C B C B C B C

CaCl2 0 15 . 8 39 0 34 .3 1 2 0 52 8 2 2 1 79 0 379
1 . 0 2 0 . 8 69 5 40 . 0 150 54 9 291 76 1 381
2 . 0 24 . 2 82 5 46 .9 172 51 5 243 77 1 352
3 . 0 26 .7 85 3 45 .5 177 55 5 265 74 9 364

Ca(NOg) 2 2 . 0 7 18 7 34 . 2 113 47 3 193 74 6 316
5 . 0 15 . 1 42 3 41 . 0 173 63 1 261 77 3 351

C3 S2 O3 1 . 0 17 . 1 44 7 34 . 6 117 51 9 2 1 0 73 6 341
2 . 0 18 . 1 46 7 35 . 6 127 53 2 203 76 2 328
3 . 0 18 . 8 55 8 37 . 8 130 53 1 237 75 2 366
5 . 0 2 0 . 1 59 3 40 . 6 150 55 7 205 6 6 1 310
6 .5 2 1 . 1 69 3 37 . 6 143 50 9 207 63 4 268

NOTE: B = bending strength (kg/cm^)
C = compressive strength (kg/cm^); specific curing 

parameters were not defined.
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product, either does not form, which suggests an alternate reaction 

mechanism, or is rapidly converted into the middle product and then 

the late product [34]. In addition, the morphology of CSH changes 

from the cigar-rolled shape to the thin crumpled sheets [35]. The 

sheets of hydrate product are constrained from rolling into the cigar 

or fiber shape due to the presence of lime (CaO) or adsorbed 

chloride [35]. Differential Thermal Analysis (DTA), combined with 

effluent gas analysis, reveals the presence of chemisorbed chloride on 

the surface of CSH during the acceleratory period and thereafter [33].

Increased strength development with CaCl^ additions is the 

result of the modification of the pore size distribution and increased 

silicate polymerization [32]. Strength increases for concrete, vary 

between 30 and 100 percent during the first three days and are 

especially large at lower temperatures, (-10 to 0°C) [35].

Figure 2.7 [35] shows compressive strength as a function of age for 

plain concrete and concrete containing one percent CaCl^, which were 

cured at several temperatures. CaCl^ enhanced the 28 day 

compressive strength of concrete at all temperatures.

Although CaCl^ is the most effective accelerator available [36], 

concern exists with the use of this reagent in concrete that is 

reinforced with steel, and this concern would be equally valid for 

adhesive applications where a metal substrate is bonded. In plain 

concrete or cement (no CaClg), steel does not corrode due to 

passivation of the metal by the high pH (11.5 or greater) of the
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electrolyte. Addition of CaCl^ lowers the pH and, due to the fact 

that chloride ion is a good complexing ligand, accelerates corrosion. 

However, the addition of inhibitors such as black lye, sodium nitrite, 

hydrogen phosphate, and sodium benzoate can inhibit the corrosion 

effects of CaClg [37].

Accelerator admixtures other than CaClg include inorganic 

materials such as: chloride salts, fluorides, carbonates, silicates,

fluosilicates, aluminates, borates, nitrates, nitrites, thiosulphates, 

and formates, and alkaline agents such as: sodium, potassium and

ammonium hydroxides. Organic materials are also known to accelerate 

the hydration of C^S. Some of these organic additives include: 

triethanolamine or TEA, hydroxylated carboxylic acids, formaldehyde, 

paraformaldehyde, cationic polyesters, phenolic, and epoxy resins [32].

2.5 Effects of Parameter and Processing Variables

The following sections present literature describing the effects 

of the variables that have been evaluated by experimentation. These 

variables include: effect of the water/C^S ratio, curing

temperature, aging time, autoclaving versus moist cure, and second 

phase addition (a strengthening aid).

2.5.1 Water to Tricalcium Silicate Ratio

The influence of the ratio of the weight of water to tricalcium 

silicate (w/C^S) on the strength of the material was first recognized
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by Abrams who prematurely concluded that the strength depended only on 

the w/CgS ratio [38]. This dependence is graphically displayed in 

Figure 2.8 [39] where compressive strength, as a function of w/cement 

ratio, is plotted. Feret, Talbot, and Richart in 1897 [38] concluded 

that the strength dependence was related to the gel-space ratio which 

is the ratio of the volume occupied by CSH product to the volume of 

void space within the matrix and that this gel-space ratio was 

controlled by the w/cement ratio is shown in Figure 2.9 [40]. Here it 

can be seen that the compressive strength increases as the gel-space 

ratio increases indicating the formation of more product and less void 

space. Because the w/cement ratio can be readily manipulated in the 

laboratory, strength data are frequently correlated to the w/cement 

ratio. Abrams was prompted to make his oversimplified conclusion that 

strength depended only on the w/cement ratio because at the time of 

his experimentation the w/cement ratio did appear to control the 

resultant strength of the material. This is due to the tremendous 

influence water has on the microstructure of the paste through its 

influence on the capillary network system.

Three classifications of water are present in cured cement 

paste: (1 ) water associated with the hydrated cement or that which is

chemically bound, and therefore, non-evaporable; (2 ) adsorbed water 

held by surface forces on gel particles (or gel water) which is 

evaporable; and (3) free water in pores (or capillary water) which is 

also evaporable.
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The ratio of w/cement controls the porosity [41] of the matrix 

or the gel-space ratio since it influences the capillary pore system. 

Gel pores present in CSH are approximately 1.5 to 2.0 nm in 

diameter [42] and are inherent to the gel product formed from the 

hydration of C^S. Therefore, as the reaction proceeds, the gel 

porosity increases until approximately 28 percent [42] of the total 

volume of the gel consists of gel pores.

Capillary pores which are much larger and vary in size, form a 

variable shape, interconnected network throughout the matrix. As the 

hydration reaction proceeds and progressively more CSH product is 

formed within the interconnected capillary space, the network becomes 

blocked due to the filling in of the pore system by CSH [42].

Properly controlled, this phenomenon can provide for optimal 

strength. However, if the w/cement ratio of the paste exceeds 

0.35 [43], then the effect is detrimental because of the excess water 

in the capillary pore system. The volume of water-filled space in the 

matrix is determined by the initial w/cement ratio in excess of 0.35, 

since there is then a deficient amount of anhydrous C^S to react 

with the available water. The hydrate product can, therefore, not 

fill the space present even after complete hydration. Excess water 

remains in the capillary pore system and the strength of the resulting 

porous matrix is diminished. Furthermore, this additional water also 

increases the drying-shrinkage which reduces strength. The modulus 

rupture of concrete cured in unsaturated air is lower than the value
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obtained for samples not permitted to dry out in the air [42].

Removal of samples from a high humidity cure chamber into an 

environment of lower humidity will result in the transfer of water 

from the matrix to the environment [44]. The correlation between 

drying-shrinkage and w/cement ratio is shown in Figure 2.10 [39]. As 

already mentioned, pastes with large w/cement ratios shrink more upon 

drying. The strength of the product is decreased due to tensile 

stresses induced from shrinkage which can also create additional voids 

or expand the size of existing ones [2]. Linear dimensional changes 

due to water loss, which is larger for tricalcium silicate than for 

Portland cement [2], can affect the mechanical properties of the 

material. Measurement of volume changes of hardened cement pastes are 

difficult to obtain because the material cracks, and therefore, 

dimensional changes are not evident [45].

2.5.2 Effect of Aging

The strength of a cured paste is affected by its age because a 

larger amount of hydrated product is formed when the paste is cured 

for longer time. The qualitative behavior of curing time on the 

degree of hydration is shown in Figure 2.11 [39] and in Table 2.2 [40]. 

The additional CSH formed with increased time, decreases the porosity 

of the paste by filling in the capillary pores thereby increasing the 

strength of the matrix. The rate of hydration attains a maximum at an 

early age, as illustrated in Figure 2.11, and the rate subsequently
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(c.f. Figure 2.12) [39].
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TABLE 2.2: Degree of Hydration as a Function of Time for Sealed
C3 S Mortars Held at the Test Temperature in a Water 
Bath or Environmental Chamber [40]

Hydration Time 
(days)

Degree of Hydration at Specified Temperature
5

(°C)
26
(°C)

47
(°C)

1 0 . 1 0 0.32
2 0 . 2 0 - — —
3 —  — 0.38 0.45
7 0.61 0.54 0.48

14 0.64 0.67 0.53
28 0.71 0.71 0.60
56 0.73 0.75 0.75
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decreases or may eventually stop even though water is available to 

continue the process. This is due to the presence of a dense layer of 

hydrated product surrounding the anhydrous C^S grain. It has been 

stated that theoretical calculations indicate that hydration should 

terminate, becoming immeasurably small, when the thickness of the CSH 

product layer is 25 pm. However experimental results indicate the 

reaction is significantly retarded when the thickness of the hydrated 

layer surrounding the anhydrous C^S core is only 6-9 pm [39].

Time periods of one to two years or longer are typically required to 

reach 1 0 0  percent hydration, due to extremely low rates of diffusion 

as the thickness of the hydrate layer increases with time.

2.5.3 Effect of Curing Temperature

Increasing the temperature at which the paste is cured reduces 

the length of the dormant period and accelerates the rate of the 

reaction [27], thereby increasing the degree of hydration and the rate 

of strength development. However, because microstructure and 

homogeneity of the matrix is also affected by the enhanced rate of 

reaction, a simple correlation between curing temperature and strength 

does not exist. This behavior, shown in Figure 2.12 [46] for C^S 

pastes cured in lime saturated water, indicates that the degree of 

hydration is affected by both temperature and time. After one day the 

degree of hydration is highest for the highest temperature cure, but 

after approximately two days the sample cured at 4°C was more hydrated
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Figure 2.12 - Degree of hydration behavior as a function of time for 
C3 S pastes dried at 4*C, 25°G, and 65°C [46].
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than the samples cured at 25°G and 65°C. Beyond 30 days the 25°G 

sample showed the greatest degree of hydration. The paste which was 

cured at the highest temperature had the lowest degree of hydration 

after the 30 day period. This behavior is attributed to the formation 

of a high temperature CSH product around the C^S grains which is 

less pervious to diffusion than the room temperature CSH product.

Since diffusion becomes the rate determining process in Stages III,

IV, and V the long term degree of hydration for the higher temperature 

sample is therefore less than that for the lower temperature sample. 

Eventually, at approximately 50 to 60 percent hydration, the thickness 

of the layer of product surrounding the anhydrous C^S grains is such 

that differences between the diffusion rates of the sample aged at the 

low and high temperatures are not significantly different, and all the 

CSH curves tend to merge [46]. Hence, the ultimate degree of 

hydration, is not affected by the cure temperature over the range of 

4°C to 65°C.

At high cure temperatures, the ultimate strength is determined 

by the development of a less uniform, more heterogeneous 

microstructure. Thus, at high cure temperatures it is not only the 

rate of hydration which is affected, but also, the composition and 

distribution of the hydration products. Early one day strengths are 

higher for increased curing temperatures due to the presence of more 

hydrated material. However, 28-day late strengths are not as great 

for samples cured at high temperature as shown in Figure 2.13 [47].
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At high temperatures there is not sufficient time for the hydration 

products to diffuse and precipitate uniformly within the interstitial 

space between C^S grains. Consequently, the porosity of the matrix 

is increased. The product formed precipitates in the immediate 

vicinity of the hydrating grains and forms a highly concentrated, 

dense gel around the anhydrous grains with little gel in the 

interstitial spaces. This is responsible for the non-uniform 

distribution of the hydration product. In addition, the increased 

density of the gel surrounding the C^S grains, retards additional 

hydration, resulting in decreased strength for 28-day product. 

Compression and flexure strength data are shown in Figure 2.14 [39] 

for two different temperatures. Apparently, increased hydration leads 

to high early strength but decreased long term strength; in particular 

flexural strength, which is more sensitive to inhomogeneties in the 

structure.

Curing at high temperatures also affects the polymerization 

reactions of the CSH gel. More polysilicates, which are silicates of 

five, six, or more silicate units, are formed as shown in 

Figure 2.15 [46]. Figure 2.15 indicates that for the pastes cured at 

the higher temperatures, silicate monomers and dimers are more rapidly 

converted to polysilicates.
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Figure 2.14 - Effect of curing temperature on strength development of 
cement pastes [39].
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Figure 2.15 - Percent of polysilicate formed relative to the total 
SiC>2 in CSH gel as a function of time for C3 S pastes 
cured at 4°C, 25*C, and 65°C [46].
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2.5.4 Effect of AutoclavinR

Autoclaving (steam curing) of cement at temperatures in excess 

of the saturation temperature of water and above ambient pressure, 

provides an environment which reduces shrinkage and cracking. Also, 

it produces unique characteristic chemical and physical changes during 

hydration of the paste. A very high early strength is achieved; the 

normal 28-day compressive strength is obtained in approximately 

24 hours [42].

Autoclaving leads to increased strength as a result of the 

increase in reaction rate associated with the higher temperature. At 

the same time the paste is maintained water-saturated, thus 

eliminating transfer of water from the paste to the vapor phase. The 

increased vapor phase pressure also reduces deformation in the 

material caused by entrained air, present in the paste. Increases in 

pressure within the matrix, caused by gaseous expansion as the 

temperature is increased, is counterbalanced by the pressure within 

the autoclave. The deformation behavior obtained by autoclaving 

treatment is shown in Figures 2.16(a) and (b) [48]. Autoclave 

treatment without venting of the air was available with the 

commercially procured autoclave utilized during experimentation. The 

pressure inside the curing chamber continuously increases above 

ambient, as the temperature is increased in excess of the saturation 

temperature of water. Figure 2.16(b) indicates that in an autoclave 

that is unvented, the deformation of the samples is small and that
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different types of mixes behave almost identically. This can be 

compared to Figure 2.16(a) where venting results in significant sample 

deformation.

Strength increases with autoclaving are associated with both 

structure modification and changes in composition of the hydration

products. Autoclaving increases the density of the cured paste, from
3 3a range between 2.0 to 2.2 g/cm to the range of 2.A to 2.5 g/cm [39].

The hydration products have a much lower specific surface area --
2approximately 7000 m /kg [42], which is approximately one- twentieth 

of the room temperature cured product. The decrease in specific 

surface area is related to a coarser and more microcrystalline 

microstructure which is inherently less prone to shrinkage. Post cure 

shrinkage due to drying of autoclaved products in concrete is 

approximately one sixth to one third of the normally cured paste [42].

Compositional changes that occur during autoclaving depend on 

the temperature and the ratio of CaO/SiO^ mixture of C^S, C^S, 

and silica, as shown in Figure 2.17 [47]. A mole ratio of three for 

the CaO/SiO^ would result in the formation of Region 1 product (see 

Figure 2.17), at temperatures from 0 to approximately 93°C. Region 1 

product possesses good strength characteristics but high shrinkage is 

obtained during post-cure drying. Reducing the CaO/SiO^ ratio by 

additions of siliceous materials such as silica fume reduces the 

CaO/SiO^ > and if the curing temperature is increased to 

approximately 163-191°C, the high strength, low shrinkage phase
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labeled Tobermorite, Region 3, is obtained. Substantial increases in 

strength are obtained for approximately thirty percent by weight 

additions of silica fume followed by high pressure steam curing. The

effect of silica content on compressive strength is shown in 

Figure 2.18 [42].

2 . 6 Strengthening Aids

Figure 2.19 [41] charts the historical progression in the 

strength of Portland cement. The mechanical properties of cement 

based materials are controlled by the microstructure, pore geometry, 

and the chemical composition of the particular cement.

As mentioned in Section 2.5.1, the strength of cement was first

correlated to the w/cement ratio with strength increasing as the

w/cement ratio decreases. Strength is also a function of the volume 

of pores in the hardened paste. Strength is increased as the overall 

porosity is decreased and/or as the pore size is decreased. In 

general, cement has a low intrinsic flexural strength which is 

typically about three to 10 MPa (435 to 1,450 psi) [49] while the 

compressive strength is in the range of 40 MPa (5,800 psi) [50].

Hence, cement and concrete are typically restricted to applications 

where compressive loading is dominant, otherwise steel reinforcement 

is added to the matrix if the material is required to perform under 

tensile loading. Extrapolation of compressive strength to zero 

porosity indicates that a theoretical strength of 10.5 GPa or
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1.5 x 10^ psi should be obtained [42]. However, this is not a valid 

concept since the strength of the material has been shown to follow 

Griffith’s theory [42,51] , which states that the strength is a 

function of the size of the largest flaw in the material. 

Macro-defect-free (MDF) cements which have been processed to remove 

large defects in the material exhibit flexural strengths of 150 MPa 

(21,750 psi). Because of the high flexural strength, MDF cement 

springs which are capable of being subjected to 136 kg of tension, 

have been produced. Also, strips of cement can be made pliable by 

incorporating fibers into the matrix. Bending loads produce small 

cracks in the cement ; however, the fibers hold the cement matrix 

together [51].

Strengthening aids, which produce cement-based materials with 

strengths considerably higher than conventionally produced cement 

materials, function by modifying the microstructure and compositions 

of the hydrated cement as well as the associated hydration reaction 

and subsequent densification of the matrix. Non-traditional 

processing such as hot pressing, extrusion, autoclaving, or the 

incorporation of non-traditional components into the matrix such as 

polymers, fibers, or silica fume result in dramatic achievements in 

strength.

The strength of the hardened paste is not so much a function of 

the atomic features of the microstructure of the CSH product but 

instead is dependent on the macrostructural features of the overall
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matrix —  including total porosity, pore size distribution, flaws, and 

heterogeneity of the matrix.

2.6.1 Hot Pressing

Hot pressing of cement paste for approximately five minutes, in 

a specially designed cell containing seal rings, at 250°C and at a 

pressure of 345 MPa (50,000 psi) [41], reduces the inherent porosity 

from approximately 20 to 30 percent to about 1.7 percent [50]. A very 

homogeneous, fine, microstructure is achieved and, as a result, 

dramatic increases in strength. Flexural strength increases from 3 to 

10 MPa (435 to 1,450 psi) value up to approximately 60 MPa (8,700 psi) 

and compressive strength increases from 30 MPa to 650 MPa (4,400 to 

94,000 psi) [50]. Figure 2.20 [52] shows the increase in compressive 

strength obtained when the porosity is decreased by high pressure 

compaction. Hot pressing at 250°C produces low porosity and 

consequently higher strengths due to the elimination of flaws in the 

microstructure. At high temperatures the rate of hydration is 

increased; however, hot pressed samples are only typically 29 to 37 

percent hydrated after 28-days [52] which is significantly less than 

normal cement pastes. Densification of the structure, due to 

compaction, reduces the amount of the hydrated product formed as 

compared to normal cement pastes [53]. This has been verified by 

X-ray diffraction studies, thus the strength is controlled more by 

porosity rather than the amount of hydrated product formed.
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Microstructural studies of hot-pressed hardened cement pastes cured 

under water for three years reveal grains with cores of unhydrated 

material surrounded by dense hydrate [53]. The overall porosity is 

also very low for the above mentioned pastes. Water is, therefore, 

unable to diffuse or penetrate to the unhydrated core of the G^S 

grain due to the compact, dense nature of the sample as a result of 

compaction. Also, as previously discussed, the high temperature 

accelerates the rate of the chemical reaction and produces a hydrate 

that is more impermeable to the diffusion of water.

2.6.2 Macro-Defect Free Cements

Macro-defect free (MDF) cements contain no large voids or 

defects which are greater than a few micrometers in the hydrated 

cement matrix. The elimination of large voids is primarily due to the

manner in which the MDF cements are processed, and to some degree, are

a result of polymer additions which allow the paste to be fluid or

workable at low w/cement ratios.

Because capillary porosity increases as the w/cement ratio 

increases, MDF cements incorporate additives in order that the 

w/cement ratio can be significantly decreased while the paste 

workability is still maintained. Water soluble organic polymers, such 

as hydroxypropylmethyl cellulose or hydrolyzed polyvinylacetate [54], 

are used to achieve desirable rheological properties of the paste at 

low w/cement ratios. The polymer disperses and acts as a lubricant
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between cement grains. Thus, porosities as low as one percent by 

volume [54] can be achieved in comparison to 30 percent for normal 

cement pastes. Polymer additions to MDF materials also control 

shrinkage cracking during drying [56], which would otherwise reduce 

strength. The 150 MPa (22,000 psi) bending strength of MDF cements is 

similar to that of aluminum [51]; however, the material is much 

stiffer. As previously mentioned, MDF cement has been used to 

fabricate springs that can be subjected to 136 kg of tension.

Conventionally processed cements characteristically exhibit a 

low flexural strength of three to 10 MPa (435 to 1450 psi) due to the 

presence of large voids in the matrix. The inherent porosity of 

hydrated Portland cement is due to contributions from small gel-pores 

as well as larger pores associated with the residual capillary pore 

system and entrapped or entrained air voids. Elimination of the large 

voids through MDF processing, results in large strength increases. 

Figure 2.21 [49] indicates the lack of correlation of strength to the 

total porosity, whereas Figure 2.22 [49] reveals the correlation of 

flexural strength to flaw size.

Unlike hot-pressed cements, which are only produced in 

laboratory size samples, MDF cements are easy to process and therefore 

can be manufactured ; they can be pressed, extruded or 

roller-milled [54] into various shapes and are machinable [55]. 

Significant property improvement and manufacturability have placed MDF 

cements into a position to replace metals, plastics, and "thermal"
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ceramics for application in cryogenics, ballistic protection, 

electromagnetic radiation screening, and acoustics architecture [55]. 

Figure 2.23 [55] indicates the flexural strength of notched samples of 

MDF cement in comparison to 90 percent dense alumina ceramic and 

polymethyl methacrylate (plexiglass).

2.6.3 Silica Fume Additions

Silica fume particles, which are approximately 100 times 

smaller than the cement grains [57], function as a microfiller within 

the spaces between cement grains resulting in densification of the 

matrix. In addition, these small particles of amorphous silica 

function as nucléation sites which enhance the reaction between ions 

in the alkaline pore-electrolyte, thereby reducing the concentration 

and size of CaCOH)^, and lowering the matrix permeability [58].

Thus, the overall rate of reaction is increased [59]. Reaction 

products formed are similiar in some features, but characteristically 

different from the hydration products of the normal hydration, 

possessing a much lower CaO/SiO^ ratio of 1.0 [60]. Very high early 

strength as well as high ultimate strength are the results brought 

about by modification of the microstructure.

Silica fume (or microsilica) additions in combination with a 

superplasticizer, such as sodium naphtalene sulfonate formaldehyde 

which allows a workable paste to be obtained by dispersion of the 

cement grains and silica fume, increases the flexural strength of the
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hydrated material from 3 to 10 MPa up to 12 MPa (435 to 1,740 psi). 

This is due to the elimination of large pores, as well as the refining 

of the microstructure as a result of the hydration products being more 

uniform and the elimination of large CaCOH)^ precipitates.

Addition of silica fume enhances the mechanical properties of 

cement by altering the pore size distribution of the capillary pores 

and the hydration products due to the pozzolanic effect of the 

material, i.e. the finely divided siliceous material which has no 

cementitious reactivity by itself, will react with calcium hydroxide 

to form materials with cementitious properties [45].

Three distinct CSH products [60] are present in the 

microstructure of the hydrated C^S paste containing silica fume.

CSH produced directly from C^S, and a slightly altered CSH produced 

by the hydrolysis reaction between calcium ions and silica fume having 

slightly lower CaO/SiO^ ratio than the normal CSH product. In 

addition, if excess silica fume is present, beyond that required to 

stoichiometrically react with CaCOH)^, then silica fume can also 

react with CSH to produce a more highly polymerized CSH with a very 

low CaO/SiO^ ratio.

The increase in the chemical reaction rate in the presence of 

this microfiller produces a microstructure that is much finer [50], 

having a discontinuous pore structure [58], and a greatly reduced 

overall porosity [61].
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2.6.4 Fiber Reinforcement

The incorporation of discontinuous fibers of variable length,

0.25 to 75 mm into the brittle cement matrix, increases the fracture 

toughness by functioning as a crack arrestor. Consequently, the 

tensile and flexural strength of this composite material is 

increased [62]. Increased strength is a result of transfer of the 

load from the matrix to the fiber material as a result of the 

difference in the moduli of elasticities for the matrix and fiber 

material. As the ratio of the fiber/matrix modulus of elasticity 

increases, stress transfer from the matrix to the fiber occurs more 

readily. Table 2.3 [62] lists the properties of various fibers which 

have been used for this purpose.

Fiber additions affect both the microstructure and hydration of 

cement. The presence of fibers retards the hydration reaction and 

behavior is dependent on the fiber material and the volume added to 

the matrix. The pore structure is refined due to pores being reduced 

in size and number [62].

Property alteration is dependent on the volume fraction of 

fiber added, the fiber/matrix bond strength, and fiber 

orientation [63]. Fiber addition is limited by the workability of the 

cement paste. Large volume fractions can lead to increased porosity 

and decreased strength due to entrainment of air when the paste lacks 

adequate workability. However, various additives can be used to 

increase the workability of large volume fractions of fibers. Steel
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TABLE 2.3: Selected Properties of Fibers [62]

Fibre

Specific
Gravity
(g/cm3)

Modulus of 
Elasticity 

(GPa)

Tensile
Strength

(GPa)

Failure
Strain

(%)

Steel 7.8 2 0 0 . 0 1.0-3.0 3.0- 4.0
Glass 2 . 6 80.0 2.0-4.0 2.0- 3.5
Asbestos:

Crocidolite 3.4 196.0 3.5 2.0- 3.0
Chrysotile 2 . 6 164.0 3.1 2.0- 3.0

Carbon I 1.9 380.0 1 . 8 0.5
Carbon II 1.9 230.0 2 . 6 1 . 0

Polypropylene 0.9 5.0 0.5 2 0 . 0

Nylon 1 . 1 4.0 0.9 13.0-15.0
Kevlar 49 1.5 133.0 2.9 2 . 6

Kevlar 29 1.5 69.0 2.9 4.0
Polyester (High Tenacity) 1.4 8 . 2 0.7-0.9 11.0-13.0
Polyethylene 0.9 0 .1 -0 .4 0.7 1 0 . 0

Rayon 1.5 6 . 8 0.4-0. 6 10.0-25.0
Acrylic 1 . 1 2 . 0 0 .2 -0 .4 25.0-45.0
Cotton 1.5 4.8 0.4-0.7 3.0 -1 0 . 0

Sisal 1.5 26.5 0 . 8 3.0
Hemp 1.5 34.0 0.9 -
Wood Fibre 1.5 71.0 0.9 -
Coir 1.4 2 . 0 0 . 1 -
Jute - - 0 . 2 —

Metglas - 127.0 2.3 —
Bamboo - 35.0 0.5 —
Akwara - 1.9-3.2 - -

Alumina Fil. - 245.0 0.7 -

Elephant Grass — 4.9 0 . 2 3.6
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fiber (discontinuous type) reinforced concretes are typically limited 

to two volume percent additions; however, twenty volume percent 

additions are possible using the "slurry infiltrated fiber concrete" 

processing or SIFCON [64]. Larger volume fractions of SIFGON fibers 

result in increased strength and ductility of the composite material.

The fiber matrix interface is a critical factor in mechanical 

property development because failure of the composites is primarily 

due to fiber pull-out. Energy dispersive X-ray analysis has indicated 

that a CaCOH)^ rich layer is preferentially produced at the 

fiber/matrix interface for Dacron, polypropylene, carbon, zirconia 

glass, mica, and steel wire [62]. Bond strength is typically 

evaluated by single fiber pull-out tests. Bond strength for various 

fibers are listed in Table 2.4 [62].

Low tensile strength and lack of ductility of cement based 

materials has been compensated for by incorporating steel reinforcing 

bars into large concrete structures. Steel wire fibers have been 

introduced into the matrix of cement-based materials to produce a 

material with high toughness [41]. Both high strength and high 

ductility materials are achievable with fiber reinforced cement 

composites [65].

The addition of glass fibers produce a strong and tough cement 

material that is also lightweight. The tensile strength as a function 

of the volume fractions of glass fiber is shown in Figure 2.24 [62]. 

The high alkaline content in the electrolyte of the pore structure
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TABLE 2.4: Bond Strength in Fiber Reinforced Portland Cement
Paste [62]

Fibre

Bond
Strength
(MPa)

Curing
Conditions

High Tensile Steel Wire 1 1 . 0 28 Days in Air At 25°C

Ordinary Steel Fibres 4.15 28 Days Moist Curing

High Tensile Steel Wire 5.54 28 Days in Water at 25°C

E—Glass 6 .38 28 Days in Moist Air at 25°C

E—Glass 9.25 28 Days in Water at 25°C

Asbestos (Chrysotile) 1 . 0 0 24 Hours Moist Curing 
8 Hours Autoclaving 

8 6  MPa

Asbestos (Crocidolite) 3.17

Coir 0 . 2 1 28 Days at 95% r.h.

Alumina Filament 5.60-13.60 Moist Cured 7 Days

Metglas 5.40 Moist Cured 7 Days

Bamboo Fibre 1.96

Bamboo Pulp 0.98

Carbon 0.77 Moist Cured 7 Days at 25°C
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Figure 2.24 - Relationship between tensile strength of glass-fiber 
reinforced concrete and the age of the concrete for 
several volume percent additions of glass fibers [62].
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leads to corrosion of the glass fibers; however, the development of 

alkali-resistant glass fibers has renewed the interest in glass fiber 

reinforced (GRC) cements [6 6 ].

Polymer fiber reinforced materials are deformable and offer 

enhanced post-crack strength. They also are non-corrosive in the 

alkaline pore-electrolyte. Figure 2.25 [62] shows the development of 

early tensile strength for concrete reinforced with discontinuous 

steel and polypropylene wires. Polymer impregnation of cement 

matrixes increases both compressive and tensile strengths. 

Strengthening of the material is due to reduced void size and space 

and the ability of the polymer to reduce stress concentration and 

blunt crack tips [41].

A variety of additional fiber materials are currently available 

for modification of cement matrix properties as can be seen in 

Table 2.4 [62] shown previously.
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was not reinforced concrete [62].



T-3568 73

CHAPTER 3 

MECHANICAL ANALYSIS

The flexural strength of hardened cement paste is controlled by 

macro-level features of the matrix such as porosity and flaws. At the 

same time, the microstructure of CSH is not a primary factor in 

determining the flexural strength [41].

In 1920 Griffith [67] proposed a theoretical explanation of the 

fracture of brittle materials in which the flaw size was the 

strength-determining feature of the material. According to the 

Griffith theory, failure is attributed to flaws in the material. The 

theory is widely adopted in the cement industry and it is recognized 

that an increase in strength can be realized if the pore size is 

reduced compared to that which is observed in conventionally processed 

cements (typically about 1 mm in diameter) [51]. This is particularly 

true for specially processed cements which are hot pressed, extruded, 

autoclaved, as well as those with polymer, fiber, silica fume 

additions, and MDF cements, or combinations of the above where pores 

are reduced in size. The lowest achievable pore sizes are obtained 

for MDF cements which are approximately ninety micrometers in 

diameter [41].

3.1 Modulus of Rupture Calculation

The flexural strength of the test bar can be determined from its 

modulus of rupture (MOR). This quantity can be calculated from the
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elastic bending theory applied to a “simply-supported" beam or test 

bar of uniform, rectangular cross-section. There are two supports for 

a three-point bending test, and these do not offer any significant 

longitudinal resistance at their contact lines when the sample is 

loaded midway between the two supports.

Figure 3.1 displays the details of the loaded test bar where the 

bending moment distribution for line contact of the applied load is 

shown. Bending induces both longitudinal compressive and tension 

forces in the beam. At a cross-section of the beam located at the 

selected longitudinal position shown, the radius of curvature of the 

plane, hjj'h', within the differential element of the beam, 61, and 

where the material is unstrained (the neutral surface), is denoted as 

R. The radial coordinate, y , with the origin located within the 

neutral surface, hjj’h', and which is positive in the same direction 

as R, is also shown. The longitudinal strain in the material at the 

plane, mnn’m*, is given by:

g = | (3.1)

If the material remains elastic during bending, then:

(3.2)
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L

PIM =

Figure 3.1 - (a) Schematic of the loaded beam.
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Figure 3.1 - (b) Details of the bending produced in the beam
due to the load P. Also shown is the deformation 
of the differential element <5 £.
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In addition, since the beam is simply supported there can be no 

net longitudinal thrust developed in the beam. Consequently, it can 

be shown that the neutral axis must lie at the mid-thickness of the 

beam (-d/2 <. y < d/2). Furthermore, the bending moment, M, which acts 

on the differential element of the beam shown, can be determined and 

is found to be:

I
M = E ~  (3.3)

where I is the second moment of area of the cross-section about the z
neutral axis, hj. Thus, on substituting for E/R from Equation (3.2):

o = (3.4)
z

If the maximum bending moment occurred at the center of the beam and 

if the corresponding expression for M is substituted in Equation (3.4) 

together with the value of y where the maximum tensile stress occurs,

i.e. at y = d/2 , the modulus of rupture is then obtained and is given 

by:

3 ^c %MOR = ~ ■    (3.5)
2 bd
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where 8, is the distance between the supports, b is the sample width,

d is the sample thickness, is the load at which failure occurred,
3and I = bd /12 has been replaced in Equation (3.4).

3.2 Fracture in Brittle Materials

In cement based materials, the measured flexural strength is less 

than that predicted based on the simple bending theory, due to the 

presence of flaws in the material. Griffith [ 6 7] proposed that the

theoretical strength was not achieved because flaws in the material

produce stress concentrations. The stress associated with the

theoretical strength is exceeded in the region around a flaw due to

the localized concentration of stress and the material fails. The 

stress required to propagate a crack, having an elliptical 

cross-section in a flat plate, is given by [6 8 ]:

0  = (-— '*) (3.6)if c

where d is the stress required for crack propagation, E is Young’s 

modulus, y is the specific surface energy, and c is half the 

effective critical crack length.

It should be clear from Equation (3.6) that as the length of the 

crack c increases, the stress required for failure decreases.

Therefore, an increase in strength should be observed as the size of 

flaws, cracks, and voids are reduced. Cement paste matrices 

inherently contain numerous cracks from shrinkage due to drying, voids
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from the residual capillary system, voids due to air entrapment during 

processing, and a heterogeneous structure associated with the presence 

of CSH and unhydrated C^S. The strengthening mechanisms, described 

in the literature review section, are based on modifying and refining 

the microstructure to reduce the porosity in the system.

3.3 Application of Griffith's Model

The Griffith equation is utilized in describing the flexural 

strength properties of the material. The critical Griffith flaw in 

the cement matrix is identified as the largest pore, microcrack, or 

notch of known dimension introduced into the matrix.

The following text material discusses the effect of pores on 

flexural strength considering both the total porosity and the pore 

size distribution.

3.3.1 Total Porosity

A characteristic low flexural strength of 3 to 10 MPa (435 to 

1450 psi) is exhibited by conventionally processed hydraulic cements 

with varying chemical composition, degrees of hydration, and setting 

or casting methods [49]. Efforts to correlate strength with total 

porosity have examined samples where the total porosity was reduced to 

obtain a dense, and therefore, in principle, a stronger matrix. 

Initially, a correlation of strength with total porosity was observed 

from the results of a restricted number of these experiments.
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However, the methods used to reduce the total porosity of the matrix 

also affects the pore size distribution by producing a greater amount 

of smaller pores [69]. Figure 3.2 [69] demonstrates the lack of 

correlation of flexural strength to total porosity. In Figure 3.2, 

where each point is an average of at least four samples, it is 

apparent that there is a large amount of scatter in the flexural 

strength of samples with identical total porosities.

3.3.2 Pore Size Distribution Studies

Flexural strength of hardened cement paste can be correlated 

using the Griffith equation [49] if the effective critical half-crack 

is selected as the radius of the largest pore. Modification of the 

microstructure that results in refining the pore size (not the gel 

pores which are typically less than 1 0 0  nm) results in larger flexural 

strengths than those for conventionally processed cement pastes.

Figure 2.22 [49], presented in Chapter 2, displays the flexural 

strength of test samples, made from ordinary Portland cement paste, in 

which various notch sizes were introduced and the samples subjected to 

a bending stress. The results could be correlated to the Griffith 

equation for flaw size, c, greater than 1.1 mm long. However, below 

this size, flexural strength was independent of flaw size since the 

natural defects in the matrix were larger than the notch size and 

therefore became the strength-controlling feature of the material. 

Examination of the microstructure clearly revealed that pores,
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Figure 3.2 - Flexural strength as a function of total porosity. The 
figure illustrates the lack of correlation between these 
two quantities [69].



approximately 0.83 ± 0.17 mm, were present in the matrix; and 

therefore, the pore structure, rather than the flaw size (less than

1 . 1  mm) created in the sample, was responsible for the strength 

displayed. Pore size refinement through the use of macro-defect free 

pastes results in significant increase in flexural strength. The 

flexural strength of MDF cements can be correlated to the Griffith 

equation for much smaller sample notch sizes up to a limiting strength 

of 66.5 MPa (9,572 ± 725 psi).

Quantitative microscopy revealed that the largest pore size was

90 pm long, which indicated that some other strength-controlling

flaw was present in the matrix and therefore responsible for the

ultimate strength. In addition, it can be observed that MDF cements

always have a higher flexural strength, at any given notch size, due

to a higher elastic modulus (40 GPa) and a higher fracture surface 
- 2energy (30 J*m ) [49].

In another study, microscopy was used to determine the maximum 

natural pore size, ccr^» in the hardened material. This data, 

together with the corresponding flexural strength, were plotted as 

shown in Figure 3.3 [70].

In addition, the strength was calculated using a modified form 

of the Griffith equation:
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Figure 3.3 - Flexural strengths, d, as a function of Ccr^t
predicted from the Griffith equation for (A) using the 
average Kjc value for cement paste and (B) using the 
minimum value of KIc [70].
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where c is half the critical flaw length, is the stress

intensity factor, and Y is a geometric parameter. The parameter Y is

dependent on the support span length, 1 , and is correlated to the

ratio of the notch depth to sample thickness, d [71]. The dimension

indicators, 1 and d, are not those chosen by the original author [71]

but can be used for reference to Figure 3.1 in this thesis. Two
— 3 / 2values for K were selected, 0.5 MN*m , which is the average

— 3 / 2K for cement paste, and 0.8 MN*m , the limiting value of 

the critical stress intensity factor, for mode I type cracking. The 

curves described by Equation (3.7) for the two values of can be

seen to represent the data points obtained from the measurements.

The flexural strength of cement-silica materials was also found 

to fit the Griffith equation, as shown in Figures 3.4 and 3.5 [72]. 

Strength-controlling flaws were identified as pores from entrapped 

air, grains of residual unreacted cement, and clumps of undispersed 

and partially reacted silica. Figure 3.4 displays the flexural 

strength obtained for various defect sizes that were measured using a 

vernier micrometer eyepiece. Two independent Griffith curves were 

obtained for the cast and autoclaved materials, indicating that a 

specific water/solid ratio produces a unique type of Griffith solid, 

due to its influence on the magnitude of the surface energy term.

Flaw sizes greater than 150 micrometers were identified as entrapped 

air and clumps of undispersed partially reacted silica, whereas 

defects smaller than 150 ym were identified as residual grains of
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Figure 3.4 - Flexural strength of cast, then autoclaved mortars as a 
function of maximum defect size. The predicted curve is 
based on the surface energy term specific to the w/so lid 
ratio for the material [72].
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Figure 3.5 - Flexural strength of pressed and autoclaved mortars
versus maximum defect size. The predicted curve is based 
on the surface energy term specific to the w/solid ratio 
for the material [72].
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unreacted cement [72] . A maximum of 41 MPa (5,945 psi) was obtained 

for cast and autoclaved samples at a water/solid ratio of 0.23.

Figure 3.5 displays the flexural strength obtained versus 

defect size for pressed and autoclaved cement-silica mixtures with 

various water/solid ratios. Compaction produces a material with 

enhanced strength, for which the Griffith behavior is altered compared 

to simple molding, because of the magnitude of the surface energy term 

which is influenced by the structure of the capillary pore system. A 

maximum flexural strength of 57 MPa (8,265 psi) was obtained utilizing 

compaction techniques [72].

3.4 Sources of Griffith Cracks

The cement paste matrix is inherently porous, containing fine 

pores associated with the gel product formed, and larger pores 

associated with the residual interconnected capillary system which is 

primarily determined by the original water/solid ratio. As time 

elapses the capillary void system becomes filled with hydration 

product but if the original water/solid ratio was in excess of the 

stoichiometric amount there will not be enough hydration product 

formed to completely fill the residual capillary pore system even 

after complete hydration.

In addition to the inherent pores associated with the matrix, air 

may be entrapped in the matrix during processing of the paste creating 

spheroidal voids. These can be reduced in number by vibration, vacuum
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processing, and compaction techniques, which all provide for a 

stronger material. Although classical elastic theory discounts the 

spherical cavities as being able to function as Griffith flaws, 

examination of the air void surfaces reveals that the surface is rough 

and can be considered as a sharp-edged crack equivalent in size to the 

void diameter, as illustrated in Figure 3.6 [73].

From about 1968, cement paste has been cured and tested under 

water to eliminate drying shrinkage cracking, thus allowing the 

material to behave as a classical Griffith solid. Failure of this 

hardened cement paste in tension, has been identified as occurring at 

the largest flaw which is either due to air voids or artificially 

introduced flaws, whichever is larger [73]. Cement paste, which has 

been cured in an environment with a relative humidity less than 1 0 0  

percent dry and shrinkage. The low strain capacity of cement paste is 

locally exceeded and microcracks, which function as Griffith flaws, 

develop in the matrix. Shrinkage cracking due to drying reduces the 

flexural strength [74] of the material and introduces significant 

variability in the data.



T-3568

Figure 3.

89

2C

2C

(A) (B)

) - Schematic of (A) an idealized sharp- edged Griffith crack 
in a homogeneous solid, and (B) a "virtual” sharp-edged 
crack that exists as an air void in hardened cement 
paste [73].
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CHAPTER 4 

DETAILS OF THE EXPERIMENTS

The objective of the experiments was to systematically 

investigate the factors involved in producing a high strength material 

from CSH paste. The materials and experimental methods as well as the 

observations noted during the course of conducting the experiments are 

reported in this chapter. The experiments were designed to 

incorporate the theoretical aspects associated with high strength CSH 

which were retrieved from the literature. This included sample 

compaction, silica fume addition, autoclaving, aging time, and optimum 

w/C^S ratios.

4.1 Material and Experimental Methods

The following sections describe the materials and equipment that 

were used to conduct the experiments, as well as the methods utilized.

4.1.1 Materials

Tricalcium silicate was purchased from the Portland Cement 

Association with a mesh size of -100 or finer. The triclinic material 

is typically 98.8 to 99.1 percent pure C^S.

Silica fume was prepared using the sol-gel process [75]. Gel 

derived silica was obtained by controlled hydrolysis and
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polycondensation of silicon tetraethoxysilane (TEOS)Si(OR)^, where 

R = CgHg.. The relevant reactions are:

Si(OR)4+ 4 H20 = Si(OH)4+ 4 ROH (4.1)

for complete hydrolysis, and:

2 Si(OH> 4 = (OH)3 SiOSi(OH) 3 + H^O (4.2)

for the formation of a dimer by condensation. The condensation 

reaction can proceed further to form high molecular/weight polymers.

One mole of TEOS was mixed with two moles of water in about 

200 ml of ethanol to facilitate mixing. The product was left at room 

temperature until complete gelation occurred, which took six days.

This corresponds to a moderate gelation rate, in accordance with the 

conditions selected. A low viscosity gel was obtained. Solvent was 

allowed to evaporate overnight and the viscous gel was then heat 

treated at 80°C for about 24 hours. The temperature was then 

increased to 150°C after all the solvents were evaporated and 

maintained at this temperature overnight. A very brittle, white, 

glassy material was obtained which was ground to a powder and kept at 

about 200°C to prevent water adsorption prior to being used.
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4.1.2 Autoclave

A Sybron (2260) laboratory size autoclave, which can be 

operated at a temperature range of 99°C to 138°C, was used for 

autoclaving. The samples were placed on the shelf inside the Sybron 

autoclave, which was located above the bottom of the cylindrical 

chamber. The fill valve was operated to admit a measured volume of 

water to the bottom of the chamber, which is sloped so that the rear 

is slightly lower that the front of the autoclave. The door was then 

closed to seal the chamber. The timer switch was set and then 

actuated to supply electrical power to the heating element. As the 

temperature increases to the set value, the pressure in the chamber 

progressively increases due to the increase in the vapor pressure of 

water and the expansion of the air which filled the chamber prior to 

closing the door. Once the set temperature was reached the timer 

sequence, which was set for 2.5 hours unless specified otherwise, was 

automatically initiated.

A.1.3 Three Point Bending Apparatus

A custom designed apparatus was designed and fabricated to 

conduct three point bending tests. A Tedea load cell was utilized, as 

shown in Figure 4.1. The voltage output from the load cell/bridge 

network was calibrated and tested for linearity, over the 

manufacturer’s specification range. A test specimen, 38 mm (1.5 inch) 

long, was symmetrically supported over a span length of 25.4 mm
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Figure 4.1 - Three point bending test apparatus.
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( 1  inch) and was loaded at the center point, as is shown in

Figure 4.2. The load was applied to the sample at a constant rate of

0 . 1  mm per minute.

4.1.4 Punch and Die for Sample Compaction

A punch and a die were manufactured from hardened tool steel.

Samples 38 mm (1.5 inches) long and 3.18 mm (0.125 inches) wide could 

be produced in the punch and die, shown in Figure 4.3. The height of 

the sample was dependent on the amount of paste introduced into the 

die cavity and a target dimension of 3.18 mm (0.125 inches) was

selected. The die was blanked off at one end and the punch traveled

downwards, applying a load to the top of the sample and propagating it 

downward as the pressure was applied. Figure 4.4 shows the various

parts of the single action-type punch and die assembly.

4.1.5 Preparation of Samples

Samples were prepared by first weighing a predetermined amount 

of tricalcium silicate on an Ainsworth analytical balance (0.0005 grns 

sensitivity) and then adding the appropriate amount of distilled water 

using a Finnpipette (0.5 percent sensitivity) to obtain the desired 

water to solid ratio. The requirement for maintaining paste 

consistency, which was necessary in order that the samples could be 

prepared in the punch and die, limited the amount of water that could 

be added to the anhydrous C^S material. The materials were blended 

in a mortar and pestle for five minutes to form a paste. The paste
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Figure 4.2 - Schematic of the three point bend test apparatus.
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d = 3.18 mm 
(0.125 inch)

A
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b - 3.18 mm 
(0.125 inch)

Figure 4.3 - Isometric view of the test bar showing the sample
dimensions L (sample length) and b (sample width) and the 
target dimension for the thickness, d.
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Figure 4.4 - Photograph of the punch and die used for sample compaction.
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was placed into the cavity of the compaction die and the device was 

then assembled. The punch was loaded in a Carver hydraulic press 

(Model C) to an initial ram-force of 2300 kg and allowed to decrease 

naturally, which is inherent to the hydraulic press system, for a 

period of five minutes. The residual pressure was released and the 

sample was removed by partially disassembling the compaction die and 

using the punch to push the sample out of the die cavity. The 3.18 mm 

(0.125 inch) width by approximately 3.18 mm (0.125 inch) thick by 

38 mm (1.5 inches) long sample was individually placed on a glass 

slide and then into the autoclave for steam curing at 104°C for

2.5 hours. After autoclaving the samples were removed, placed on a 

shelf in the laboratory, and left to cure for seven days which placed 

the chemical reaction well into Stage V. Although the chemical 

reaction can continue for two years or more due to the slow but 

continued diffusion of ions, nearly all the flexural strength was 

obtained by seven days. This was clearly demonstrated during the 

study of the affect of aging time on flexural strength. Modulus of 

rupture (M0R) values were obtained using the three point bending test 

apparatus, as described in Section 4.1.3. The flexural strength (MOR) 

was calculated from Equation (3.5) given in Chapter 3. The specimen 

dimensions for the calculation of the MOR were obtained using Mitutoyo 

digital calipers which can be read to 0.013 mm (0.0005 inch).



T-3568 99

4.1.6 Preparation of Samples ContainiriR Silica Fume

The selected amount of silica fume, produced by the sol-gel 

process, was added to a fixed amount of tricalcium silicate and 

water. The amount of silica fume added to C^S was varied from a low 

volume of 5 percent by weight to a maximum of 33 percent by weight. 

However, the w/C^S ratio was maintained at the stoichiometric value 

required for the complete chemical reaction of water with C^S. The 

components were hand mixed for five minutes using a mortar and pestle 

and then compacted as described previously. Further processing was 

the same as for the tricalcium silicate samples without silica fume 

additions.

4•2 General Observations and Comments

A general discussion of the observed effects of the parameters 

employed in the experiments are presented here.

4.2.1 Water/Solid Ratio

Prior to the manufacturing of low porosity and/or small 

pore size matrices, such as compacted or densified materials, MDF 

cements and second phase addition cements, the w/cement ratio was 

believed to be the only factor controlling strength. In principle, 

addition of water can create a capillary void system which 

dramatically reduces the strength of the matrix. However, the 

strengths determined from the tests conducted did not indicate that
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strength was solely determined by the water/tricalcium silicate 

(w/CgS) ratio. Furthermore, it had been observed that water was 

being rejected from within the compaction die during processing. It 

therefore soon became apparent that this behavior, to some degree, 

invalidated the expected effect of the w/C^S ratio on strength, 

because the amount of water that was present in the matrix was being 

controlled by the pressing operation. To account for the extruded 

water, samples were prepared and weighed before and after compaction 

to determine the mass loss of water. The results are presented in 

Chapter 5 but again, do not indicate that the w/C^S ratio is a 

factor that strongly controls flexural strength.

4.2.2 Silica Fume Additions

The presence of silica fume radically alters the Theological 

properties of the paste because of adsorption of water by this 

material. Silica fume is typically used to produce high strength 

materials by incorporating a suitable superplasticizer so that the 

paste remains workable and to facilitate wetting of C^S particles by 

water. On adding silica fume to tricalcium silicate, significant 

changes were observed in the workability of the material and adequate 

paste consistency was not obtained for silica fume additions in excess 

of ten percent. The amount of water was not increased to improve the 

workability because of the decreased strength associated with
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increasing the capillary void volume when the water content is 

increased.

The decreased fluidity of the paste with high silica fume 

addition was observed both in terms of the extreme "dryness" and lack 

of paste workability. Also, during sample compaction a characteristic 

noise was produced in the punch and die system that was attributed to 

the lack of lubrication due to insufficient water which resulted in 

binding in the punch and die assembly. The dryness of the samples 

required that they be ejected from the die cavity by utilizing the 

hydraulic press. In addition, the sides of the sample were observed 

to be glossy indicating they had become polished due to friction at 

the die cavity walls during sample compaction.

4.2.3 AginR Time

The expected development of strength as a function of curing 

time is due to the production of increased amounts of hydrated 

material. This behavior has been reported in the literature for time 

periods which are typically 1, 7, 28, and 365 days. However, 

investigation of the strengths at 1, 5, 27, 56, and 84 days did not 

reveal this behavior because steam-curing of the samples produces 

rapid increases in strength as a result of the high rate of formation 

of the hydrated products. Typically, the normal 28 day strength 

values are obtained in one day due to the accelerated chemical 

reaction that occurs with the increased temperature. The rate of the
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chemical reactions that occur during Stages I through V are rapidly 
accelerated resulting in rapid development in strength. However, for 
longer curing times, the strength of steam cured samples may, in fact, 
be less than those of normally hydrated tricalcium silicate due to the 
inhomogeneity of the hydration products formed with steam curing [46].
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CHAPTER 5 

TEST RESULTS AND DISCUSSION

The development of tricalcium silicate hydrate strength in the 

samples appeared to be extremely sensitive to processing and additives 

according to the test results that were obtained. The strength of the

material was found to be dependent on the w/C^S ratio, the silica

fume content, and the processing conditions. The behavior that was 

observed from the experiments conducted indicates that the basic 

microstructure, which influences strength of the material, was not the

dominant, controlling factor. Compaction defects, such as laminations

and dead zones, and environmental conditions appeared to have a 

stronger affect on the flexural strength.

5.1 Water/Solid Ratio

The effect of the water/C^S ratio of the paste on the flexural 

strength of the autoclaved test bars is indicated in Table 5.1 and 

displayed in Figure 5.1 where the average strengths are plotted. Also 

included on the plot is the standard deviation for each point. Water 

is necessary for the chemical reaction to produce the hydrated product 

which sets and then hardens. However, a water/C^S ratio in excess 

of approximately 0.31 leads to rapid decreases in strength due to an 

increase in the volume of capillary void space. This effect has been 

shown in Figures 2.8 and 2.9 which were presented earlier. Because 

the samples were prepared in a punch and die assembly, the consistency



T-3568 104

TABLE 5.1: Effect of w/CgS Ratio on MOR

w/C3S
Weight
Ratio

MOR
Values
(psi)

Average
MOR
(psi)

One
Standard
Deviation
(psi)

0 . 2 1 4,463 3,120 1,174
2,287 — —  —

2,609

0 . 2 2 5,318 6,531 1,119
6,751 - -
7,524 - -

0.23 4,181 5,395 1,194
5,436 - -
6,568 - -

0.25 4,416 5,252 956
5,045 - -
6,295 - -

0.26 5,879 7,770 1,639
8,786 - -
8,645 - -
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Figure 5.1 - Average MOR values ± one standard deviation as a
function of the w/C3S ratio (autoclaved at 104*C for
2 . 5  hours then aged for seven days in the laboratory 
environment).
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of the material was maintained in the paste form which correlated to a 

w/CgS range of 0.21 to 0.26. Although Figure 2.8 does not contain 

data points for low w/cement, the experimental results obtained in 

this thesis suggest that a peak is reached at approximately 0.3 and 

that strength drops off on either side of the maxima. It can be seen 

that the flexural strength is dependent on the w/C^S ratio although 

this is an apparent effect due to the inadvertent loss of water during 

sample preparation. For the paste with increased water content, a 

larger amount of water was observed to be rejected. Therefore, it 

appears that the water content of the pressed bars was relatively 

constant for the range of w/C^S of the paste investigated. Mass 

loss due to the extrusion of water was investigated by weighing the 

samples before and after the pressing operation and the results are 

shown in Table 5.2. Adjusting the w/C^S values for mass loss during 

compaction and observing the effect of the adjusted w/C^S in 

Figure 5.1 does not indicate that the strength is solely controlled by 

the w/CgS ratio but that rheology or lubrication due to increased 

amounts of water in the higher w/C^S samples has a stronger 

influence on the flexural strength.

An SEM photomicrograph of the fracture surfaces of a 

representative test bar, which was used to generate the data presented 

in Figure 5.1, is shown in Figure 5.2. The characteristic porous 

nature of the microstructure can be readily discerned. Few air voids, 

which can be identified by their spherical shape, are present in the
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Figure 5.2- SEM showing the microstructure of a
representative test bar of CSH. Voids, 
CSH, and unreacted C3 S are present.
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TABLE 5.2: Mass Loss Due to Rejection of Water During Sample
Compaction in Punch and Die Assembly

W/C3 S
Water
(gms)

c3s
(gms)

Mass Loss Due to Compaction 
(%)

0 .21 0.27 1 .3 0

0 .22 0 .29 1 .3 0

0 .23 0 .30 1 .3 3.3

0.25 0.33 1 .3 3 .0

0 .26 0 .34 1 .3 14.7
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microstructure; however, considerable void porosity from the residual

capillary system is present as an irregular reticulated pattern. From

the SEM, a flaw size (2c in the Griffith equation) of approximately

1 0  micrometers to 2 0  micrometers, can be estimated which corresponds

to a flexural strength of 110 and 78 MPa (15,950 and 11,300 psi)

respectively. The calculated strengths for these flaw sizes, using

the Griffith equation, with E equal to 20 GPa and 2y (2y - R the
-2fracture energy) being 19Jm which are typical values for hardened 

cement paste, can be compared to the measured strength. The measured 

flexural strengths are within a factor of two corresponding to 

strengths in the range of 55 to 39 MPa (8,000 to 5,600 psi), 

respectively. Although the literature supports the concept that the 

material behaves as a Griffith solid, the experimental results that 

were obtained indicate that some structural defect, larger than the 

pores present in the material, are determining the flexural strength. 

Dead zones and/or the severe laminations which resulted from 

compaction in the single action punch and die may be controlling the 

strength of the material as well as contributing to scatter in the 

data. The flaw which accounted for failure was not identifiable in 

the fracture specimens, although, again, it could have been a 

compaction or sample preparation defect rather than porosity.

Therefore, it cannot be concluded that failure of this material 

adheres to Griffith criteria even though the theory is well supported 

in the literature. It is interesting to note that if the Griffith
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flaw is considered to be a cluster of voids that are in close 

proximity such that the effective defect size is approximately 40 to 

60 micrometers, then the calculated strengths are comparable with the 

experimental MOR values.

5.2 Silica Fume Additions

Results of the tests which examined the effect of silica fume on 

the MOR behavior, for a constant w/C^S ratio (the stoichiometric 

value necessary for the complete chemical reaction or 0.23), are shown 

in Table 5.3. The data are also plotted in Figure 5.3 which shows 

averaged values relative to one standard deviation. Additions of 

silica fume lowered the overall strength of the hardened paste and 

shifted the peak where maximum strength is obtained to a lower value 

in comparison to the literature values ( 2 0  percent versus 

30 percent). The alteration of this curve can be accounted for by two 

different factors. The overall lowering of the curve, resulting in 

lower strengths for all data points, could be related to the 

environmental conditions that were present in the laboratory at the 

time when the samples were prepared and processed. The silica fume 

tests bars were prepared during the summer when low humidity and 

higher temperature conditions existed. Although the laboratory is 

constructed with brick walls, which to some degree regulate the 

humidity, lower humidity and higher temperatures are known to promote 

drying shrinkage and subsequent cracking which results in lower
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TABLE 5.3: Effect of Silica Fume Additions on MOR for a Constant
w/CgS Ratio of 0.23

Weight
Addition

(%)

MOR
Values
(psi)

Average
MOR
(psi)

One
Standard
Deviation
(psi)

5 2 , 2 0 0 2,632 378
3,122 ---- ----

2,614 ---- ----

2,592 ---- ----

1 1 3,458 3,165 878
3,184 - —  —

1,965 - -
4,043 ---- ----

18 4,568 4,470 958
5,375 ---- ----

3,466 ---- ----

25 3,148 4,277 1,113
5,373 ---- —  —

4,311 ---- ----

33 2,989 3,385 535
4,157 ---- ----

3,064 ---- ----
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WEIGHT % SILICA FUME ADDITION

Figure 5.3 - Effect of silica fume additions on the MOR values ; the 
average MOR ± one standard deviation has been plotted 
(autoclaved at 104*0 for 2.5 hours followed by aging for 
seven days in the laboratory environment; solid triangle 
represents the extrapolated MOR value for a zero weight 
percent addition of silica fume).
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strengths. Temperature and humidity conditions were obtained for 

comparison. Although the environmental conditions that were in the 

laboratory were not obtained because they were not measured, the high 

strength samples (w/C^S) were prepared during cooler time periods.

The higher strength (w/C^S) samples were prepared during May when 

the external temperatures were cooler. The data for the information 

presented in Section 5.A or long-term aging effects was obtained 

during November to January and is also high in strength. All other 

data was lower in strength and was obtained during the summer months 

(June-August). Extrapolating the strength versus silica fume curve to 

a zero percent addition of silica fume indicates that a nominal 

strength of approximately 8 MPa (1,200 psi) was present for the paste 

containing no silica fume. The value can be compared to the MOR value 

that was obtained, for the same ratio of w/G^S of 0.23, during the 

cooler, wetter months which was 37 MPa (5,400 psi). The moisture loss 

during summer processing of the C^S pastes may have reduced the 

nominal strength to a low value of 1,200 psi. Therefore, silica fume 

additions increased the overall flexural strength to a maximum value 

of 4,500 psi.

An examination of Figure 5.3 also indicates that the expected 

maximum, 30 percent silica fume addition, has been shifted to the left 

occurring at approximately 20 percent silica fume addition. This 

shift phenomenon can be accounted for by the failure to incorporate an 

appropriate superplasticizer into the paste matrix. The strengthening 

effects that are associated with silica fume additions are not
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observed if proper control of the paste rheological properties are not 

maintained. In practice, silica fume additions are not made without 

incorporating superplasticizers because the high strength values are 

not obtained and because strength loss below nominal can occur.

It is apparent that silica fume was functioning based on the 

shape of the curve, the microstructure present in the SEM, and the 

reduction in the magnitude of the standard deviation. The average 

standard deviation for the w/C^S samples was 8.4 MPa (1,216 psi) 

which can be compared to an average standard deviation on 5.3 MPa 

(7 72 psi) for the silica fume samples. This represents a 37 percent 

reduction in overall standard deviation due to silica fume refining 

the pore size and distribution.

Maximum strength was obtained in the range of 15-25 weight 

percent addition of silica fume, although it is reported in the 

literature that maximum strength increases are obtained for silica 

fume additions in the range of 30 to 33 percent by weight addition. 

However, it was observed that additions of greater than 10 weight 

percent silica fume had a significant effect on rheological properties 

of the paste. In fact, good paste consistency could not be obtained 

for additions of silica fume in excess of ten percent. It should be 

apparent that because the w/C^S ratio was maintained at a fixed 

value, the w/solids ratio (C^S + silica fume) ratio was altered as 

the silica fume content of the paste was increased. Since the silica 

fume exhibits good desiccating properties, it adsorbs the water from 

the paste creating a deficiency for chemical reaction as well as for
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lubrication during compaction. For this reason the results do not 

reflect the optimum strengthening effect which would be expected with 

silica fume additions. Further evidence of water adsorption by the 

silica fume is provided by the fact that during compaction of the test 

bars, water rejection from the die was not observed, as had occurred 

during compaction of test bars containing no silica fume.

Because silica fume has a tremendous amount of surface area that 

must be wetted and lubricated, if silica fume is to have pozzolanic 

activity and to function as a microfiller in the interstitial space, 

superplasticizers are used in conjunction with silica fume to obtain 

the stengthening effects that are possible with silica fume.

An SEM photomicrograph of a silica fume/CSH representative sample 

is presented in Figure 5.4. It is apparent that the silica functions 

in the manner described in the literature since the capillary pore 

system has been significantly refined; it is also apparent that 

considerable amounts of unhydrated C^S are present in the 

microstructure which validates the need for using superplasticizers to 

increase the flow and the wetting of the material surfaces.

5.3 Effect of Autoclaving Temperature and Time

The effect of curing time and autoclaving temperature were to be 

evaluated as described in the test matrix in Table 5.4. Data was 

obtained at two levels of temperature and time for two combinations of 

these -- lowest temperature and time and highest temperature and 

time. A lack of correlation between autoclaving temperature and time
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Figure 5.4 - SEM of a representative test bar containing
silica fume addition. Considerable refinement 
in the pore size is evident as well as 
increased amounts of unreacted C3 S.
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TABLE 5.4: Test Matrix Used to Investigate the Effect of
Autoclaving Time and Autoclaving Temperature on the 
MOR Values (Sample Aged in the Laboratory 
Environment for 7 Days After Autoclaving)

Cure Time 
(hours)

Tl
(99*C)

t 2
(121*0

t3
(138*0

2 2,284
4,401 - -
1,991 - -

8 — - -

10 — - -

16 — - -

24 4,158
_ _ - 1,894
— - 3,419
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with flexural strength is apparent in Figure 5.5 for average strength 

values relative to one standard deviation. Although the data 

indicates that strength was not dependent on autoclaving time or 

temperature, the temperature was limited to a maximum value of 138°C. 

As presented earlier in the literature section, autoclaving at higher 

temperatures, such as 17 7°C, is necessary to produce the phases that 

are higher in strength. It appears as though the times and 

temperatures that were investigated did not significantly alter the 

pore structure nor produce the higher strength phase material. Thus, 

the flexural strength was independent of the autoclaving time and 

temperature for the ranges that were investigated.

5.4 Effect of Afting on MOR

Cement based materials gain strength with age due to production 

of more hydration product as time progresses. Because of slow 

diffusion processes the hydration reaction is sluggish and 

consequently, strength gain may continue during a period as long as 

two years or more. However, the asymptotic value is essentially 

reached within one month. Flexural strength values were obtained at 

1, 5, 27, 56, and 84 days for test bars that were autoclaved for the 

standard 2.5 hours. The test bars were removed from the autoclave 

and allowed to continue curing on a bench in the laboratory 

environment where the temperature typically fluctuates between 18°C to 

28°C. This data is presented in Table 5.5 where the strength
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Figure 5.5 - Average MOR values ± one standard deviation for the low 
and high limits of autoclaving time and autoclaving 
temperature corresponding to Table 5.A (samples aged in 
the laboratory environment for seven days following 
autoclave).
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TABLE 5.5: Effect of Aging Time on MOR (Samples Autoclaved at
104°C for 2.5 hours)

Time
(days)

MOR
Values
(psi)

Average
MOR
(psi)

One
Standard
Deviation
(psi)

1 5,859 6,472 1,341
4,873 —  — -
7,488 - -
7,668 - -

5 3,289 6,337 2,912
9,090 — — ■ - -

6,631 - —

27 3,546
425* —  — -

1,115* - -

56 1,273*
1,167* — — -
6,812 —  — -

84 2,869 5,786 2,586
7,794 — -
6,697 — -

NOTE: Asterisk (*) denotes data points for samples where the
autoclave malfunctioned and the samples were, in fact, not 
autoclaved.
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increases achieved are evident. A malfunction in the autoclaving 

equipment resulted in four bars that did not receive proper autoclave 

treatment and the resulting low strengths are obvious. Figure 5.6 

shows the average value relative to a standard deviation and the lack 

of correlation of strength with time. As presented in the literature 

review, autoclaving tricalcium silicate hydrate results in rapid 

strength development where the 28 day strength is obtained in 

approximately 24 hours. In addition, extended aging results in 

compressive strength gain, whereas the flexural strength remains 

relatively constant as is shown in Figure 5.7 [76]. Apparently 

structural defects that limit the flexural strength, are not altered 

for extended aging processing.

5.5 Effects of Curing Process

Samples that were not autoclaved were placed on a glass slide and 

suspended above water in an enclosed chamber at ambient temperature 

and pressure, which served as a humidity chamber. Autoclaving 

tricalcium silicate results in rapid strength gain due to the 

production of greater amounts of hydrated product. Comparison of the 

MOR values of the "moist cure" samples with those which were 

autoclaved, indicates that flexural strength was significantly 

affected by the method of curing, as seen in Table 5.6 and in 

Figure 5.8. The effects of not autoclaving was inadvertently observed 

during the study of the effects of aging on flexural strength when the
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Figure 5.6 - Average MOR values, ± one standard deviation, for
extended aging corresponding to the data in Table 5.5 
(samples autoclaved at 104°C for 2.5 hours).
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Figure 5.7 - Development of compressive and flexural strengths due to 
aging of a Portland cement [76].
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TABLE 5.6: Effect of the W/C3 S Ratio and Curing Procedure on the
MOR of the Test Bars

Moist Cure Autoclave

w/C3S MOR w/C3S MOR
Weight Values Weight Values
Ratio (psi) Ratio (psi)

0.07 928 — -

0.09 765 — -

0.14 675 — -

0 . 2 0 1,194 0.18 2,289
- - 5,927
— — —- — 7,208
- - 6 , 8 8 6

0 . 2 1 4,463
— — - - :- 2,287
- - - 2,609

0.25 4,416
- — — — 5,045
- - — 6,295

0.28 1,653 — —

NOTE : The moist cure samples were in the moist cure chamber for
7 days then tested. The autoclaved samples were steam cured at 
104°C for 2.5 hours then aged in the laboratory environment for 
7 days.
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Figure 5.8 - Comparison of flexural strength between autoclaved and 
moist cured test bars corresponding to Table 5.6.
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autoclave malfunctioned and four samples did not receive this 

treatment but were enclosed in an ambient pressure and temperature 

humidity chamber. This data is shown in Table 5.5 which was presented 

earlier.

5 . 6  Sample Orientation

Single action dies are known to produce density gradients in 

pressed samples due to the application of initial compacting pressure 

from one direction. Sample densification due to orientation was 

investigated as a potential source of variation in the measured 

flexural strengths of the samples tested. The center point load of 

the three point bend test was applied at the top of the sample bar 

where densification, due to compaction direction, would be the 

greatest and from one side. The results are listed in Table 5.7. No 

correlation between sample orientation and scatter in the data was 

obtained.

Samples compacted with the unidirectional die were observed to 

contain dead zone regions which are a result of friction developing 

between the die walls and the material caused by non-uniform pressure 

distribution along the sides of the compacted material. Severe 

laminations perpendicular to the pressing direction were also observed 

in the compacted samples. Dead zones and laminations strongly suggest 

a need for improved die design and/or the use of double action dies or 

using an alternative compaction technique, such as isostatic pressing.
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TABLE 5.7: MOR Values as a Function of Orientation of the Test Bar
Referenced to the Orientation During Compaction

Load Applied to 
Top of Beam

Load Applied to 
Side of Beam

MOR MOR
(psi) (psi)

8 , 0 2 0 8 , 0 1 2

5,267 7,372

4,221 6,706

2,696 4,875

NOTE: All samples were autoclaved at 104°C for 2.5 hours followed by
7 days of aging on a lab bench.
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5.7 Application of Compaction Pressure

The Carver hydraulic press, which was used for sample compaction, 

was identified as a potential source of scatter in the data due to the 

non-continuous manner in which the press applies a load.

Consequently, an MTS was used to apply the load to the punch of the 

compaction device at a predetermined rate, hold a constant load for a 

specified period of time followed by a predetermined rate of 

unloading. The MTS was programmed to load the sample in the die for 

five minutes at 2300 kg (5000 pounds) after a one minute linear ramp 

rate and to unload the sample at the same rate. Flexural strengths 

were obtained for a fixed sample orientation (center load applied to 

the sample top). The results are indicated in Table 5.8. The 

experimental results indicate that scatter in the flexural strength 

data was not associated with the non-continuous compaction obtained 

when using the Carver hydraulic press.

5 . 8 Engineering Significance of the Experimental Results

Tricalcium silicate hydrate was evaluated specifically in regard

to its cohesive strength and as a potential material that would 

eventually become an advanced cement composite. The end-use of the 

material was for an adhesive bonding metal substrate joints. The 

parameters that were investigated in this thesis to assess cohesive 

strength also revealed detrimental factors associated with the
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TABLE 5.8: MOR Values for Bars Compacted in the Punch and Die
Assembly Using A Programmed Loading Cycle on an MTS

MOR

5,675

3,867

___________3,794_________

___________2,725_________

NOTE : All bars were autoclaved at 104°C for 2.5 hours, then aged for
7 days in the laboratory environment. The MTS was programmed
to apply a constant load of 2300 kg (5000 pounds) for 5 minutes 
after a 1 minute ramp rate and to unload at the same rate as 
for loading.
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material. These detrimental factors, which limited the use of the

material as an adhesive, are summarized below:

(1) Scatter in the Data. The large scatter that is present in the 

data indicates that the material properties are difficult to 

control over the range of experimental conditions investigated. 

Consistent and predictable engineering properties were not 

obtained. Due to the nature of the material, statistical 

variation present in the properties of this material need to be 

addressed. Obviously, the statistical parameters related to 

material properties are more reliable if the number of samples 

tested is increased. Sample sizes, as well as other statistical 

parameters need to be incorporated as a part of a more extensive 

experimental matrix.

(2) SluRRish Reaction Kinetics. If the material is to be developed 

into an advanced cement-composite adhesive then strength 

development needs to occur at a more rapid rate. This could be 

accomplished through the development of more efficient 

accelerators. Although the cement industry has developed many 

accelerators for rapid strength development, no known 

commercially available accelerator exists that could develop 

strength at a rapid enough rate to allow this material to be used 

as an inorganic adhesive. The lack of a suitable accelerator 

presents a serious drawback to the use of the material as an 

adhesive. Although currently available accelerators alter the 

properties of the reaction barrier present during Stage II, no
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known accelerator can alter the basic reaction mechanism. In 

this thesis the material was autoclaved to obtain higher 

strengths in shorter time periods. However, autoclaving joints 

containing tricalcium silicate paste is not feasible from an 

engineering standpoint because the time to develop strength is 

still too long. In addition, the device required for autoclaving 

a joint in situ may not be particularly convenient to use. High 

speed curing for the purpose of rapid strength development, 

either by developing constituents capable of accelerating the 

reaction or designing fixtures appropriate for autoclaving, need 

to be investigated.

(3) Environmentally Sensitive Materials. Although the effect of

temperature and humidity conditions on the cohesive strength were 

not evaluated, they appeared to influence the resulting MOR 

values. Chapter 2, the literature review, details the affect of 

environmental factors on strength developed, in detail. It is 

known that lower strengths are obtained in the summer as opposed 

to the winter due to the increase in drying shrinkage that occurs 

in materials cured during the summer. Higher temperatures and 

lower humidities result in a drying out of the material which 

results in drying shrinkage. The drying shrinkage places small 

regions in tension, resulting in microcracks in the material.
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Microcracks can function as stress concentration sites which 
lower the strength of the material. Environmental conditions 
should be characterized as a variable affecting strength.
However, even if the effect of the environmental conditions on 
strength was assessed, the fact that the material is as sensitive 
to the environment as the results indicated, could render CSH 
unless as an adhesive.



T-3568 133

CHAPTER 6 

CONCLUSION

In this final chapter, the results of the experiments conducted 

are summarized and conclusions enumerated. Finally, recommendations 

for further research are presented.

Flexural strength results obtained during the experimentation 

were influenced primarily by compaction defects and, to a lesser 

degree, by the microstructure of the sample. As discussed in the 

theoretical section the microstructure is affected by the compaction 

during the die press operation, silica fume refinement, and by 

autoclaving the samples. Lack of response of the flexural strength to 

an experimental variable could be traced to the fact that neither the 

compaction defect nor the microstructure has been altered, and failure 

occurred due to the largest flaw which was unaltered. In addition to 

what appeared to be a failure to modify compaction defects or to 

change the microstructure within a parameter or process matrix, the 

strength of the material was affected by the environmental conditions 

present during sample preparation and aging.

Nevertheless, microstructural modification is possible for the 

material as was described in the strengthening mechanisms section of 

the literature review. Successful incorporation of some of the 

additives discussed in conjunction with the appropriate processing 

could result in microstructural modification and improved flexural 

strengths.
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6 .1 Discussion and Conclusions

Limitations for research on the material center primarily around 

the sensitivity of the material to processing parameters, to the 

environment, and the inherent statistical variation associated with 

property evaluation of materials of this type.

The important conclusions are enumerated below:

i) The strength of CSH could not be determined as adhering to the 

Grifferia criteria where the largest discrete flaw determined the 

strength. However, if the flaw is considered to be a cluster of 

voids, then the data adheres to the Griffith criteria,

ii) Silica fume additions refine the pore size of the matrix.

Maximum strength is obtained for approximately 20 percent by 

weight silica fume addition (the w/C^S ratio was held constant 

at 0.23) .

ill) The strength of CSH increases as the w/C^S ratio increases over 

the range of w/C^S that was assessed, 

iv) Autoclaving results in rapid strength gain. Strength does not 

increase after a 2.5 hour autoclave and is independent of 

autoclaving temperature. 

v) Without significant investment in further research, commercially 

available tricalcium silicate is unsuitable for use as an 

adhesive compound.
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6 .2 Recommendations for Further Research

i) Alter the design of the die in order to prevent extruding water. 

The design of the die requires modification due to the observed 

presence of dead zones and the development of laminations within 

the samples. Use a four point bending configuration to reduce 

the scatter present in the data,

ii) Utilize an autoclave that is capable of reaching the high

temperatures and steam pressures required for producing high 

strength product, 177°C.

iii) The rheological or flow properties of the paste affect the

strength properties of the hardened paste. Poor workability of

the paste was obtained when silica fume was added to the mix due

to the very large surface area of silica fume which is 

responsible for it adsorbing large quantities of water. 

Rheological properties of the paste need to be evaluated as to 

the effect it has on strength. More conveniently, it should be 

maintained constant when material additions are incorporated into 

the matrix.

iv) Placement of the samples on the laboratory bench for a time

period of seven days, after autoclaving, allowed the samples to

be subjected to varying environmental conditions since variable 

temperatures and humidities were present according to seasonal 

variations. As a result, drying, shrinkage, and subsequent 

introduction of microcracks into the matrix occurs, and adversely 

affect the flexural strength. A controlled environment is
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required to evaluate the properties of CSH and it is recommended 

that such a chamber (or room) be used for alleviating this 

shortcoming.
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APPENDIX I 

GLOSSARY
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Accelerator

Aging

Cast

Cure

Gel

Hardening

Pozzanlanic Material

Rheology

Setting

Superplasticizer

GLOSSARY

agent that accelerates the setting process 

and/or the hardening process resulting in a 

faster rate of strength development 

a post-cure process where the sample is allowed 

to continue the hardening process in air at 

ambient temperature

the placement of workable paste into a mold 

exposing the paste to autoclaving 

coherent hydration product having colloidal 

dimensions

the development of strength, occurs after the 

setting process

non-cementitious material that in the presence 

of water will react with lime to form insoluble 

substances that possess cementing properties 

flow properties of the paste ; fluidity of the 

paste

the initial stiffening of the paste which 

occurs from some 45 minutes to a few hours 

a water-reducing admixture that is added to 

pastes to enhance or maintain paste workability 

at lower w/cement ratios


