
 

 

ABSTRACT 

ZANJANI ZADEH, VAHID. Nanomechanics and Multiscale Modeling of Sustainable 

Concretes. (Under the direction of Dr. Christopher Philip Bobko.)  

 

The work presented in this dissertation is aimed to implement and further develop the 

recent advances in material characterization for porous and heterogeneous materials and 

apply these advances to sustainable concretes. The studied sustainable concretes were 

concrete containing fly ash and slag, Kenaf fiber reinforced concrete, and lightweight 

aggregate concrete. All these cement-based materials can be categorized as sustainable 

concrete, by achieving concrete with high strength while reducing cement consumption. The 

nanoindentation technique was used to infer the nanomechanical properties of the active 

hydration phases in bulk cement paste. Moreover, the interfacial transition zone (ITZ) of 

lightweight aggregate, normal aggregate, and Kenaf fibers were investigated using 

nanoindentation and imagine techniques, despite difficulties regarding characterizing this 

region. Samples were also tested after exposure to high temperature to evaluate the damage 

mechanics of sustainable concretes. 

It has been shown that there is a direct correlation between the nature of the nanoscale 

structure of a cement-based material with its macroscopic properties. This was addressed in 

two steps in this dissertation: (i) Nanoscale characterization of sustainable cementitious 

materials to understand the different role of fly ash, slag, lightweight aggregate, and Kenaf 

fibers on nanoscale (ii) Link the nanoscale mechanical properties to macroscale ones with 

multiscale modeling. 

The grid indentation technique originally developed for normal concrete was 

extended to sustainable concretes with more complex microstructure. The relation between 

morphology of cement paste materials and submicron mechanical properties, indentation 



 

 

modulus, hardness, and dissipated energy is explained in detail. Extensive experimental and 

analytical approaches were focused on description of the materials’ heterogeneous 

microstructure as function of their composition and physical phenomenon. Quantitative 

characterization of ITZ with direct mechanical tests confirms that the zone is highly 

heterogeneous. The heterogeneity seemed to be due to admixture effect, amount of available 

water, shape, size and type of the aggregate or internal curing agent. The nanoscale 

mechanical behavior of C-S-H phases in cement paste formed by ordinary portland cement, 

cements blended with fly ash and blast furnace slag, and cement with kenaf and lightweight 

aggregate are virtually identical. Nevertheless, the volume fractions of the hydration products 

were different. Mechanical properties of hydration products for damaged concretes were 

decreased. Lightweight aggregate can alleviate the thermal degradation in the hydration 

products, although more degradation was identified in lightweight aggregate’s ITZ than in 

bulk paste.  

Nanomechanical results were linked to the bulk mechanical properties at the macro-

sale. A multiscale level model was defined based on morphology and length scale of the 

structural elements in each material. The ultimate goal of this research is to control the bulk 

mechanical properties of sustainable cementitious materials from their micromechanical 

properties so that the concrete composition could be optimized. This will help to produce 

more geo-friendly concrete, which is the second most used material on earth. 
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CHAPTER 1. Introduction 

1.1 Context and Motivation 

Concrete is one of the most widely used construction materials in the world, and there 

is no other material that can possibly replace concrete to meet our society’s needs. Although 

concrete is used in large scale, its essential properties such as strength, ductility, shrinkage, 

thermal resistance, etc. depend extensively on structural elements which are present in nano 

and microscale. For that reason, we seek to improve the sustainability of concrete while also 

maintaining or even improving its performance in civil engineering structures via nanoscale 

investigation. In this research, intrinsic nanoscale mechanical properties of three types of 

sustainable concretes all cast in real conditions including Kenaf Fiber Reinforced Concrete 

(KFRC), Concrete containing Fly Ash (FA) and Ground Granular Blast-Furnace Slag 

(GGBS), and Lightweight Aggregate Concrete (LWAC) are determined by Nanoindentation 

(NI) technique followed by data processing and multiscale modeling. In addition, nanoscale 

thermal damage of concrete containing Fly Ash (FA) and Ground Granular Blast-Furnace 

Slag (GGBS), and Lightweight Aggregate Concrete (LWAC) is characterized using NI 

technique. It was found that Calcium-Silicate-Hydrate (C-S-H) phases in cement paste 

formed by ordinary portland cement and cements blended with FA, GGBS either with 

Conventional Aggregate (CA) or Lightweight Aggregate (LWA), and Kenaf fibers are 

virtually identical. Results from this research may help development of guidelines that aim at 
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optimizing mix designs of cementitious materials with kenaf, LWA, and fly ash/slag for the 

desired mechanical properties.  The study is one of the first to explore how nanoindentation 

technique and subsequent analysis methods can improve our understanding of internal curing 

phenomenon, different Supplementary Cementitious Materials (SCMs) in concrete, and 

thermal damage on nanoscale mechanical properties of cementitious materials.   

 In the United States alone, more than 75 million metric tons of portland cement was 

used in 2009. With economic recovery, this is expected to reach 192 million metric tons in 

2023 [1]. However, the  production of portland cement, an essential constituent of concrete, 

leads to the release of significant amount  of CO2, a greenhouse gas; one ton of portland 

cement clinker production is said to create approximately one  ton of CO2 and other 

greenhouse gases (GHGs) [2]. Consequently, portland cement industry contributes 5-8% of 

total CO2 emissions, which makes it one of the GHG-Intense industries. Figure 1-1 exhibits 

the breakdown of global GHG emission for prominent industries. In addition, the concrete 

industry consumes considerable amount of virgin materials gathered from mining operations, 

as a consequence major metropolitan areas are running out of sources of aggregates, and the 

resource for limestone is limited. As the supply of limestone to produce cement decreases, as 

it is expected to happen in some places, producing adequate amounts of portland cement for 

construction will become more difficult and the employment and construction associated 

with the concrete industry will decline or be terminated [3].  
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Figure 1.1 Breakdown of global GHG emission for prominent industries [3] 

 Considering the above issues one question would be: “What direction must the 

concrete industry follow to satisfy the increasing need for sustainability in constructions?”  

By optimizing the composition of new concretes using different ingredients from those 

utilized in traditional concretes, we may be capable of assuring sustainability on the basis of 

“innovation”. It is therefore necessary to search for sustainable solutions for future concrete 

construction. 

 Using nonhazardous materials as a replacement for cement can be a solution. A lot of 

non-hazardous by-product materials are produced each year in United States. These by-

products are from agricultural, industrial, and material processing sources. Some of these by-

products can be used as part of concrete products and in some cases can improve its 

performance.  For example, a portion of portland cement in concrete can be replaced by 
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SCMs such as FA which is a by-product from combustion of coal in thermal power stations 

and GGBS, by-product of iron ore or iron pellets and coke and a flux mix. FA mainly 

consists of silicon dioxide, aluminum oxide, and iron oxide. The chemical composition of 

GGBS varies depending on the composition of the raw materials in the iron production 

process. The ore and coke impurities such as silicate and aluminate are mixed in blast furnace 

with a flux.  Both FA and GGBS are pozzolanic in nature.  

 The replacement of cement by SCMs can be done either directly at the concrete batch 

plant, or during the production of blended cements.  Increased use of FA and GGBS reduces 

greenhouse gas emissions because less cement is required therefore less hydration will occur.  

In addition to reducing CO2 emissions, other potential benefits of using FA and GGBS 

include their disposal costs, significant opportunity to reduced landfill volumes 

manufacturing energy savings, lower-cost concrete, and reduction of water needed to 

produce the concrete.   

 US grown plant-based natural-fiber (Kenaf fiber) is an admixture that can be used to 

obtain sustainable concrete. KFRC as a new lighter weight and yet tougher concrete while 

maintaining desirable material properties will directly enhance the merits of precast concrete 

[4]. Additionally, the lighter weight and better performance will reduce the energy 

requirements for concrete manufacture and delivery, thereby reducing greenhouse gas 

emissions. CO2 sequestration is another positive impact of this kenaf. One acre of kenaf 

captures as much CO2 as three acres of rain forest. Much of the captured CO2 can be 

permanently trapped inside structures used in construction. At present, only a small fraction 
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of the one billion pounds annual worldwide production of natural fiber (flax, jute, hemp and 

kenaf), is in the United States [5]. Almost none of it is utilized in true structural applications. 

Due to legal restrictions, climate and other factors, kenaf is the natural fiber best suited for 

North American production, and is an excellent replacement for tobacco as a cash crop. In 

addition, the use of kenaf fiber as a water absorbent component in concrete may enable a 

low-cost approach to tougher and lighter weight concrete by using internal curing 

mechanism. Economically viable bio-based fiber reinforced concrete can be used to create 

damage tolerant and thermally efficient structures, reduce carbon footprint, and provide 

sequestration of carbon dioxide.  

 Lightweight aggregate (LWA) is another material that can play an important role in 

today’s move toward sustainable concrete. Being much lighter than conventional aggregates, 

due to cellular or highly porous microstructure, LWA contributes to sustainable development 

by reducing transportation cost [6]. Also, LWAs have better fire resistance properties 

compared to conventional aggregates [7].   Furthermore, LWAs often are made of waste 

materials during a high temperature baking, which reduce the need of using naturally 

occurring mineral aggregates. Besides direct contribution of LWA to sustainability, it may 

have an indirect positive effect on concrete’s mechanical properties, too. The use of internal 

curing generated by LWA may substantially mitigate self-desiccation and resulting 

autogenous deformation and cracking thus reducing transport properties such as diffusion, 

and sorptivity [8]. This may increase the service life of concrete structures through more 

resistance against water permeability and freeze-thaw damage. All these benefits of LWA 
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can compensate the energy use during LWA production. Also, the enhanced hydration and 

increased compressive strengths provided by internal curing specifically in Interfacial 

Transition Zone (ITZ) may allow for small but significant reductions in cement content in 

many concrete mixtures, thereby significantly reducing the carbon footprint of each cubic 

meter of concrete used all over the world.  

 The sustainable cement based materials might experience fire in their life time or are 

used in environment subjected to high temperature, e.g. new generation of nuclear power 

plants. Good understanding of physical and chemical changes of these materials exposed to 

high temperature is necessary for human safety and material serviceability. Concrete has a 

good service record in this respect, and its response to elevated temperature has been studied 

for about 50 years [9]. But material properties of sustainable concrete might vary differently 

with temperature than those of normal concrete. Such difference might result from thermal 

degradation of hydration products at the nanoscale. Nanoscale study of thermally damaged 

sustainable concretes can provide insight into thermal degradation of their hydration 

products, thus providing scientific basis for their future application in high temperature 

environment.   

 Approximately 70% of fully hydrated cement paste consists of C-S-H gel, 20% 

Calcium Hydroxide (CH), and the rest are ettringite, calcium monosulfate aluminate, 

unhydrated clinker residue and other minor constituents [10]. Also, it is well established that 

C-S-H and CH are two main hydration products of calcium silicate based cements. Recent 

studies by Ulm and coworkers have illustrated that there are three types of C-S-H (LD C-S-
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H, HD C-S-H, C-S-H/CH nanocomposite) in hardened cement paste [11-16]. Together with 

other research by Jennings [17-19] a useful model suggests that LD C-S-H and HD C-S-H 

are composed of main elementary particles with different nanoscale porosity, while C-S-

H/CH phase is comprised of a nanocomposite of C-S-H and CH [15]. The average nanoscale 

material responses (e.g. indentation modulus and indentation hardness) for each of these 

three C-S-H phases are virtually the same for all portland cement pastes tested to date [11-16, 

20-22].  

 Nanomechanics and nanotechnology is an inevitable consequence of the evolution of 

knowledge and the instrumental capability to explore the composition, behavior and 

nanomechanical properties of material with submicron resolution. The observed properties 

have proved to have interesting physical and chemical meaning, which cannot be detected in 

matter at larger scales. With a typical running force range of 1 µN to 500 mN and 

displacement range of 1 nm to 20 µm, nanoindentation technique bridges the gap between 

atomic force microscopy (AFM) and macroscale mechanical testing. Understanding the 

mechanical properties of concrete is one of the main purposes of the science of cement. This 

is not a straightforward question as concrete is complex heterogeneous material whose 

mechanical properties can vary substantially from point to point. Also, mechanical properties 

of concrete as a composite material depend on microstructure and even smaller scales. 

Therefore, nanoindentation technique could be a useful tool to better understand the 

submicron mechanical properties of concrete.   
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 While indentation tools had previously been limited to homogeneous materials or to 

thin films with known geometries, because of its small probe size, it could be used to 

measure local material properties in small, thin, and heterogeneous materials. Recent work 

by Ulm and co-workers [11, 13, 23, 24, 25] has provided the experimental techniques and 

analysis tools to provide a reliable, mechanical means of identifying the relative volume 

fractions and spatial distributions of cement hydration products in concrete samples produced 

with conventional cements. Nanoindentation can be used to understand differences in 

hydration products that result from water availability for clinker during hydration. With 

respect to the absorbency of natural fibers and LWA in concrete, nanoindentation should be 

able to discern effects in terms of different volume fractions of C-S-H phases, both in bulk 

quantities and in spatial variations near fiber locations. Also in case of concrete with fly ash 

and slag, nanoindentation can demonstrate different microstructure of the concrete.  

Although the benefits of a lot of chemical and non-chemical concrete admixtures and 

SCMs to provide strength or internal curing in concrete have been evidenced in the 

laboratory and some field investigations extensively [26-32], the majority of conducted 

research is limited to measure and understand these material properties at larger length-

scales, which fails to capture the true role of nanoscale mechanisms at play. Moreover, 

engineers require net material data for design or evaluation of damaged reinforced concrete 

members, and simple comparison of physical and chemical alteration in microstructure to 

either an established specification or to a control mixture may not be sufficient to address all 

aspects of serviceability [26]. Micromechanical properties affected by different type of 
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mixtures may not have the same relationship for all cement-based materials. Since many 

macro-scale properties of concrete are closely correlated to its micro and nano properties, 

establishing correlation between different scale-levels can provide insight into 

macromechanical properties prediction. Therefore, it is extremely useful to have a complete 

knowledge about nanoscale mechanical properties of these types of cement-based materials. 

1.2 Problem Definition and Objective 

The main objective of this research is multiscale modeling of four kinds of 

sustainable concrete from submicron scale level, which is done by NI technique, to 

macroscale. Since concrete is a composite whose microstructure contains random features 

over a wide range of length scales, four scale level was introduced in order to upscale the 

nanoscale results more accurately.   The immediate objective of this research is to determine 

the local mechanical properties, particularly the nanoscale elastic modulus, hardness and 

dissipated energy of all distinguished mechanical phases in cementitious materials. To 

achieve this objective, the following tasks are conducted:   

(i) Determine effects of kenaf fibers on properties and volume fractions of hydration 

products, in bulk and near the fibers. 

(ii) Determine effect of FA, GGBS on properties and volume fractions of hydration 

products. 

(iii) Determine effect of high temperature damage on concrete containing FA and 

GGBS. 
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(iv) Determine effects of possible Internal Curing (IC) of LWAs on nanostructure of 

concrete containing FA and GGBS. 

(v) Determine high-temperature damage effect on LWAC microstructure.  

(vi) Understand the experimental results by considering physical phenomena that lead 

to these results 

(vii) Link experimental observations and hydration models through a multiscale 

continuum micromechanics approach, suggesting a method for optimization of 

mechanical properties. 

Findings from this work will be compared with macroscopic test results in [5] and 

[26] and will provide insight into complex macroscopic phenomena of the investigated 

sustainable concretes.  Future work in this area could add quantification of “sustainability” 

bringing this criterion as a part of the mix design optimization. 

The first five research tasks involve NI and are accomplished in three steps. The first 

step includes sample preparation and assessment of roughness by using Atomic Force 

Microscopy (AFM) and optical microscope images.  Roughness of sample surfaces were 

inspected and reduced to appropriate level to avoid creating another length scale. In the 

second step, a grid NI campaign was performed to characterize the nanoscale composition 

and mechanical properties of different cement pastes. Processing and extracting material 

properties from NI is the third step which was carried out with Matlab programming. In this 

step nanomechanical properties of individual hydration products were identified by applying 

probabilistic deconvolution methods to the grid NI data.  
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To understand the experimental results, different hydration products formed in the 

cement pastes were interpreted and related to concrete mix composition and physical 

phenomena. Finally, multiscale modeling of the cementitious materials is developed with 

stiffness homogenization using continuum micromechanics in order to achieve deeper 

understanding of concrete microstructure’s effect on its macroscale properties.  

1.3 Industrial and Specific Benefit  

The importance of multiscale modeling of sustainable concrete in the industrial 

setting is mostly due to the increasing interest to use environmentally friendly materials. 

Since growing demand for portland cement is accounting for roughly 5-8% of global man-

made CO2 emissions, sustainable concrete is a viable alternative to diminish CO2 emission. 

Nowadays ecological burden is more stressed, since construction materials should conform 

higher loading requirements while satisfying growing worldwide consumption. The growing 

demand for material sustainability, energy efficiency and recyclability calls for development 

of new concrete composites. One reliable methodology to achieve this goal is better 

understanding and controlling the nanostructure of concrete. This will be able to produce the 

lighter weight and better performance concrete and as a consequence reduces the dead load 

of structure, and energy requirements for concrete manufacture and delivery, thereby 

reducing greenhouse gas emissions. 

In addition, by examining the microstructure of sustainable concretes after exposing 

to high temperature, new findings regarding hydration products deterioration of these 
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materials may be revealed.  On the basis of these findings, if a concrete structure is required 

to maintain its functional and performance requirements at moderately elevated temperatures 

(e.g., 200-300˚C) for extended periods of time, techniques for optimizing the design of 

material properties to resist these exposures should be investigated. 

The results of this dissertation directly impact the concrete industry and purpose of 

CO2 reduction, and significantly help the production of low-CO2 construction materials in 

the industrial sector by optimizing the concrete mixture. The methodology can be used in 

concrete industry to attain mechanical properties in inexpensive and faster fashion.       

1.4 Outline of Dissertation 

 The structure of this dissertation consists of nine main chapters. The literature 

relevant to each chapter is reviewed in introduction section of each chapter and findings of 

each study are summarized in conclusion section.  

Chapter 1: In this chapter a general introduction is made regarding sustainable cement based 

materials before and after thermal damage. In order to emphasize on importance of this 

research, problem is defined and industrial and scientific benefits are clarified.    

Chapter 2: The multiscale modeling of concrete is illustrated in this chapter. Pore structure 

and features cement hydration which play critical role in multiscale nature of concrete then 

was presented.  

Chapter 3: NI test along with grid indentation technique are reviewed in this chapter.  

Possible errors may arise during NI tests and NI instrument calibrations were explored. 
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Sample preparation for NI technique was recalled as it will be referred throughout the 

dissertation.  

Chapter 4: Nanoscale mechanical properties of Kenaf fiber reinforced concrete is explained 

in this chapter. Both bulk and ITZ of Kenaf and aggregates are characterized by NI 

technique.  

Chapter 5: Nanomechanics of concrete containing fly ash and slag before and after thermal 

damage were presented in this chapter.  

Chapter 6: Influence of lightweight aggregate on thermal resistance of concrete containing 

fly ash and slag was investigated in this chapter. Bulk cement paste and ITZ nanoscale 

properties before and after thermal deterioration were explained in detail. 

Chapter 7: Internal curing caused by lightweight aggregates was discussed in detail. Both 

ITZ and bulk cement paste were scrutinized in order to understand the internal curing effect 

of lightweight aggregate on microstructure.  

Chapter 8: In this chapter, first different homogenization schemes were reviewed. Then 

nanoscale mechanical properties of studied materials were upscaled to macroscale level. The 

chapter was wrapped up by comparing upscaled outcome with traditional macroscopic 

results.     

Chapter 9: Finally, main conclusions, current limitation and future works of the dissertation 

are given in chapter 9.     
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CHAPTER 2. The Multiscale Nature of 

Concrete 

In this chapter the multiscale nature of cementitious materials was addressed. In order 

to better understand the multiscale nature of concrete, pore structure in concrete at different 

length scales and cement hydration chemistry also were reviewed in the following sections.  

2.1 The Multiscale Model for Concrete 

Concrete is a highly heterogeneous composite construction material whose 

microstructure contains randomly dispersed features. Concrete is primarily composed of 

cement paste, sand, coarse aggregate, and admixtures. Each of these ingredients are 

heterogeneous themselves at a certain level of observation and have different stiffness and 

strength. Therefore, the heterogeneity of concrete exists in a variety of length scales from 

nano to macro. It is widely recognized that many macroscopic phenomena of the concrete 

originate from the mechanics of the underlying nano and microscale structure. All the 

mechanical, physical and chemical properties of the ingredients including stiffness, strength, 

size, shape, volume fraction, and spatial distribution can have impact on the behavior and 

prediction of material behavior observed at macroscale. Finding the relationship between the 

small and large scale level has been a challenge confronting scientists for decades. If this 

relation is found, macroscopic properties can be predicted, captured and controlled in a more 
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accurate way by adjusting fundamental nano and microstructure. Also, modeling will help to 

predict damage or find out the source of damage if damage mechanisms in smaller scales are 

understood. 

 

Figure 2.1 Schematic representation of top-down five scale levels model for 

normal concrete 

There are two general approaches in multiscale modeling, bottom-up and top-down. 

The bottom-up approach begins with high resolution modeling and input from lower scale is 
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incorporated to pass information to the upper scale model. The bottom-up methodology will 

be addressed in detail for concrete in chapter 8. The top-down approach starts with observed 

features on a high level of a system and then stepwise increases their level of detail with the 

starting level directly backed-up by the data. In Figure 2.1, using the top-down approach 

normal concrete complex microstructure was divided schematically into different scales of 

structural units.  

Accurately modeling the mechanical properties of cement based materials requires 

examination in very large range of magnification. Nowadays, fast development of 

experimental tools has made it possible to observe and scrutinize the concrete microstructure 

at very fine scale levels. This undoubtedly contributed much to our understanding of 

microstructure of cement and concrete. The range of the random microstructure of concrete 

encompasses nine orders of magnitude in size from nanometer (10
-9

m) to meters (m). In 

following sections, five scale levels along with appropriate techniques that usually are used 

to examine the pertaining scale properties are discussed. 

2.1.1 Scale level IV: Concrete ( 210l m ) 

At the sub-centimeter scale, concrete can be considered a three phase material 

including mortar, coarse aggregate from 1mm to 30 mm size which is dispersed in the 

mortar, and ITZ. These three phases together characterize the macroscopic performance of 

concrete. The classical strength porosity relationship model was based on the two-component 

system [27, 28]. However, the importance of the aggregate-cement paste interfacial zone, as 
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the third and weakest component of concrete, has been recognized for some time [9, 29]. 

This scale is the visual scale level in which no detail of hydration products can be resolved. 

Due to large dimension of the composite at this level, mechanical features can be obtained by 

conventional test methods such as compressive and shear experiments, e.g. [5, 26]. A cross 

section of concrete made with crushed limestone is shown at scale level “IV” in Figure 2.2. 

 

Figure 2.2 Polished cross section of hardened concrete made with  

crushed limestone at scale level “IV”  

2.1.2 Scale level III: Mortar ( 4 210 10  m l m ) 

Fine aggregate (sand), cement paste, entrained air bubbles in cement paste, and small 

pieces of admixtures such as fiber and crushed coarse aggregates are constituents making up 

this scale level. These components can be clearly observed under optical microscopes. In this 

scale level no detail of hardened cement paste can be viewed.  Figure 2.3 displays optical 

microscopic image of ordinary portland cement concrete.  
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         Figure 2.3 Structure of concrete at scale level III  

2.1.3 Scale level II: Cement paste ( 6 410 10  m l m ) 

Cement paste is a composite material made up of portlandite, unhydrated clinker, 

large capillary pores, rejected fly ash or slag, and the chemical phases such as C-S-H, CH, 

and ettringite that are a result of the cement hydration reaction. SEM has good resolutions at 

this scale, and can be used to observe morphology detail of hydration products with large 

crystals such as CH and ettringite. The energies of the entering electrons interact with 

material and are dissipated by a series of scattering events over a fairly large volume below 

surface. In cement paste this volume may be as large as 2-3 microns in depth and diameter 

[30]. The beam interacts with specimen and produces signals which can be detected as 

backscattered electrons (BSE) for elemental contrast, secondary electrons (SE) for 

topographical contrast and X-rays diffractions for chemical composition. Figure 2.4 shows a 

SE micrograph of normal concrete with x-ray diffraction. It should be noted that components 

in this scale level can be made visible in a high-powered optical microscope but with much 

100µm 

Sand 

Entrained air bubble 

void 

Crushed aggregate 

Cement paste 
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less resolution and depth of field compared to SEM.  Each individual color represents a 

chemical composition in cement paste.  

 

Figure 2.4 Secondary electron micrograph and x-ray diffraction for normal concrete 

2.1.4 Scale level I: Matrix ( 8 610 10  m l m ) 

At the sub-micron scale, different C-S-H packing densities, and small capillary pores 

greater than 10nm [31] characterize the behavior of the matrix. The detected dimension of C-

S-H phases is between 5nm to 100nm [17]. Furthermore, Jennings’s [18] work provides 

evidence that C-S-H nanoparticles are packed in two different packing densities so called LD 

C-S-S-H and HD C-S-H. The average pore volume of these C-S-H phases was reported 37% 

and 24% respectively. Because of the small dimension of the phases, direct mechanical 

properties can be measured by nanoindentation technique (depth resolution of NI instrument 
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is around 0.001nm). Ulm and his co-workers introduced nanomechanical properties of four 

C-S-H phases with different packing densities, mostly porosity (MP), LD C-S-H, HD C-S-H, 

C-S-H/CH nanocomposites, via NI technique [13]. According to Ulm et al. mostly porosity 

(MP) is comprised of loosely packed C-S-H particles. They found that w/c ratio affects 

volume fraction of different C-S-H phases in ordinary portland cement paste [14, 16]. Using 

this technique in cementitious materials will be discussed extensively in the following 

chapters.  

In this scale, chemical composition, atomic arrangements, topography, and high 

resolution image can be observed and interpreted by Transmission Electron Microscopy 

(TEM), Atomic Force Microscopy (AFM) and with less resolution, Scanning Electron 

Microscopy (SEM). Figure 2.5 shows AFM image of bulk cement paste. The image size is 

40µm×40µm.    

 

 

Figure 2.5 Atomic force microscopy image from cement paste  
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2.1.5 Scale level “0”: C-S-H ( 9 810 10m l m   ) 

C-S-H gels are made of nanoparticles whose smallest size is in order of 5nm [31, 32, 

33]. Using Small Angle Neutron Scattering (SANS), Jennings [31] modeled the globular 

nanoparticle with characteristic size of 5.6nm as the elementary block of C-S-H gels. Nonat 

[32] proposed brick type morphology for C-S-H nanoparticles with dimension of 

60×30×5nm
3
 by using AFM. Richardson [33] presented some excellent micrographs of C-S-

H gels using TEM. He attributed the C-S-H globules particles morphology to so-called inner 

products (IP) with particle size of 4-8nm and outer products (OP) which is comprised of 

aggregate of long thin particles with size of 3nm. 

2.2 Concrete Pore Structure 

Pore structure of concrete plays a critical role in mechanical and physical properties of 

concrete. In addition to the solid phase, in concrete microstructure, there is porosity in wide 

range of length scales extending from 10µm to as small as 0.5nm.  The pore system can be 

discontinuous or continuous, depending on surrounding microstructure, w/c and the degree of 

hydration [34].  Winslow [35] points out that the pore structure and sizes of the cement paste 

phase in concrete may be different from the plain paste. This demonstrates the importance of 

aggregates and sands on pores distributions and features.    

Pore sizes and distribution will be referred throughout this dissertation which makes it 

necessary to give brief introduction to the length scales and the features of pore systems in 

cement paste. Definition of different pores, their corresponding sizes and techniques that can 
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be used to characterize their properties all are summarized in Table 2.1. The values in the 

Table are taken from [9], [31], and [34].    

Table 2.1 Classification of pores and their corresponding features [9, 31, 34]  

Type of pore Definition Size Type of water Technique  

Entrapped air 

voids  
- 10mm-1mm - Naked eye 

Entrained air 

bubbles 
- 1mm~10µm 

Empty or 

evaporable bulk 

water 

OM 

 

Capillary 

pores 

large 10µm~50nm 
evaporable bulk 

water 
SEM, OM 

medium 50nm~10nm 
evaporable 

moderate menisci 
SEM 

Gel pores 

small 10nm~2.5nm 
evaporable 

strong menisci 

absorption 

MIP/IS 

nanopores 2.5nm~0.5nm 

non-evaporable 

no menisci 

intermolecular 

interaction 

absorption 

MIP/IS 

Interlayer 

space 
structural <0.5nm 

non-evaporable 

ionic, covalent 

bond 

absorption 

thermal 

Note: OM: optical microscopy, IS: impedance spectroscopy, MIP: Mercury intrusion porosimetry  

Pores larger than 1mm are called air voids, whereas entrained air bubbles are between 

10µm to 1mm. Entrained air bubbles and entrapped air voids are much larger than capillary 

porosities. The fundamental difference between them and capillary porosities is entrained air 

bubbles and entrapped air voids usually are not filled with water and have spherical shape. 

Pore sizes ranging from 50nm to 10µm are called capillary porosities which represents the 

space not filled by hydration products grains. Gel pores are in the range of few nm and are 

signifying internal porosity of C-S-H gel. Suggested by Jennings [31], the interlayer space in 



 

 

 

23 

C-S-H gels (<0.5nm) are not filled by liquid water, thus they cannot be characterized as a real 

pores as defined for cement paste.   

2.3 Cement Hydration  

Cement hydration is frequently referred in this dissertation, and is summarized in this 

section.  The hydration of portland cement is very complicated due to presence of several 

compositions, crystal structure, and variabilities in hydration products owing to availability 

of reacting components.  The distribution of phases in a cement paste will depend primarily 

on the composition of the cement clinker, the total amount of sulfate (including added 

gypsum), and the amount of time the cement has been hydrating.  

The principal mineral constituents of ordinary portland cement include four major 

components: C3S (tricalcium calcium silicate) (50%-70%), C2S (dicalcium calcium silicate) 

(15-30%), C3A (calcium aluminate) (5%-10%), and C4AF (Tetracalcium aluminoferrite) 

(5%-15%) [36]. Gypsum (5%) also is used to control the set of cement. Note that cement 

chemistry notation is used where C=CaO, S=SiO2, H=H2O, A=Al2O3 and F=Fe2O3. C3S 

(alite) is the most abundant and important composition in portland cements, contributing 

most of the early strength gain. C3S hydrates according to: 

3 3 2 32 6 3  C S H C S H CH  

tricalcium silicate+water calcium silicate hydrate+calcium hydroxide  

The hydrated C3S produces two main products, C-S-H and CH. Figure 2.6 exhibits 

secondary electron micrograph of C-S-H and CH in cement paste. According to Richardson 
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[33] fully hydrated alite grains which has high Ca/Si ratio tends to produce less dense phase 

so-called outer product (OP) C-S-H, or based on Tennis and Jenning’s terminology [17] LD 

C-S-H.  

 

Figure 2.6 SE micrograph of C-S-H bundles and platy CH crystals (adopted form [37]) 

C2S (belite) is less soluble than C3S, so the rate of hydration is slower. Although its 

hydration slightly contributes to early strength of concrete, it makes substantial contribution 

to strength of hardened cement paste. During the hydration of C2S same products are formed 

as those of C3S. It releases 1/3 times of CH compared to C3S. Its hydration can be written as: 

2 3 2 32 4  C S H C S H CH  

dicalcium silicate water calcium silicate hydrate calcium hydroxide        

CH tends to have large plate like crystals with distinctive hexagonal morphology [9], in 

this case it can be viewed by optical microscopes. A significant proportion of the calcium 

hydroxide is intermixed with the C-S-H gel, particularly the LD C-S-H. These crystals tend 

C-S-H 

CH 
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to be much smaller, with many under 1 µm in diameter, since their growth is impeded by the 

surrounding C-S-H solid [16]. In the case that CH is not intermixed with C-S-H, it 

contributes slightly to the strength and impermeability of the cement paste, as it reduces the 

total pore volume by transforming some of the liquid water into solid form with low surface 

area [9]. 

C3A is more soluble than C2S, and its hydration depends on presence of sulfate ions 

supplied by dissolution of gypsum.  

3 3 2 26 6 3 32C A C S H H C AS H


    

tricalcium aluminate gypsum water ettringite    

As shown in the reaction ettringite reacts with a lot of water.  Ettringite has thin and 

needle shape of cluster. Because of larger pores in ITZ than bulk paste, large crystals such as 

CH and ettringite are often found in ITZ [28].  Figure 2.7 shows the secondary electron CH 

hexagonal crystal and ettringite needle shape morphologies. If gypsum is consumed before 

C3A is completely hydrated, ettringite becomes unstable and transforms to 

monosulfoaluminate as following: 

33 6 32 4 122 4 3
 

  C A C AS H H C AS H  

tricalcium aluminate ettringite water monosulfoalu minate    

monosulfoaluminate has greater permeability and considered to be stable and visible as 

platelets in cement paste.  
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Figure 2.7 SE micrograph of CH hexagonal crystal and ettringite needle shape morphologies (adopted 

from [37]) 

The hydration of C4AF is analogues to C3A hydration but in slower fashion [38]. If 

enough soluble calcium sulfate (gypsum) presents the reaction can be in the form of 

34 2 32 3C AF 3CSH 21H C6(A,F)S H (A,F)H
 

     

ferrite gypsum water AFt+ferric alu minium hydroxide    

If sufficient gypsum is no longer available to react with ferrite, or temperature is higher 

than 70ºC AFt will covert to AFm [9]. The reaction reads 

34 6 32 4 12 3C AF C (A,F)S H 7H 3C (A,F)SH (F,A)H
 

      

ferrite AFt water AFm+ferric alu min ium hydroxide    

The SCMs are sometimes used as a partial replacement for portland cement. Two of 

most common SCMs are FA and ground granular blast-furnace slag. FA is reactive spherical 

particle with particle sizes extending from under 1µm to greater than 100 µm with the typical 

CH 

Ettringite 
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particle size less than 20 µm. Typically finer than cement particles (clinker particle size: 1-

50µm[9]), FA provide workability to concrete because of its shape. GGBS has particle size 

less than 45 µm. Hydration rate strongly depends on particle size. The finer the particle size, 

the larger the surface area, meaning faster rates and higher hydration degrees. The largest 

particles may never hydrate completely. The amount of unhydrated fly ash and slag can be 

high in high-volume fly ash and slag mixes [36].     

After setting, these SCMs react with lime (CaOH) part of Ca(OH)2 and produce more 

C-S-H.  The reaction can be written as 

Fly ash or slag Lime(CaOH) Water Calcium silicate hydrate    

2.4 Introduction to Studied Materials  

Nine types of concrete mixtures in three different groups were evaluated in this 

research. Each group includes three different mixtures. The groups I to III included Kenaf 

fiber reinforced concretes, concretes containing fly ash and slag, and lightweight aggregate 

concretes respectively. In these groups of samples, most of the complexity of materials stems 

from hydration of cement paste and the reaction of SCM in the mixture. Course aggregates 

and Kenaf are dispersed in the composite and their properties are known. However, the 

presence of LWA and Kenaf might cause different ITZ microstructure which should be 

examined carefully. In order to understand their cement paste microstructure well, the 

hydration products that might form in these concretes were analyzed. Specimens in group I 
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were built by Elsaid [5], whereas those in group II and III were built by McCoy [26]. Both 

works were aimed to obtain large-scale mechanical properties of the concrete mixtures.     

2.4.1 Concrete with Kenaf fiber reinforcement 

In these samples for the first mixture conventional concrete mixture ingredients was 

used. The ingredients were cement, water, sand, and coarse limestone aggregate. In second 

and third type of mixtures 1.2% and 2.4% of total volume of the mixture was replaced by 

Kenaf fibers. It was expected to observe same hydration products as in ordinary cement paste 

for the control sample. However, for the samples with Kenaf cement paste microstructure 

could be different. Also, ITZ of the Kenaf fibers is unknown region which will be 

investigated in detail. Further details about sample compositions are presented in Chapter 4. 

2.4.2 Concrete with fly ash and blast furnace slag 

 This group includes three sets of mixtures too. In these three mixtures some proportion 

of portland cement was replaced by 20% FA (conventional SCM quantity), 60% FA 

(enhanced sustainability) and 60% GGSB (routine sustainability) in mass-for-mass basis. 

Conventional granite aggregates were used in all the mixtures. This group of samples was 

called concrete containing fly ash and slag. It was expected that the free lime in the cement 

paste react with fly ash and slag to produce more C-S-H. Further details about the samples 

mixture properties are presented in Chapter 5. 
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2.4.3 Concrete with coarse lightweight aggregate 

In this group three types of mixtures were examined. Similar to group II portland 

cement was replaced by 20% FA, 60% FA and 60% GGSB. In addition, Stalite lightweight 

aggregate was used instead of granite coarse aggregate. This group of samples will be called 

LWAC. Presence of LWA in the concrete might change microstructure of both ITZ of LWA 

and bulk cement paste. In these samples CH is also expected to be consumed by SCMs.  

These samples alone with samples in group II provide comparison between conventional and 

lightweight aggregates effect on concrete with SCM microstructure. Further details on 

samples mixture properties are presented in Chapter 6 and 7. 

  2.4.4 Thermal damage of concrete 

A set of samples from each group of II and III, six samples in total, were studied after 

high temperature damage. According to McCoy [28] the damage to the samples was attained 

by exposure to 300±20º in muffle furnace for 30±2min. The samples were allowed to cool 

down to the temperature of 23±2ºC for 24 hours. It is expected that the samples will undergo 

dehydration and microstructural alteration. Examining the microstructure of concrete 

containing FA and GGBS with conventional and lightweight aggregates will enable to 

investigate the LWA and SCMs effect on concrete microstructure after thermal damage.     
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CHAPTER 3. Method of Grid 

Nanoindentation 

In this chapter, first, nanoindentation technique and associated parameters are 

reviewed. This is followed by presenting two statistical analyses of nanoindentation data in 

heterogeneous materials. Sample preparation is discussed in end of this chapter too. The 

methodology introduced in this chapter are used in Chapters 4-7. 

3.1 Nanoindentation Technique and Typical Procedure  

In general the nanoindentation technique is comprised of making a contact between 

an indenter tip with a known geometry and material surface. Usually in a nanoindentation 

test the penetration into specimen will continue until the maximum prescribed load is 

reached, followed by holding at the maximum load and then the unloading process. In this 

research for all indentation tests a trapezoid load history as shown in Figure 3.1 was 

prescribed following Vandamme et al. [16]. The load increased at a constant rate of

4 /mN min  till the load reached the maximum value of 2mN  and held at this level for 5 

seconds, then was unloaded with same rate as loading until the indenter tip was free of 

material. The whole indentation process, including table approach in z-direction, approaching 

with indenter, making contact, indentation stabilization and running test took up to 7min.  

The reason for holding time is to minimize the interference of creep behavior on elastic 
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measurements in materials like concrete, shale, and polymers where creep behavior 

dominates the elastic response of the material. It was found that when loading is followed by 

unloading without a hold at peak load, displacement increases slightly in the initial portion of 

the unloading part, because the creep rate of the material is initially higher than the imposed 

unloading rate [39]. This phenomenon brings about a negative and changing slope in the 

initial unloading region, therefore making it impossible to use the compliance method to 

measure indentation modulus. To eliminate this problem, 5 second holding time was 

incorporated at peak load into the applied load functions in order to allow the material to 

approach equilibrium prior to unloading [20]. 

 

Figure 3.1 Trapezoid loading protocol 

The test provides a continuous record of the variation of indentation load, P, as a 

function of penetration depth, h, as shown in Figure 3.2. The curve is typical P-h response of 

cement-based materials to NI test.   
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The mechanical properties of material can be derived from the cycle of load-

displacement curve through appropriate data analysis. The most prevalently used method for 

analyzing the loading history of a single indentation test was presented by Oliver and Pharr 

[40].  They proposed two main parameters that can be obtained directly by continuum scale 

models from measured data, indentation hardness, H, and indentation modulus, M. H and M 

are written as:  

max

c

P
H

A
   (3.1) 

2
c

S
M

A


   (3.2) 

where Pmax and Ac denote the maximum applied load, and corresponding projected contact 

area respectively.  

As depicted in Figure 3.2, S is the slope of the upper portion of unloading curve, at 

max load, which is assumed to be dominated by elastic recovery (no reverse plasticity) in 

nanoindentation test, and is described as:     

max

2
c

r

Adp
S E

dh P
    (3.3) 
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Figure 3.2 Typical nanoindentation response of cement based materials with associated parameters  

         In this equation rE  represents reduced plain stress of modulus of elasticity which is 

computed by compliance of sample and indenter tip stiffness and combined as a spring in 

series.  

2 21 11 i s

r i sE E E

  
    (3.4) 

 and 
 
are the modulus of elasticity, and Poisson’s ratio. The subscripts i and s refer to 

indenter and test material. When i sE E , the deformation only occurs in sample material.   

During loading, material underneath the indenter is heavily distorted, and upon 

unloading permanent deformation remains on the surface, which is called residual depth. 

Figure 3.3 shows a schematic cross section of loading and unloading processes and depth 

parameters in nanoindentation with Berkovich indenter. hmax, hf, hs, hc are total, residual, sink 

in, and contact depths respectively.    

E 
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Figure 3.3 Schematic cross section of nanoindentation test during loading and post loading  

Total nanoindentation depth is defined as below: 

max s c
h h h    (3.5) 

The contact area is then determined by relating cross-sectional area to hc.  Ideally, the contact 

area for Berkovich indenter is given by: 

224.5
ccA h   (3.6) 

Indenter penetration into the material results in a complex combination of recoverable 

and dissipated energies. Energy dissipation during NI has been used in different forms to 

characterize material properties in material science e.g. [41]. It indicates the amount of 

irreversible losses of energy during loading and unloading to induce plastic deformation. To 

compute the dissipated energy for NI test the elastic recovery energy is subtracted from total 

energy. In the current study, for applied loading history it can be calculated as: 

Elastic, total and dissipated energies can be calculated as follow: 

max

0
( )

h

T LU P h dh    (3.7) 

max

( )
h

E U
hr

U P h dh    (3.8) 
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D T EU U U    (3.9)                                              

max

max max
0 0

( ) ( ) ( )
d dh h h

D L d UU P h dh P h h P h dh


        (3.10) 

where and denote loading and unloading functions of penetration depth, which 

describe loading and unloading segments in P-h indentation diagram. hd is the penetration 

depth at the onset of constant loading. Unlike H and M which are determined from loading 

and unloading parts of the response curve, UD depends on both loading and unloading 

features as well as elastic recovery. Note that hmax and hp play important roles in determining 

the amount of dissipated plastic energy.  

The areas corresponding to and  are indicated in Figure 3.2.   

3.2 Equipment Calibration  

Many issues can arise in nanoindentation tests and take on extra importance 

compared to relatively stiff test-frames used at larger load- and length-scales used for tensile 

and compressive testing. One example is few microns error in penetration measurements can 

cause serious errors in NI tests, as it will not be a problem in large-scale material tests.  Here, 

it is important to note that the measurement of quantitative material property information 

from the indentation test data is based on a critical assumption. The assumption is the 

instrument-tip combination has been calibrated correctly so that reliable and reproducible 

results can be extracted. To this end, a nanoindenter system should be frequently controlled 

and calibrated and the loads and displacements of an indenter monitored. There are three 

( )LP h ( )UP h

EU DU
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types of calibrations that should be checked anytime that results look suspect or the 

instrument set-up damages as follows: 

(i)  Distance calibration:   In distance calibration, the distance between optical 

microscope and indenter must be checked. Uncalibrated distance can cause large 

error in position of indents and it is extremely important when a particular 

location is targeted for indentation testing, e.g. in the ITZ. With this type of error 

the indenter will land in different spot instead of predesignated one.  

(ii) Area calibration: According to the Oliver-Pharr method, computing modulus and 

particularly hardness depends on measured contact area between material and 

indenter tip. Therefore incorrect contact area can add significant error to the 

results. The raised error from uncalibrated contact area function can influence 

hardness rather than indentation modulus. In order to calibrate the contact area or 

in other word establish the correct relationship between contact area and contact 

depth the indentation test should be conducted on a well-polished material with 

known mechanical properties. In this study the area calibration was done on 

silicon dioxide (SiO2). Projected area of indentation at contact depth is often 

approximated by fitting polynomial as shown below for a Berkovich tip:     

2 1/2 1/4 1/8 1/16

0 1 2 3 4 5( ) ...c c c c c c cA h C h C h C h C h C h C h           (3.11) 

Practically speaking, as the power of the contact depth decreases the effect of the term in 

determining the contact area declines. By knowing the coefficients (C0, C1, C2,…) contact 
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area can be estimated for any contact depth. Note that for perfectly sharp Berkovich 

0C 24.5 , other terms reflect reality of imperfect tip geometry.  

(iii) Oliver-Pharr method [40]: Sometime because of nanoindentation machine 

compliance or uncalibrated part inside the instrument, the S (slope of unloading) 

is not measured correctly. Thus, to make sure hardness and modulus are 

calculated correctly, the NI test must be carried out on samples with well-known 

mechanical properties frequently. In this research the sample tests were done on 

Copper, and Silicon dioxide. The predicted values for hardness and modulus of 

both materials are listed in Table 3.1.  

Table 3.1 Predicted mechanical properties of Copper and Silicon dioxide 

 
M (Modulus)[Gpa] H(Hardness)[Gpa] 

Copper (Cu) 130~150 1.2~1.5 

Silicon 

dioxide(SiO2) 
71~72 10~12 

 

Trapezoid loading with different characteristics were implemented on the samples as 

suggested by CSM. Characteristics for loading protocols are shown in Table 3.2. Holding 

time for both loading was 5 seconds. 

Loading rate is critical parameter and should be chosen carefully, since it can affect 

both indentation modulus and hardness. By increasing loading and unloading rate both 

measured indentation modulus and hardness will be increased [42]. 
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Table 3.2 Characteristics for used loading programs [42] 

 

Max load 

[mN] 

Loading and Unloading 

rate[mN/min] 
Delta slope 

Poisson’s 

ration 

Copper (Cu) 150 300 60% 0.3 

Silicon 

dioxide(SiO2) 
80 160 80% 0.17 

 

3.3 Sample Preparation 

Sample preparation is the crucial step that should be done before conducting NI tests.   

Therefore, special attention was paid in preparation of the samples, particularly in polishing 

and preparation of the sample surfaces, since it could affect the results by introducing a new 

length scale into the analysis [43]. If the surface is not smooth and flat enough with respect to 

size of the indenter tip, different scenarios may happen: (i) If indenter tip comes in contact 

with valley (region with lower height) actual contact area can be underestimated and as a 

result the modulus and especially hardness will be overestimated. (ii) If the indenter tip 

makes contact with a peak (region with topographic prominence) because of stress 

concentration the indentation depth will be greater and consequently lower hardness than 

actual will be calculated. (iii) If part of indenter makes contact with an edge of roughness, 

contact area will be low and measured modulus and especially hardness will be higher than 

true values.  (iv) Slope on the sample surface is critical and is unavoidable in cement based 

samples, because of the procedure that were used for cutting and polishing. If the surface of 

the sample has slope, in other words the indenter tip is not perpendicular to the surface, the 

hardness and modulus can be overestimated or underestimated depends on edge or face of the 
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Berkovich indenter makes contact with surface [44]. Local waviness on sample surface also 

could be considered as a slope. Slope of the surface must be minimized as much as possible 

by using very sharp and aligned diamond saw for cutting the samples. Also during polishing 

consistent pressure should be applied on the sample to have consistency in polished surface. 

In order to reach appropriate surface roughness, according to [43] the samples were 

cut by diamond saw and machined to get a plane surface, and then were ground with 

decreasingly roughness size abrasive papers to have as smooth and flat surfaces as possible in 

all faces. The used four steps sandpaper polishing comprised of 15 min with a 240-grit 

diamond pad, 15 min with a 320-grit diamond pad, 20 min with a 600-grit diamond pad, 30 

min with a 1200-grit diamond pad. At every step the surfaces were observed under a 

reflected light microscope to check the effectiveness of the polishing. The process will 

incrementally decrease the roughness size from 50 µm, 30 µm, 15 µm till 5 µm. Finally, the 

upper surfaces were polished with 1 µm alumina pastes and propylene glycol on a TextMet 

pad for one to two hours. The sample surfaces were washed in ultrasonic bath to remove all 

the dust and possible dirt. The polishing continued until desired surface smoothness was 

achieved [43].  In order to check the surface roughness Atomic Force Microscopy (AFM) 

was used to assess the topography of the sample surfaces. Average Root Mean Square (RMS) 

was measured for the samples surfaces and it was assured that it is around Rq=10 nm on 

50×50µm area. Rq is the parameter depending on topography of surface and is defined by 

Miller et al. [43] and is defined as 
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i j

R z
N

          (3.24) 

Where N is the number of pixels in each scan edge and zij is the height at coordination 

of (i,j) from mean plane.  

3.4 Potential Sources of Measurement Error 

 Because of small scale of experiments in NI technique, controlling and observing of 

errors in NI test is much harder than large scale experiments where force and deformation 

can be visualized and checked by many ways e.g. strain gauges. Most of the error sources in 

NI tests are found by trial and error and experience. In addition to sensitiveness of the results 

to numerous sample preparation and instrumentation factors that is explained in previous 

section such as sample roughness, specimen tilt, contact area calibration, and nanoindenter 

compliance, accuracy of mechanical properties determined by NI technique can be impaired 

for various reasons. Following, overview of the possible sources of uncertainties and errors 

are provided 

(i) Errors can arise if the NI measurements are not done under appropriate 

conditions. The tests can be arranged in a more effective way if more is 

known about the tested heterogeneous material in advance. For example it is 

important to know about its microstructure, possible inclusions, their length 

scales and the influence of possible anisotropy. 
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(ii) The instrument directly measures the force vs. penetration depth, during 

loading and unloading steps, from which hardness and indentation modulus 

are estimated based on widely used Oliver-Pharr method. In this method the 

hardness and modulus highly depend on the contact area. The contact area is a 

function of contact depth which is estimated by instrument and usually should 

be correctly manually. Contact depth is the point that force increases because 

it hits the material surface. Any mistake in correcting contact point in load-

penetration curves can cause significant error in computing hardness and 

modulus. 

(iii) Concrete microstructure is highly heterogeneous. As far as NI test is 

concerned, for five phase composite concrete, it was found that about 10 grids 

in different spots on bulk surface are needed to determine true spatial 

distribution of mechanical properties of the bulk cement paste. Performing 

number of tests in few grids on specific regions can cause error in statistical 

analysis results, since it was believed that it will not able to capture whole 

cement paste microstructure.  

(iv) Number of tests has significant effect on statistical analysis results. Although, 

sufficient number of the tests to minimize the error is unknown, small number 

of tests cannot capture actual microstructure of cement paste bulk. Based on 

our experience in this dissertation, above 700-800 numbers of tests, after 
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eliminating force-penetration depth curves with irregular shape, is enough to 

characterize the bulk cement paste with acceptable accuracy.              

 3.5 Grid Indentation Technique  

Since concrete is highly heterogeneous, with one or few NI tests we cannot get 

nanomechanical properties of single material phases. Therefore bountiful tests followed by 

statistical analysis should be applied to obtain mechanical properties of different phases. 

Recent works by Ulm and co-workers [11, 23] have presented the grid indentation technique 

and related data analysis tools to provide reliable mechanical measurements and to identify 

relative volume fractions and spatial distributions of individual phases in complex 

heterogeneous composites. In the grid indentation method, a series of indentations are carried 

out on the surface of sample (Figure 3.4). The number of the tests should be enough to cover 

all material phases in the cement-based material. They also must be far enough apart so that 

each test can be assumed statistically independent.  

 

Figure 3.4 Schematic representation of gird indentation on cement paste surface 
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Also, grid indentation requires proper choice of indentation depth, so that each 

indentation result can be used as one discrete and uncorrelated event in statistical analysis. 

Based on analysis of length scales of the C-S-H globules and unhydrated clinker particles 

Constantinides et al. [13] suggested  

max
10

D
d h    (3.12) 

where d and D stand for the characteristic size of the largest heterogeneity of indented 

material and representative elementary volume respectively.  The best indentation depth to 

get access to each individual material phase is between 100nm to 300nm [13]. 

In brief, in order to acquire stable mechanical results from nanoindentation for 

different phases within the cement phase, it is important to achieve a good surface finish 

(Section 3.5) and a reasonable indentation depth, and a proper dwell time at peak load that 

minimizes the creep of individual phases. 

By satisfying all these conditions each indentation test can be treated as one statistical 

point and the whole data set can be analyzed by a deconvolution method to identify 

mechanically active material phases and corresponding properties. Consider a heterogeneous 

material that is composed of j=1, m phases, and i=1, n indentation tests have been done on 

the material.  The properties of each phase are identified as: 
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where ix  represents one such mechanical property (α = M, H or UD) from a single NI test, 

and jf ,
j

 and
j

 stand for volume fraction, mean and standard deviation of mechanically 

distinct  phases respectively.  Also  denotes the number of indentations on material phase j 

and N is the total number of indentation tests. The core purpose of a deconvolution method 

is to estimate seven unknowns,  , , , , , ,D DU UM M H H

i i i i i i jf        per phase j. 

3.5.1 Deconvolution by cumulative distribution function 

 In one deconvolution method by Cumulative Distribution Function (CDF), the 

experimental data are statistically analyzed to generate a frequency histogram, and unknown 

parameters are found by finding best fit for a theoretical CDF [11]. Note that since the 

change in the bin size, or the shift in the initial point of the histogram in probability density 

function (PDF), can affect the probability discrete values, CDF fit suits this problem. 

Therefore deconvolution technique begins with generating experimental CDF written as: 

 
1

( ) ; [1; ]
2

x i

i
C x fori n

N N

      (3.15)                                               

 

( )x iC x signifies observed experimental CDF produced from indentation N  tests.  

 Once the experimental CDF is constructed, by assuming that the distribution of each 

variable (M, H, UD) is a combination of several normal (Gaussian) distributions, each 

associated to a distinct phase, the adopted theoretical CDF of the indentation parameters (M, 

H, UD) can be written as: 

jN
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Figure 3.5 Schematic representation of empirical (solid line) and adopted theoretical CDF (dashed 

line) for two individual phase material  

  ix is a possible outcome of a single indentation trial which belonging to one of the 

phases (j) present within investigated region. The fit was performed on the cumulative 

distribution function (CDF) and using least square method optimization to minimize the error  
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D

n m
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i M H U j
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     (3.17) 

  

Figure 3.5 shows schematic representation of empirical and adopted theoretical CDF 

for two individual phase material. To make sure that there is not significant overlap between 

neighboring Gaussian phases, the optimization was additionally constrained by 

 
1 1; ( , , )j j j j DM H U              (3.18)                                   
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This limit also implies
1

x x

j j   .  

After finding the vector of unknowns , , , , , ,D DU UM M H H

i i i i i i jf      , theoretical 

PDF curves can be found (Equation 3.19) and plotted in order to display phase properties in 

more clear fashion (Figure 3.6). Mean and standard deviation for mechanical properties 

parameter in each phase is directly readable from these plots. Figure 3.6 shows two adopted 

normal distribution of PDF from experimental histogram.              
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        (3.19)                  

 

 

 Figure 3.6 Schematic representation of experimental and adopted normal distribution PDF for 

two phase material 

3.5.2 Deconvolution by statistical grouping method 

An alternative method of analyzing grid indentation results using finite mixture 

models has recently been introduced [25]. Since hardness, indentation modulus and plastic 
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energy are outcomes of the single experiment, their probability and its density are bivariate 

functions which can be defined in 2R space of M H by Gaussian mixture models [25]. In 

this model expectation-maximization (EM) algorithm, an iterative method, is applied to 

estimate maximum likelihood (ML).     

Finite mixture modeling starts by assuming that x1,…,xn are independent realizations 

of the characteristic vector X. In the case of multivariate normal mixture model the log-

likelihood function for vector of unknown parameters ( ) can be computed by: 

1 1

( ) log ( ; , )
n m

i j j

i j

LogL P x  
 

   (3.20) 

  Where ( ; , )i j jP x   denotes multivariate normal distribution function of event, ix . 

Unknown distribution parameters are estimated in two steps, expectation and maximization.    

Maximum likelihood estimation of unknown vector can be obtained by appropriate root of 

probability equation given by  

log ( )
0

L 







  (3.21) 

Where ( )L  is likelihood function for vector of unknown parameter ( ). EM 

algorithm is employed to solve above equation. Here the distribution of indentation 

parameters were implemented by non-commercial program (EMMIX) developed by 

McLachlan et al. [45, 46].  

 





 

 

 

48 

CHAPTER 4. Nanomechanical 

Properties of Internally Cured Kenaf 

Fiber Reinforced Concrete Using 

Nanoindentation1 

Kenaf fiber reinforced concrete (KFRC) is being considered as a more sustainable 

fiber reinforced concrete. The effect of water-absorbing kenaf fibers on the microstructure of 

concrete was studied using nanoindentation. Results showed that cement hydration products 

found in KFRC are similar to those in conventional concrete, but relative volume fractions of 

these hydration products differ in KFRC. KFRC samples have more C-S-H/CH 

nanocomposite and less LD C-S-H in bulk than would be expected for plain concretes with 

similar water-cement ratios.  Further nanoindentation experiments were performed in the 

interfacial transition zones around individual kenaf fibers, revealing a porous phase, a high 

percentage of LD C-S-H, and a lack of HD C-S-H in the fiber interfacial zones.  The water 

absorbance of kenaf fibers and associated internal curing effects explain both results.  

Enhanced production of higher density hydration products in KFRC may provide a pathway 

for optimal design of these materials. 

 

 

                                                 
This chapter is based on a paper that is under review in Cement and Concrete Composites.  
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4.1 Introduction 

The development of a tougher, stronger and lighter-weight concrete will enable a 

reduction in concrete quantity as a result of optimized concrete material/structural design. 

Also this can reduce shipment, practice and manufacturing cost.  Fiber from kenaf plant is 

one of the natural fibers which can be used in concrete for possible stronger or tougher 

concrete. While several other types of natural fibers have been studied for production of fiber 

reinforced concrete (FRC), investigations on the use of kenaf have been limited. Recently, 

kenaf crop has been studied as a potential replacement for the diminishing tobacco farming 

industry in the south-eastern United States. Also, kenaf fiber is of particular interest as it is 

among the most suitable natural fiber for US domestic cultivation and production, and it can 

grow in 50 states [47].  A recent study reveals that the kenaf plant absorbs approximately 1.5 

times of its weight in carbon dioxide, which represents the highest level of absorption of all 

of the plants studied [48].  

The concept of using fibers as reinforcement is not new. Fibers have been used as 

reinforcement since ancient times. Historically, horsehair was employed in mortar and straw 

in mud bricks to increase tensile strength. In the same manner, adding fibers (nylon, 

polypropolene, steel, etc) to concrete causes tensile strength to increase, and plastic shrinkage 

cracking to decrease [49].  In fact, by bridging micro and macro cracks, fiber enhances the 

tensile strength, toughness, ductility and residual strength of the concrete.  

Little research has been done on nanoscale mechanical properties of FRC, and most 

of the works stem from image analysis, scanning electron microscopy observation, and x-ray 
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diffraction [50, 51] which cannot provide any direct measurement of mechanical properties 

of material phases. Wang et al. [52] carried out a parametric study using nanoindentation on 

the interfacial transition zone between steel fibers and concrete matrix. Sorelli et al. [12] also 

investigated high performance concrete with steel fiber by statistical nanoindentation and x-

ray diffraction.    

In the last two decades, nanoindentation has proven to be a promising methodology to 

determine the mechanical properties of the material in nanoscale. In addition, in the last 

decade it has been applied to heterogeneous materials such as concrete, bone and shale by the 

so called grid indentation method or statistical nanoindentation [11, 12, 13, 16, 23, 24, 25]. 

Results from nanoindentation and other experiments have led to refined models of the 

hydration products in portland cement.    

Cement based materials with high strength are vulnerable to self-desiccation and 

early-age autogenous shrinkage and cracking, and can benefit significantly from the slowly 

released internal moisture caused by internal curing [8]. Internal curing refers to the process 

by which the hydration of cement continues due to the availability of internal water that is 

not part of the mixing water [54]. Water absorbed in the pore space of natural fibers 

represents a source of additional water for hydration which can cause internal curing. Since 

this water is delivered slowly, microstructure of hydrated cement products, porosity, and 

unhydrated cement may differ, both in the bulk matrix and in the interface between fibers and 

matrix. Although internal curing has been a focus of research for some time, little study has 

been made on the microstructure of cement hydration products in internally cured concretes 
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particularly using direct mechanical measurements.  Most of the existing research has been 

conducted with Scanning Electron Microscope (SEM) or backscattered electron microscopy 

(BSE) without a quantitative evaluation of mechanical properties [8, 56, 57, 58]. 

Nanoindentation can complement and extend the information provided by image analysis by 

providing mechanical measurements at length scales smaller than the scale of the 

characteristic microstructure. In this research, the nanoindentation technique was utilized to 

examine microstructure features of bulk cement paste as well as fiber-cement paste 

interfacial zone, and a possible local hydration effect near moisture retaining natural fibers. 

By implementing a massive nanoindentation campaign on natural kenaf fiber reinforced 

concrete (KFRC), better knowledge of the influence of water absorbent kenaf fibers on 

cement hydration products and their microstructure was made. This will lead to better 

prediction of macroscopic properties and optimal design practices. 

4.2 Experimental Program 

Several large scale KFRC specimens were prepared and built as discussed by Elsaid, 

et al. [48] to conduct compressive strength, splitting tensile strength and rupture experiments, 

and then the results compared to the behavior of similar concrete specimens without fibers. 

The mixture properties of samples which were used for nanoindentation test, two with 

different percentages of kenaf bast fibers and one plain concrete sample from the same batch, 

are outlined in Table 4.1. Kenaf fiber is made up of two components: an outer part and a core 

part.  The outer periphery (bast fiber) was used in the concrete mixture. Further information 



 

 

 

52 

about kenaf fibers, including typical mechanical properties is given by Elsaid et al. [48]. 

Kenaf bast fibers used in the mixture were not totally dry or saturated.  

Since kenaf is a water absorptive fiber, additional water was added to accommodate 

for the water absorbed by the fibers during mixing and to maintain workability of the 

concrete mixture. Following a procedure suggested by Castro et al. [55] the average water 

absorption of the fibers is 270% of the fiber weight and the average water content is 40% of 

the fibers weight. Hence, the amount of additional water needed to be added to the concrete 

mix was about 230% of the fibers weight. This additional amount of water was included in 

KFRC mixture.  The samples were six months old at the time they were tested by 

nanoindentation, therefore a steady state water content in the fibers is assumed after any 

absorption and desorption of water has taken place. 

For nanoindentation, three small scale samples were taken from cylindrical 

specimens, and trimmed using diamond saw in low speed. The dimensions of the samples 

were about 50×50×38 mm. Special attention was paid in preparation of the samples, 

particularly in polishing and preparation of the sample surfaces, since it could affect the 

results by introducing new length scale into the analysis [43].  
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Table 4.1 KFRC mixture proportions [48] 

Sample 
  Fiber 

Content 

Cement 
Fine 

Aggregate 

Coarse 

Aggregate 
Water 

Kenaf 

fibers 

Additional 

Water
*
 

HRWR
**

 w/c 

ratio 

(kg/m
3
) (kg/m

3
) (kg/m

3
) (kg/m

3
) (kg/m

3
) (kg/m

3
) (ml/m

3
) 

  
  

 

  
 

 

  

KF1 1.20% 810 648 648 284 12.2 27.9 2650 0.39 

KF2 2.40% 806 645 645 282 24.3 55.6 2650 0.42 

KC - 806 645 645 282 - - 2650 0.35 

*Added simultaneously with fibers 

**High Range Water Reducer 

In order to reach appropriate surface roughness, according to ref. [43] the samples 

were cut by diamond saw, and then were ground with decreasingly roughness size abrasive 

papers to have almost smooth and flat surfaces in all faces. Next, the upper surfaces were 

polished with 1 μm alumina pastes and propylene glycol on a TextMet pad for one to two 

hours. The surfaces were observed under a reflected light microscope frequently to check the 

effectiveness of the polishing. The polishing continued until desired surface smoothness was 

achieved. In order to check the surface roughness, Atomic force microscopy (AFM) was used 

to assess the topography of the sample surfaces, following the procedure suggested by Miller 

et al. [43]. The AFM data were obtained on 40×40µm areas and a Gaussian filter was applied 

to filter out spatial wavelengths greater than 8µm which is out of proportion of characteristic 

size of the indentation. Root mean square (RMS) roughness measurements of the samples 

were 54.15 nm, 71.65 nm, and 79.4 nm for KF1, KF2 and KC respectively.  Miller et al. 

noted for cement pastes subjected to a similar loading protocol, RMS roughness less than 100 

nm is acceptable [43].  In addition, since the average indentation depth was targeted to be 
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between 200nm-350nm, the RMS roughness is between 4 and 6 times the maximum 

indentation depth and is therefore in a tolerable range according to the criterion proposed by 

Miller et al. [43].  Also, the volume fractions of the hydration products of control sample 

were matching well with those in the literature [13]. Therefore the polishing process was 

considered acceptable. A SEM image of a fiber and surrounding area after polishing 

procedure is shown in Figure 4.1.  

 

Figure 4.1 SEM image of a sample surface, obtained after nanoindentation testing was completed.  

(The crack around the kenaf fiber is a result of vacuum desiccation in SEM chamber and was not 

observed during the indentation test.)    

The grids of indentation locations in specified areas on the samples were set to have 

spacing of  between indents. A large number of indentations was performed in each 

grid.  Each point in the indentation grid represents one test. To ensure the independence of 

measured mechanical properties for two neighboring indents, the spacing was specified 

greater than characteristic size of the largest heterogeneities in C-S-H microstructure scale 

5 m

10 µm 

Fiber Hydrated cement paste 

Unhydrated cement paste 



 

 

 

55 

level (D).  Special attention was paid to have indentation grids in different spots on the 

samples to capture all the material phases, while avoiding testing mostly on aggregate. The 

space between two adjacent indents was set to 3µm in the case of tests on interface 

transitional zone (ITZ). Also the number of the points in the horizontal and vertical directions 

of the grids was dependent on width and length of ITZ. For example a fiber in an optical 

microscope image (346 μm × 242 μm) is shown in Figure 4.2.   Since the fiber was inclined 

the grid had to be 3×8 indents starting from cross to examine exactly interface zone.   

 

Figure 4.2 Kenaf fiber and surrounding area under optical microscope in the image size of 

346μm×242μm  

Before starting any set of grid indentation, topography of the surface was assessed by 

considering focal depths in an optical microscope to make sure there is no significant 

elevation difference between any neighbor points in the grid.  If the entire area to be indented 

is in focus, the location for the grid was considered acceptable. The maximum tolerance was 

3x8 indentations in fiber vicinity 

Kenaf 

Cement paste 

25 μm  
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set to 20 m .  Also, the data were checked at end of each set of indentations, and ones with 

discontinuous P-h curve or those violating the scale separability were eliminated.  In total 

780, 1268, 1234, and 904 indentation tests on KC, KF1, KF2 and fiber vicinity were 

performed respectively. The average indentation depth on aggregate and clinker was 

scattered in the range of 150nm-220nm, whereas on the kenaf ITZ was on order of 300nm-

700nm. In hydrated products the average indentation depth was between 200nm-350nm. 

4.3 Results and Discussion 

4.3.1 Mechanical properties in the microstructure of the samples 

Nanoindentation can identify three distinguishable C-S-H phases with different volume 

proportion in concrete materials, LD C-S-H, HD C-S-H and C-S-H/CH nanocomposite [15]. 

We also identified these three main phases in the matrix of the KFRC samples. Hardness, 

indentation modulus and volume fractions of the C-S-H phases in samples in bulk cement 

paste and kenaf ITZ are presented in this section. 

Figure 4.3 displays the experimental and fitted theoretical frequency distributions of 

hardness and indentation modulus extracted from the nanoindentation tests on KC, KF1, and 

KF2 using Gaussian probability density function method as described in [11]. These 

diagrams provide useful information about mechanical properties of distinct phases by 

converting discrete data to a continuous probability distribution. The mean relative error of 

minimization is 4% for indentation modulus and 0.1% for hardness.  Although there is some 

overlapping between bell curves in the plots, distinguishable peaks verify existence of three 
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C-S-H phases, LD C-S-H, HD C-S-H, and C-S-H/CH nanocomposite as well as clinker, 

portlandite and aggregate materials which have high hardness and indentation modulus that 

are well above the hydrated materials ( 65M  GPa, GPa) were clearly observed. The 

clinker and aggregate phase will not be discussed in subsequent sections.   
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Figure 4.3 Experimental and theoretical probability distribution function of indentation modulus and 

hardness (Solid line: Theoretical, Dashed line: Single PDF)   
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a) KC  

 

 
b) KF1 

 

 

 
c) KF2 
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Statistical mixture modeling using maximum likelihood deconvolution also was 

utilized to characterize distinguishable cement-paste phases, and associated mean hardness, 

modulus and volume fractions. The individual data points shown in the M versus H plots in 

Figures 4.4-4.6 are paired results from single indentation tests.  Mixture modeling using 

maximum likelihood finds the best grouping of these data points, and each grouping is 

denoted by a different color, and will enable to obtain visual relationship between M and H. 

The ellipses enclose 95% of the data belonging to each group according to the standard 

deviations and covariance of M and H for every single group.  Gaussian mixture model and 

associated mean indentation modulus and hardness of each group are also displayed in the 

Figures 4.4, 4.5 and 4.6.  The graphs demonstrate positive correlation between H and M in all 

three hydration products. Unlike LD C-S-H and HD C-S-H, C-S-H/CH nanocomposite is 

characterized by significantly higher dispersion of data points which indicates less degree of 

correlation relative to other two products. The bar chart on left bottom of the figures displays 

the volume fraction of five distinct phases. Two phases which were indicating clinker and 

aggregates are deleted from data dispersion graphs. Bayesian Information Criterion (BIC) of 

for the modeling is shown in Figures 4.4-4.6.   Lower value of BIC is preferred, whereas by 

including too many phases may result in overfitting. As shown in the BIC plots, by assuming 

five phases for finite mixture model good accuracy was achieved.   

The mean and standard deviation values of hardness and indentation modulus of 

hydration products of the samples obtained from maximum likelihood statistical analysis is 

reported in Table 4.2.  
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The values are in good agreement with those found based on the probability density 

function approach. Also, the measured indentation parameters for different C-S-H in the 

samples are consistent with each other within the ranges of variability. For comparison, 

indentation modulus and hardness characterization of different C-S-H which is adopted from 

[13] are outlined in Table 4.2. Most of the obtained mean values for hydrated cement paste 

phases are consistent with those characteristic values found for different cement pastes [12, 

13, 14, 15, 20]. The only minor disagreement is that mean value of indentation hardness of 

KF2 is lower than the values reported in [13], which could be attributed to surface roughness 

effects. In general, however, we found similar mechanical properties of hydrated materials in 

KF1 and KF2 as in previously measured in plain cement paste. 

 

Figure 4.4 Mixture model for KC 
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Figure 4.5 Mixture model for KF1 

 
Figure 4.6 Mixture model for KF2  
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Table 4.2 Mean values and standard deviation of indentation modulus and hardness 

for different C-S-H phases  

 

  MP LD-C-S-H HD-C-S-H C-S-H/CH 

Constantinides 

et al. [13] 

M [GPa] 
 

23.30 ±1.98 30.60 ±1.74 43.26 ±2.21 

H  [GPa] 
 

0.66±0.02 0.86 ±0.04 1.50 ±0.20 

KC 
M [GPa] – 21.75±0.65 31.67±2.22 45.08±4.06 

H  [GPa] – 0.33±0.02 0.88±0.11 1.36±0.37 

KF1 
M [GPa] – 21.95±0.77 32.25±2.25 45.83±2.75 

H  [GPa] – 0.35±0.02 0.93±0.11 1.42±0.27 

KF2 
M [GPa] – 20.22±0.51 29.34±1.03 49.73±1.99 

H  [GPa] – 0.18±0.01 0.54±0.05 1.41±0.42 

 

 

Figure 4.7- Volume fraction of hydrated materials in the samples 

Figure 4.7 provides the measured volume fraction of LD C-S-H, HD C-S-H and C-S-

H/CH nanocomposite in the tested samples. The values were obtained by the maximum 
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likelihood deconvolution method. A notable result is that in the samples with kenaf, the C-S-

H/CH phase volume fraction is increased at the expense of LD C-S-H, while the HD C-S-H 

volume fractions for all the samples were almost the same. This means that denser C-S-H, 

with relatively higher hardness and modulus, was formed in the bulk paste of samples with 

kenaf.  Recall the indentation tests on the KF1 and KF2 samples were performed randomly 

on the cement paste with a low probability of landing exactly on the fibers or the fiber 

interfaces. Note that the volume fractions were normalized by the total volume fraction of 

hydrated material phases (i.e. excluding two phases which possess very high indentation 

modulus and hardness attributed to portlandite, clinker and aggregate). 

4.3.2 Water cement ratio influence 

Vandamme et al. [16] demonstrated that water-cement ratio affects the relative 

volume fractions of hydration products in cement paste.  Volume fractions of C-S-H phases 

in different water-cement ratio pastes, as adopted from Vandamme et al., is shown in Figure 

4.8. Increasing w/c ratio brings about increasing LD C-S-H volume fraction, whereas HD C-

S-H volume fractions are decreasing. However, volume fraction for C-S-H/CH 

nanocomposite does not change significantly except when w/c=0.15.  For example for w/c 

ratio of 0.20 the HD C-S-H occupies 74% of hydrated phases, while for w/c ratio of 0.40 this 

value is about 29%.   Since the w/c ratio for KF2 and KC were 0.42 and 0.35 respectively, it 

was expected to have more LD-C-S-H and less HD C-S-H in KF2 compared to KC.  

However in both KFRC samples there was less LD C-S-H and more C-S-H/CH phase than in 
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KC. This discrepancy could be related to internal curing caused by kenaf fibers.  Internal 

curing, in addition to modifying the microstructure of the overall cement paste, should also 

affect the microstructure of the ITZ surrounding each fiber. Therefore, the fiber-matrix 

interface was subject to further investigation.  

 

 

Figure 4.8 Volume fraction distributions of hydrated phases in cement paste with different w/c [16] 

4.3.3 Mechanical properties of the microstructure of fiber-matrix interface zone 

The possibility of internal curing effects on fiber-matrix ITZ was investigated by performing 

large numbers of indentation tests on the interface zone between fiber and matrix. 

Mechanical properties of the transition zone between fibers and matrix may play an 

important role in the macroscopic properties of the cementitious composite.   
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Figure 4.9 exhibits the frequency distribution and fitted theoretical curves from the 

probability density distribution method for experimental data in the ITZ of the fibers. As 

shown, there is a distinct porous phase with low indentation modulus and hardness, and there 

is no evidence of C-S-H/CH phase.  Other mean values of hardness and indentation modulus 

agree well with the values reported in Table 4.2. 

 

Figure 4.9 Experimental and theoretical probability distribution function of indentation modulus and 

hardness for Kenaf ITZ (Solid line: Theoretical, Dashed line:  Single PDF)  
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Figure 4.10 Mixture model for the data of fiber-matrix interface 

The Gaussian mixture model results, shown in Figure 4.10, demonstrate the same 

results as the frequency distribution approach.  Volume fractions of the different phases 

around the fibers, aggregate, and from the random grids on a sample are presented in Table 

4.3. Considering Figure 4.9, Figure 4.10, and Table 4.3, it can be concluded that porous 

material around the fibers is formed at the expense of C-S-H/CH nanocomposite. Also in the 

vicinity of fibers, the volume fraction of LD C-S-H is much higher than in samples without 

fibers, or in the areas away from fibers in KRFC samples.  This indicates a lack of high 

density materials and low packing density around the fibers due to high water delivery for 

hydration and abundant space for the hydration products to form [16].   
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Table 4.3 Volume fraction of different phases in ITZ 

Phases MP LD C-S-H HD C-S-H C-S-H/CH  

Kenaf ITZ 0.27 0.35 0.38 - 

Aggregate ITZ - 0.20 0.54 0.26 

KF2 - 0.27 0.38 0.35 

 

Another possible reason for porosity and higher proportion of LD C-S-H in the kenaf 

ITZ could be related to theories about ITZs in general; the aggregates, including fibers, act as 

a wall and make packing of unhydrated cement particles inefficient [59, 60].  This inefficient 

packing persists during and after hydration because of one-sided growth of hydration 

products, and because of a preference for LD C-S-H to form in unconfined areas compared to 

a preference of HD and C-S-H/CH nanocomposite to form in confined areas.  Scrivener, et 

al.[60] have provided a detailed study of ITZ microstructure using Scanning Electron 

Microscopy (SEM) and computational image analysis.  Their results suggest that a zone with 

higher water/cement ratio extends about 15 microns from the aggregate surface.  Meanwhile, 

Diamond and Huang [61, 62] have argued that the ITZ is not as important as other 

researchers suggest, observing that the porosity and CH content in ITZ may be only 

marginally higher than that in surrounding bulk paste.  They also highlight experimental 

research which demonstrates a lack of dependence on ITZ proportions for chloride 

penetration, tensile and compressive strengths, and dynamic elastic modulus [61]. There is 

limited literature reporting on nanoindentation results in ITZ, although some reduction in 
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measured properties near aggregates is reported as long as the mixes do not include silica 

fume [12, 63, 64]. 

To investigate this effect in our samples, additional tests were performed in the 

aggregate ITZ.  Mechanical properties of C-S-H phases in the aggregate ITZ matched the 

expected values, and the volume fractions are reported in Table 4.2.  As expected, the 

aggregate ITZ has different microstructure compared to the bulk cement paste, but the 

difference is much smaller than in the Kenaf ITZ.  This suggests that in the fiber interface, 

some other mechanism beyond the typical effects of ITZ is at play. Since the water was 

absorbed by kenaf there was not enough water for further hydration around the aggregate, 

resulting in an ITZ with characteristics similar to those of the bulk paste similar to 

phenomenon that is described in refs. [65, 66].   

 

4.4. Hypothesis of Internal Curing 

In the bulk cement paste, nanoindentation results show that the presence of kenaf 

fibers tends to increase the production of C-S-H/CH at the expense of LD C-S-H, even 

though the overall water-cement ratio of the mix is increased. Conversely, in the kenaf ITZ, 

no C-S-H/CH is found while LD C-S-H and loosely packed C-S-H (MP) are observed. The 

two different scenarios happening in fiber-matrix interface and bulk cement paste may both 

be explained by considering the possible effects of internal curing on the production of LD, 

HD, and C-S-H/CH during the cement hydration process.  
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In the kenaf ITZ, the microstructure difference might stem from hygral equilibrium 

between fiber and porous cementitious matrix, where cement paste around fibers contains 

significantly higher water to cementitious materials ratio relative to their concentration in the 

bulk cement paste, because of a surplus of water near the fiber compared to the bulk. Due to 

absorption of free water into fibers during mixing, less water is available in the fiber-cement 

interface to react. Consequently, the degree of hydration is low in early stage which could 

cause self-desiccation of the cement paste. As cement hydration progresses, the relative 

humidity in bulk cement paste drops and absorbed water in Kenaf fibers releases. A possible 

pathway to form the phase dominated by mostly porosity might be that as the cement paste 

hydrates further, the smaller pores are diminished as a result of the C-S-H and CaOH crystals 

growth. The larger pores grow in size due to self-desiccation (walls of the pores are in 

tension), giving the impression of capillary porosity around fiber. In addition, since LD C-S-

H forms in capillary space which is not confined, the formation of more LD C-S-H in the 

kenaf ITZ is inevitable.  

Similar effects would be expected in aggregate ITZ if we were to assume that 

different microstructure in kenaf ITZ was a result of wall effect of kenaf fiber. But as shown 

in Table 3 different microstructure was formed around the aggregates compared to kenaf 

ITZ. The observation demonstrates that the difference between effective water-cement ratio 

in the aggregate ITZ and the bulk matrix is smaller than the difference seen in kenaf fiber 

ITZ. This is in good agreement with BSE observations from Elsharief et al. [67] as in low 
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water cement ratios (about 0.40) characteristic of aggregate ITZ and cement bulk is not 

distinguishable. Differing microstructure in kenaf ITZ is not a result of the wall effect. 

Meanwhile, in the cement bulk, the effective water-cement ratio is lower than the 

average water-cement ratio for the entire sample (since amount of water was absorbed by 

fibers and will bleed in fiber ITZ), therefore less water is immediately available for hydration 

of cement farther from the fibers.  However, as the concrete ages, water migrates from the 

fibers and areas near the fibers to volumes farther from the fibers, until moisture equilibrium 

is achieved between reservoirs and the surrounding cement paste.  Since the water content in 

the bulk cement is insufficient to achieve complete hydration, self-desiccation occurs and the 

additional water from the kenaf fibers is driven to the regions farther away from the fibers. 

Recent studies using x-ray microtomography have shown that water can move almost 2 mm 

from the source of internal curing, and that the water moves this distance between 24 and 75 

hours after casting [65].  An initial set has already taken place by 6 hours [66], so the 

additional hydration must take place within volumes where some hydration has already 

occurred, leading to enhanced production of HD and C-S-H/CH.  In summary, the results 

suggest that internal curing effects lead to the creation of higher porosity materials near the 

fibers, but lower porosity materials in the material bulk.  

The lower strength and concretes stiffness of ITZ translates directly into lower 

strength and stiffness values for concrete as compared to cement paste, but the increased 

production of HD and C-S-H/CH in the bulk paste may help stiffen and strengthen the 

overall concrete composite. On the other hand, much weaker ITZ brings about low strength 
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concrete, therefore a balance between strength of ITZ and bulk cement paste is needed in 

order to achieve overall high strength concrete. Exploiting this effect may help optimize the 

mechanical behavior of natural fiber reinforced.     

4.5 Chapter Summary and Conclusions  

Nanoindentation tests were carried out on two KFRC samples with 1.2% and 2.4% of 

kenaf and one plain concrete sample, as well as fiber-matrix and aggregate interfacial 

transition zones, in order to examine the effect of kenaf on the hydration and micromechanics 

of concrete. Hardness, and indentation modulus were calculated using Oliver and Pharr 

method, and statistical techniques were used to analyze the data. This research work has led 

to following conclusions: 

1- Although extra water (10% and 20%) was added to samples with fibers to 

compensate for the water absorbency of the fibers during mixing and casting, 

nanoindentation tests revealed that less LD C-S-H and more HD C-S-H was formed 

throughout the cement paste.  These results are contrary to the trend seen in 

conventional cement pastes, where increasing water contents tend to create lower 

density hydration products. 

2- Nanoindentation tests performed in the kenaf fiber ITZ revealed a significant volume 

fraction of porosity dominated material, while the C-S-H/CH nanocomposite phase 

was missing and the volume fraction of LD C-S-H is almost twice that in the concrete 

bulk. Results of tests performed in the aggregate ITZ did not show the same effects. 
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3- The microstructure of hydration products in KFRC may be explained by considering 

that water from the fibers is a source for internal curing of the cement.  Near the 

fibers, there is weak transitional zone between fibers and matrix associated with a 

high effective water to cement ratio that generates mostly porosity and inhibits the 

production of C-S-H/CH phase due to the absence of confined capillary space.  

Meanwhile, far from the fibers, internal curing water from the fibers provides a slow 

water delivery for hydration.  These hydration products are forced to form in more 

confined spaces, leading to high volume fractions of HD and C-S-H/CH phases.  

Additional studies to assess the movement of water during hydration of KRFC 

materials, perhaps by using x-ray microtomography, could help confirm the 

hypothesis of internal curing. 

4- Internal curing due to kenaf fibers illustrates a potential possibility of more tests for 

optimizing the mix design of KFRC materials. Long term performance of KFRC and 

degradation of fiber interfaces under weathering conditions must also be investigated.  
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CHAPTER 5.  Nanoscale Mechanical 

Properties of Concrete Containing Blast 

Furnace Slag and Fly Ash Before and 

After Thermal Damage2 

Portland cement blended with waste products such as blast furnace slag and fly ash 

are frequently used to create more sustainable concrete, but their nanoscale mechanical 

behavior, particularly after damage, has not been well-studied.  Here, nanoindentation 

experiments confirm that concrete produced with blended cements contains hydration 

products with nearly indentical nanoscale mechanical properties to the hydration products 

found in concretes produced with ordinary portland cement.  The volume fractions of the 

hydration products, particularly calcium-silicate-hydrate (C-S-H) phases, are formed in 

different proportions with the addition of fly ash and blast furnace slag.  After exposure to 

fire damage, the nanoscale behavior of concretes produced with fly ash and slag also matches 

the nanoscale behavior of conventional concretes.  This suggests that any macroscopic 

differences between fire damage behavior of blended cement concrete and ordinary portland 

cement concrete must have origins in a larger length scale. 

                                                 
This chapter is based on a paper:  

V. Zanjani Zadeh; C. P. Bobko, Nanoscale mechanical properties of concrete containing blast furnace slag and 

fly ash before and after thermal damage, Cement and Concrete Composites, 2013;37(1):215-221. 
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5.1 Introduction 

Blast furnace slag and fly ash have been used extensively as a successful replacement 

material for portland cement in concrete materials, to improve durability, produce high 

strength and high performance concrete, and bring environmental and economic benefits 

such as resource conservation and energy savings [9, 36].  Standards and practices for using 

concrete materials are based on years of experiments, research, and experience with 

conventional concretes, but significantly less information is available for concretes with 

replacement materials, so additional information about nano-scale mechanical properties of 

concrete with slag and fly ash is useful.  If nano-scale structure and behavior is similar for 

conventional and more sustainable concrete mixes, we have more confidence in applying 

conventional standards and practices to more sustainable concretes. Assessment of behavior 

after events that may damage concrete is of special concern.  For example, as part of a 

structure, concrete produced with supplementary materials such as slag and fly ash may be 

exposed to fire in its lifetime. Therefore assessing the mechanical behavior of the concrete 

after exposing to elevated temperature is critically important. In the present study, nanoscale 

performance of concrete containing slag and fly ash, both intact and after damage by 

exposure to elevated temperature, was investigated using a statistical nanoindentation 

technique in the submicron length scale.  
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5.1.1 Nanoscale mechanical properties of C-S-H 

It is well established that calcium silicate hydrate (C-S-H) and portlandite (CH) are 

two main hydration products of calcium silicate based cements. Recent studies by Ulm and 

coworkers have illustrated that there are three types of C-S-H (LD C-S-H, HD C-S-H, C-S-

H/CH) in hardened cement paste [11-16]. Together with other research by Jennings [17, 18] a 

useful model suggests that LD C-S-H and HD C-S-H are composed of main elementary 

particles with different nanoscale porosity, while C-S-H/CH is comprised of a nanocomposite 

of C-S-H and CH [15]. The average nanoscale material responses (e.g. indentation modulus 

and indentation hardness) for each of these three C-S-H phases are virtually the same for all 

portland cement pastes tested to date [11-16].  

The hydration of portland cement blended with slag or fly ash is more complex than that of 

pure portland cement. In concrete incorporating fly ash or slag, calcium hydroxide reacts 

with slag and fly ash to form calcium-silicate-hydrates [36], and in pastes with slag, the slag 

also hydrates simultaneously and reacts with other products [69]. XRD studies show that the 

main hydration products of portland cement blended with slag is essentially similar to those 

formed by hydration of pure portland cements [69], although calcium/silica ratios may be 

different [38, 70]. Pore volumes in cements blended with fly ash or slag tend to be greater 

than that similar paste made from pure portland cement, however they have finer pore 

distribution than normal concrete [68, 71, 72].   In later age, the pores in hardened slag-

cement pastes are more discontinuous than that in portland cement pastes [73].  Vandamme 

has performed indentation on cements with silica fume and a calcareous filler [14] and 
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Sorrelli et al. have reported on an Ultra-High Performance Concrete that includes silica fume 

[12].  These studies have also suggested that the main hydration products have similar 

products to those formed by pure portland cement. No indentation results on blended cements 

with fly ash or slag are available in the literature. Sakulich and Li [74] presented limited 

results on engineered cementitious composites with high fiber contents but did not perform 

enough tests to distinguish individual phases in cement paste. No other nanoindentation 

results on blended cements with fly ash or slag are currently available in the literature. 

5.1.2 Fire damage in cement 

Generally concrete is considered to have inherently fire-resistant properties owing to 

its low thermal conductivity and high specific heat; however it undergoes changes in its 

chemical composition and physical properties when it is exposed to elevated temperature [75, 

76]. The most important effects of elevated temperature on concrete are: dehydration of 

cement paste, porosity increase, strength loss, alteration of pore pressure, modification of 

moisture content, thermal expansion, thermal creep and spalling due to excessive pore 

pressure [77, 78].  

Many researchers have studied the resistance of concrete, with and without 

admixtures, to elevated temperatures [79-82].  Dehydration or loss of the non-evaporable 

water or water of hydration begins to take place when the temperature reaches 250 °C. 

Degradation becomes more pronounced between 200 °C and 250°C. At 300 °C strength 
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reduction is expected to be in the range of 15–40%, whereas at 550 °C and 700°C reduction 

in compressive strength would typically range from 55% to 70% of its original value [83-86].   

The resistance of concrete incorporating ultra-fine cementing materials such as 

metakaolin, silica fume, and other pozzolanic additives including fly ash and slag, to elevated 

temperature has been reported to be lower than normal concrete especially at temperatures 

above 400°C [38, 87-98]. Overall, there is a tradeoff between competing phenomena when 

SCMs are added to concrete. Refinement of pores or densification of the microstructure, 

typically associated with addition of SCMs, leads to a greater pressure build-up of water 

vapor when concrete is heated. This in turn leads to cracking and potentially to explosive 

spalling. On the other hand, reduction of CH during secondary reactions with SCMs can be 

advantageous because CH crystals are often an initial point of cracking during heating, and 

SCMs make the microstructure more homogeneous. 

Overall changes in mechanical properties due to elevated temperature can be tested 

by conventional methods. However, some phenomena that are interlinked directly with the 

microstructure can be disclosed exclusively by small scale methods like nanoindentation or 

SEM image analysis.  A few researchers have used image analysis to detect morphological 

alteration and microcracks of thermally damaged concrete [75, 86, 99]. A recent study has 

evaluated changes in crack density for blended cements exposed to temperature [28]. DeJong 

and Ulm [100] investigated the degradation of cement paste exposed to elevated temperatures 

at the nanoscale using statistical nanoindentation technique.  In summary, research suggests 
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that the deterioration of strength and cement paste materials with temperature is a result of 

dehydration of the main hydration products (CH(OH)2, and C-S-H). 

5.2 Experimental Program 

Three concrete mixtures with different percentages of fly ash and slag were produced 

for another study to assess crack density and elastic properties of fire-damaged sustainable 

concrete [26]. The total portland cement (Type II) in the mixture was replaced by 20% fly 

ash (Class F), 60% fly ash (Class F), or 60% slag cement (grade 100) by weight. 20 % fly ash 

replacement and 60% slag cement replacement are quantities often found in commercial 

construction while 60% fly ash is quite high but could be considered for enhanced 

sustainability.  The water to binder ratio for all three samples was 0.45. The composition of 

mixtures is shown in Table 5.1. 

Table 5.1 Mixture compositions [26] 

 

20% fly ash 60% fly ash 60%  slag 

Portland Cement (Type II) pcy 500 250 250 

Fly ash (Class F) pcy 125 375 

 

Slag Cement (grade 100) (pcf) 

  

375 

Sand (Natural,C33) (pcy) 1085 985 1100 

Stone (#67 C33)(pcy) 1800 1800 1800 

water (pcy) 283 283 283 
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Standard tests were performed on companion cylinders and results from these tests, 

along with more details about the samples and their preparation, are reported by McCoy [28]. 

Curing conditions are particularly relevant to this study. Fourteen 4 in × 8 in cylinders were 

fabricated for each of the three mixtures. Initial curing took place in the sealed cylinders for 

48 hours, and after samples were removed from the molds, they were cured in accordance 

with ASTM C31-08 for 36 days. Two disks, approximately 1 inch thick were cut from the 

middle of the cylinders and the disks were cured for 20 more days.  Standard tests were 

performed on companion cylinders and results are reported by McCoy [28].   From each 

mixture, one disk was air dried for 3 weeks, exposed to 300°C heat, submersed in a water 

bath for 7 days for crack density testing and then removed to an air-dried state again. For the 

nanoindentation tests were performed on samples from the air-dried disks months later.   

For nanoindentation, three small scale samples were taken from disk specimens, and 

trimmed using diamond saw in low speed. The dimensions of the samples were about 1×1×1 

inch. Special attention was paid in preparation of the samples, particularly in polishing and 

preparation of the sample surfaces, since it could affect the results by introducing new length 

scale into the analysis. If the surface is not smooth and flat enough respect to indenter tip 

size, three scenarios may arise. First, if indenter tip comes in contact with valley (region with 

lower height) actual contact area can be underestimated and as a result the hardness will be 

overestimated. Second, if the indenter tip makes contact with a peak (region with topographic 

prominence) because of stress concentration the indentation depth will be greater and 

consequently lower hardness than actual will be calculated. Third, if part of indenter comes 

http://www.sciencedirect.com/science/article/pii/S0958946512002089#b0225
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in contact with an edge of roughness, which in this case contact area is low and measured 

hardness will be higher than true hardness.       

In order to reach appropriate surface roughness, according to ref. [43] the samples 

were cut by diamond saw, and then were ground with decreasingly roughness size abrasive 

papers to have almost smooth and flat surfaces in all faces. Next, the upper surfaces were 

polished with 1 μm alumina pastes and propylene glycol on a TextMet pad for one to two 

hours. The surfaces were observed under a reflected light microscope frequently to check the 

effectiveness of the polishing. The polishing continued until desired surface smoothness was 

achieved [43].  In order to check the surface roughness Atomic force microscopy (AFM) was 

used to assess the topography of the sample surfaces. Root mean square (RMS) [43] 

roughness measurement of the samples were 4.53, 4.33, 6.19 nm for undamaged samples 

with 20% fly ash, 60% fly ash, and 60% slag, and 8.49, 8.44, and 38.5 for damaged samples 

with 20% fly ash, 60% fly ash, and 60% slag  respectively.  The images were obtained on 

40×40µm areas and Gaussian filter was applied to filter out spatial wavelength less than 8µm 

which is out of proportion of characteristic size of the nanoindentation. Since average 

indentation depth was greater than 2Rq, roughness of the sample surfaces was acceptable.   

Before doing any nanoindentation tests, care was taken to assure that tip area function 

was properly calibrated for the range of penetration in all the existing phases. This was 

achieved by calibrating indenter tip area function by doing test on standard fused silica 

specimen.  Also distance between microscope and indenter was calibrated to make sure the 

indenter will land at the spot that is expected. 



 

 

 

82 

5.3 Results 

5.3.1 Undamaged concrete with blended cement 

Distinguishable sets of nanoindentation results corresponding to material phases in 

hardened concrete were separated by the Gaussian mixture model deconvolution method. For 

a more intuitive presentation of the results, probability density distributions of indentation 

modulus and hardness are shown in Figure 5.1. Identified phases include LD  C-S-H, HD C-

S-H and zones dominated by macroporosity (capillary porosity), which is present because the 

w/b ratio is above the stoichiometric limit. The indentation modulus and hardness and 

volume fractions of C-S-H phases of undamaged samples are displayed in Table 5.2.  The 

volume fractions are normalized to the total volume fraction of C-S-H phases since zones for 

grid indentation were chosen to avoid areas of aggregate.   

The average values for indentation moduli of the C-S-H phases are similar to those 

quoted in literature [12, 14, 100], also displayed in Table 5.2.  The indentation hardness is 

higher than expected, especially for HD C-S-H; the reason for this discrepancy is unclear.  

Note that in the blended cements, a C-S-H/CH nanocomposite phase is completely absent in 

the indentation results, and that the volume fractions of LD and HD C-S-H phases is affected 

by the presence of fly ash or slag. 
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Table 5.2 Indentation modulus, hardness and volume fraction of hydration products in undamaged 

concrete  

  LD C-S-H HD C-S-H C-S-H/CH  

or CH 

Indentation Modulus, M   - 

 OPC (w/c = 0.4),  Vandamme et al.[16] 22.5 ± 5.0 30.4 ± 2.9 40.9 ± 7.7 

 OPC (w/c = 0.5), DeJong & Ulm[100] 19.1 ± 5.0 32.2 ± 3.0 39.7 ± 4.5 

 OPC with 21% silica fume (w/b = 0.4),  

Vandamme [14] 

23.64 4.07 30.59 2.87 42.18 5.87 

 OPC with 20 % fly ash (w/b = 0.45) 18.72± 7.1 35.00± 6.5 - 

 OPC with 60 % fly ash (w/b = 0.45) 15.82± 5.12 32.88± 8.0 - 

 OPC with 60 % slag (w/b = 0.45) 21.63± 6.68 33.66± 

7.59 

- 

Indentation Hardness, H    

 OPC (w/c = 0.4),  Vandamme et al. [16] 0.61 ± 0.17 0.92 ± 0.1 1.46 ± 0.45 

 OPC (w/c = 0.5), DeJong & Ulm [100] 0.66 ± 0.29 1.29 ± 0.11 1.65 ± 0.17 

 OPC with 21% silica fume (w/b = 0.4), 

Vandamme [14] 

0.62   0.13  0.91  0.11 1.42   0.40 

 OPC with 20 % fly ash (w/b = 0.45) 0.93± 0.38 3.68± 1.98 - 

 OPC with 60 % fly ash (w/b = 0.45) 0.87± 0.34 3.14± 0.89 - 

 OPC with 60 % slag (w/b = 0.45) 0.97± 0.41 2.55± 1.13 - 

     

Volume Fraction, f    

 OPC (w/c = 0.4),  Vandamme et al. [16] 0.57 0.21 0.22 

 OPC (w/c = 0.5), DeJong & Ulm [100] 0.77 0.12 0.11 

 OPC with 21% silica fume (w/b = 0.4), 

Vandamme [14] 

0.60 0.21 0.19 

 OPC with 20 % fly ash (w/b = 0.45) 0.65 0.35 - 

 OPC with 60 % fly ash (w/b = 0.45) 0.57 0.43 - 

 OPC with 60 % slag (w/b = 0.45) 0.65 0.35 - 
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Figure 5.1 Probability distribution graphs of indentation modulus and hardness for undamaged 

samples with 20% and 60% fly ash and 60% slag 
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5.3.2 High temperature damaged concrete 

Probability density distributions of indentation modulus and hardness for the samples 

damaged by exposure to 300 °C are shown in Figure 5.2, and deconvolution results for these 

samples are listed in Table 5.3. The same hydrated phases found in the control samples were 

found in the concrete samples exposed to heat. Also, the volume fraction for all the phases 

was almost same before and after exposure to high temperature.  However, elevated 

temperature had a considerable effect on mean values of hardness and indentation modulus 

of the phases. All the mean values of damaged samples were lower than those in the control 

samples.  For ordinary cement pastes, DeJong and Ulm [100] also reported decline in 

indentation parameters for normal cement paste after exposing to high temperature.  Their 

data from 300 °C is also shown in Table 5.3, although DeJong and Ulm did not report values 

CH or C-S-H/CH nanocomposite phases. 

Table 5.3 Indentation modulus, hardness and volume fraction of hydration products in damaged 

samples  

  LD C-S-H HD C-S-H C-S-H/CH  

    or CH 

Indentation Modulus, M   - 

 OPC (w/c = 0.5), DeJong & Ulm [100] 14.2 ± 5.4 25.7 ± 6.1 40.0 ± 8.2 

 OPC with 20 % fly ash (w/b = 0.45) 12.31± 5.14 25.73± 12.74 - 

 OPC with 60 % fly ash (w/b = 0.45) 12.82± 5.54 30.08± 13.45 - 

 OPC with 60 % slag (w/b = 0.45) 13.84± 5.22 27.98± 11.38 - 

 

Indentation Hardness, H 

   

 OPC (w/c = 0.5), DeJong & Ulm [100] 0.55 ± 0.27 1.26 ± 0.24 1.92 ± 0.22 

 OPC with 20 % fly ash (w/b = 0.45) 0.64± 0.34 2.31± 1.26 - 

 OPC with 60 % fly ash (w/b = 0.45) 0.57± 0.38 2.21± 1.42 - 
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Table 5.3 Continued.     

 OPC with 60 % slag (w/b = 0.45) 0.46± 0.22 1.59± 0.83 - 

     

 Volume fraction, f    

 OPC (w/c = 0.5), DeJong & Ulm [100] 0.76 0.24 Unknown 

 OPC with 20 % fly ash (w/b = 0.45) 0.61 0.39 - 

 OPC with 60 % fly ash (w/b = 0.45) 0.53 0.47 - 

 OPC with 60 % slag (w/b = 0.45) 0.60 0.40 - 
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Figure 5.2 Probability distribution graphs of indentation modulus and hardness for the damaged 

samples with 20% and 60% fly ash and 60% slag 
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5.4 Discussion 

The nanoindentation results demonstrate that nanoscale mechanical properties of 

hydration products are the same or similar for conventional and blended cements, under 

normal conditions or after elevated temperature exposure. These results are similar to those 

found by Vandamme [14] for undamaged cement pastes with silica fume with a wide variety 

of different water/ cement ratios.  From a mechanical perspective, the hydration products in 

conventional cements and blended cements cannot be distinguished, confirming observations 

from XRD measurements [68].   

Volume fractions of hydration products do vary with cement replacement.  

Vandamme et al. [16] have shown that the volume fractions of hydration products are highly 

dependent on the w/c ratio of the cement paste.  It could be argued that in our blended 

cement samples, the water/cement ratio is more relevant than the water/binder ratio, but the 

nanoindentation results suggest that the water/binder ratio is most appropriate. As shown in 

Tables 5.2 and 5.3, the volume fraction of LD C-S-H for the studied blended concretes with 

w/b ratio of 0.453 falls in between reported values for w/c ratios of 0.4 and 0.5, and is fairly 

consistent between all three samples.   Water/binder ratios of 0.56 for the 20% fly ash sample 

and 1.13 for the 60% fly ash and 60% slag samples would be higher than those for any other 

nanoindentation experiments available in the literature.  Since these ratios are well above the 

stoichiometric limit, it is reasonable to expect only small deviation in volume fractions of C-

S-H phases from those in samples with w/c ratios near 0.5. 
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Tables 5.2 and 5.3 also show that in samples with blended cements, no C-S-H/CH 

nanocomposite was found, and instead the remaining hydration products are found to be 

entirely HD C-S-H phases.  In cements incorporating fly ash and slag, calcium hydroxide 

reacts with slag and fly ash inhibiting the formation of C-S-H/CH nanocomposite or 

any other form of CH.  Similar results were found by Vandamme [14] for silica fume, 

although his results still suggested the presence of a C-S-H/CH nanocomposite bound CH 

that did not participate in a secondary reaction.  The w/b ratio used in this study, however, 

was higher than in Vandamme’s work.  This could account for the absence of C-S-H/CH 

nanocomposite in our samples, because high w/b ratios inhibit the production of C-S-H/CH 

[16].   

In contrast to some macroscopic observations that concretes with blended cements are 

more sensitive to high temperatures than conventional concretes, our data demonstrate that 

the nanoscale degradation of mechanical properties in blended cements is similar to that for 

conventional concretes.  This suggests that macroscopic differences between damage of 

blended cements and conventional cements must arise from some microstructural feature at a 

scale larger than the scale of C-S-H hydration products. 

5.5 Chapter Summary and Conclusions  

Nanomechanical properties and microstructure of bulk cement paste of concrete 

containing GGBS and FA before and after thermal damage were characterized quantitatively 

using grid indentation technique. The technique relies on a large array of nanoindentation 
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followed by statistical analysis of resulting data was extended to high temperature damaged 

concrete containing SCMs. Following conclusions can be drawn:     

1. The nanoscale mechanical behavior of C-S-H phases in cement paste formed by 

ordinary portland cement and cements blended with fly ash and blast furnace slag are 

virtually identical.  Similar results were found for undamaged cements with silica 

fume.  Even if the chemical composition of the hydration products from blended 

cements is slightly different, their mechanical behavior may be modeled as 

indistinguishable from hydration products of ordinary portland cement.   

2. In blended cements, the secondary reaction consumes portlandite, and therefore 

inhibits the production of C-S-H/CH phase, a nanocomposite phase containing C-S-H 

and CH found in ordinary cement pastes.   

3. After exposure to temperatures associated with fire damage, hydration products in the 

blended cements experienced degradation of mechanical properties following a 

similar trend as ordinary portland cement.  

4. The water/binder ratios tested in this study were above the stoichiometric limit.  

Further research to assess the effects of blended cements on volume fractions of C-S-

H phases in mixes with low water/binder or water/cement ratios would be valuable 

for building or validating models of hydration and evolution of mechanical properties 

across a wide range of possible mix designs. 

 

 



 

 

 

92 

CHAPTER 6. Nanomechanical 

Investigation of Internal Curing Effects 

on Sustainable Concretes with 

Absorbent Aggregates3 

The effects of internal curing in concrete, the process of delivering water for cement 

hydration reactions using absorptive aggregates, are studied using nanomechanical test 

methods.  Although internal curing has been a focus of research for some time, little study 

has been made on the microstructure of cement hydration products in internally cured 

concretes, particularly using direct mechanical measurements.  In this research, the grid 

nanoindentation technique was utilized to examine microstructural features and mechanical 

properties of internally cured cement hydration products in concrete materials with fly ash 

and blast furnace slag. Internal curing was implemented by coarse lightweight aggregates 

made of expanded slate.  Large aggregate length scales allow for identification of interfacial 

transition zones near porous aggregates and zones far from porous aggregates.  Results 

suggest that internal curing effects are observable by nanoindentation methods.  A slower 

release of water from porous aggregates leads to the development of hydration products with 

                                                 
This chapter is based on a paper : 

V. Zanjani Zadeh, C. P. Bobko, Nanomechanical investigation of internal curing effects on sustainable 

concretes with absorbent aggregates, ASCE J., Poromechanics V, (2013), pp.1625-1634. 



 

 

 

93 

lower than expected porosity and higher than expected densities compared to concrete with 

conventional aggregate. 

6.1 Introduction 

Cement based materials with high strength are vulnerable to self-desiccation and 

early-age autogenous shrinkage and cracking. Depending on different relative humidity of 

environments, water can penetrate inside the cracks and cause further damage.  To diminish 

the sensitivity of concrete to cracking, in past few decades, it has been reported that concrete 

can benefit significantly from the slowly released internal moisture caused by internal curing 

[6].  

LWA’s have been used to provide internal curing for a few decades. Water absorbed 

in the pore space of LWA represents a source of additional water for hydration which can 

cause internal curing. Researchers have investigated both early and long-term behavior of 

LWA concrete, comparing mechanical properties and self-desiccation to conventional 

aggregate concrete (CAC) [101-106]. Bentz, Weiss and their coworkers have conducted 

research on early age cracking in concrete related to water absorptive properties of LWA 

[65,66]. Other materials that could function as internal curing agents, such as superabsorbent 

polymers [107,108], recycled aggregates [55], and pre-wetted wooden-derived materials 

[109] were also studied. Although internal curing using LWA has been a focus of research 

for almost six decades, limited studies have been made on the microstructure of cement 

hydration products in internally cured concretes, particularly using direct mechanical 
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measurements. Most of the existing research has been conducted with Scanning Electron 

Microscope (SEM) or Backscattered Electron Microscopy (BSE) without a quantitative 

evaluation of mechanical properties [8, 55, 56, 110]. Nanoindentation (NI) can complement 

and extend the information provided by image analysis by providing mechanical 

measurements at length scales smaller than the scale of the characteristic microstructure. NI 

can provide detailed mechanical characteristics of different phases for hardened cement 

systems at a scale that cannot be provided by other measurement techniques. 

In this chapter, nanoindentation will be used to assess the effect of internal curing 

caused by LWA for concretes made with fly ash or slag replacement. Blast furnace slag and 

fly ash have been used extensively as a successful replacement for Portland cement in 

concrete materials, to improve durability, produce high strength and high performance 

concrete, and bring environmental and economic benefits such as resource conservation, 

energy savings and environment protection [36].  Replacing cement with fly ash or slag is 

considered to be an efficient means to reduce the clinker content per cubic yard in the 

concrete; as a consequence the CO2 generated in manufacturing of concrete can be reduced. 

The NI technique will be utilized to examine microstructure features of bulk cement paste as 

well as interfacial transition zones (ITZs) near conventional and LWA’s. The NI tests will be 

followed by statistical analysis to help understand the influence of water absorbent LWA on 

cement hydration products and their microstructure. 
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6.2 Experimental Program 

Three types of LWAC mixtures, containing 20% and 60% fly ash, and 60% slag with 

dry expanded slate LWA were studied, along with three identical mixtures except with 

conventional aggregate. Also same kinds of samples were exposed to high temperature 

(300°C) as discussed in chapter 3 and by McCoy (2011). In total, twelve samples were 

studied. Here, it should be mentioned that samples containing only fly ash and slag with CA 

before and after damage were studied in chapter 5, and here their results are shown only for 

comparison reason LWAC.  The amount of slag cement used is at high end but still easily 

within the quantities found in common use.  Although other studies (e.g. [66]) suggest that 

fine LWAs are more effective agents for internal curing, using large scale aggregates allows 

us to more clearly determine local effects near porous aggregates, as well as bulk effects 

throughout the cement matrix. Large scale LWAC and CAC specimens were prepared as 

discussed by [26] to conduct compressive strength, splitting tensile strength, and rupture 

experiments. The mix proportions of the tested samples are outlined in Table 6.1. 

Table 6.1 Mixture proportions [26] 

Sample 

 Fly ash 

(Class F) 

 (kg/m
3
) 

Slag  

G100 

(kg/m
3
) 

Portland 

cement 

(kg/m
3
) 

Fine 

aggregate 

(kg/m
3
) 

Coarse 

aggregate 

(kg/m
3
) 

Lightweight 

aggregate 

(kg/m
3
) 

Water 

(kg/m
3
) 

LF2 74 - 297 789 - 519 168 

LF6 222 - 148 733 - 519 168 

LS6 - 222 148 813 - 519 168 

CF2 74 - 297 644 1068 - 168 

CF6 222 - 148 584 1068 - 168 

CS6 - 222 148 653 1068 - 168 
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For NI, twelve small scale samples were taken from cylindrical specimens, and 

trimmed using a diamond saw in low speed. The dimension of the samples was about 1-inch 

cube. Special attention was paid in preparation of the samples, particularly in polishing and 

preparation of the sample surfaces, since it could affect the results by introducing new length 

scale into the analysis [43]. In order to reach appropriate surface roughness, the samples were 

cut by diamond saw, and then grinded with sandpaper to have almost smooth and flat 

surfaces in all faces. Next, the upper surfaces were polished with 3 μm and 1 μm diamond 

pastes on a hard perforated pad for one to two hours. At every step the surfaces were 

observed under a reflected light microscope to check the effectiveness of the polishing. The 

polishing continued until desired surface smoothness was achieved [43]. 

Grids of indentation locations in bulk cement paste within the concrete samples were 

set to have spacing of 8 m  between indents in bulk cement paste, which is large enough to 

ensure independence of measured mechanical properties for two neighboring indents. 100 

indentations were performed in each grid, and multiple grids were used for each sample. 

Special attention was paid to have indentation grids in different spots on the samples to 

capture all the material phases, while avoiding testing mostly on aggregate.  

For testing interfacial transition zones (ITZ), the space between two adjacent indents was set 

to5 m  in order to better capture the spatial variability of mechanical properties near the 

aggregates. The grids were perpendicular to the aggregates to capture the microstructure 

change from cement paste to aggregate. For example an aggregate in an optical microscope 
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image (316 μm × 242 μm) is displayed in Figure 6.1, and a grid of 12x4 indentations was 

performed as shown.  

 

 

Figure 6.1 LWA and surrounding cement matrix in sample LS6 under optical microscope 

(The image size is 316 μm × 242 μm). 

 

The data were checked at end of each set of tests, and ones with discontinuous P-h 

curve or those violating the scale separability were eliminated because analysis assumptions 

would be violated.  In total about 500 indentation tests on bulk areas and 144 indentation 

tests were performed on aggregate interfaces in each sample. The range of obtained average 

indentation depths on aggregate and clinker was on order of 150 nm - 220 nm, whereas 

average indentation depths on hydrated products were between 200 nm – 350 nm. 

6.3 Results and Discussion 

6.3.1 C-S-H mechanical properties in bulk cement paste  

NI can identify three distinguishable Calcium-Silicate-Hydrate (C-S-H) phases with 

different volume proportions in cementitious materials, LD C-S-H, HD C-S-H and C-S-

12x4 indentations in LWA vicinity 

ITZ 

Cement paste 

LWA 
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H/CH [15]. We identified LD C-S-H and HD C-S-H in the matrix; C-S-H/CH, a 

nanocomposite of CH (Portlandite) and C-S-H is not present in these samples due to a 

relatively high water/cement ratio and the presence of fly ash and slag which react with CH 

to form additional C-S-H. Hardness, indentation modulus, and volume fractions of the C-S-H 

phases in samples in bulk cement paste as well as ITZ’s of  LWA and CA are presented in 

this section.  

Figure 6.2 displays the experimental and fitted theoretical frequency distributions of 

hardness and indentation modulus extracted from the NI tests on sample LF2. Deconvolution 

using the Gaussian PDF method as described in [11] is shown, as this presentation is easiest 

to visualize. The mean relative error of minimization is 4% for indentation modulus and 

0.1% for hardness.  Although there is some overlapping between bell curves in the plots, 

distinguishable peaks verify existence of two C-S-H phases, LD C-S-H, HD C-S-H, as well 

as mostly porosity (MP) and clinker, portlandite (CH) and aggregate materials which have 

hardness and indentation modulus that are well above the hydrated materials (  65 GPa, 

H ≤ 3 GPa) were clearly observed. 
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Figure 6.2 Experimental (solid line) and theoretical (dashed line) probability distribution function of 

indentation modulus and hardness for LF2 

The clinker and aggregate phases will not be discussed in subsequent sections.  PDF 

curves for CF2, CF6, and CS6 are discussed in more detail elsewhere in [21]. Indentation 

modulus and hardness values obtained from the EM-ML deconvolution method for all six 

samples are listed in Table 6.2. The values for indentation modulus and hardness of LD C-S-

H and HD C-S-H match well the values seen in prior NI studies on cementitious materials 

(e.g. [14]). 

 

 

 

 

 



 

 

 

100 

Table 6.2 Nanoindentation results after deconvolution using the EM-ML method. Indentation 

modulus, M, and indentation hardness, H, are given in GPa. Values in parentheses are standard 

deviations. Values for conventional aggregate samples previously reported in [20]. 

Sample Mostly porosity (MP) LD C-S-H HD C-S-H 

 M H f M H f M H f 

LF2 
8.6 

(3.9) 

0.09 

(0.14) 
0.22 

18.6 

(8.3) 

0.36 

(0.59) 
0.37 

31.6 

(13.7) 

1.23 

(0.64) 
0.41 

LF6 
5.6 

(2.9) 

0.07 

(0.05) 
0.32 

15.2 

(7.2) 

0.31 

(0.17) 
0.38 

32.6 

(17.9) 

1.38 

(0.72) 
0.30 

LS6 
10 

(3.3) 

0.20 

(0.06) 
0.35 

19.1 

(5.8) 

0.58 

(0.21) 
0.45 

35.3 

(11.0) 

1.19 

(0.55) 
0.20 

CF2 
8.9 

(2.0) 

0.29 

(0.07) 
0.4 

18.7 

(7.1) 

0.93 

(0.38) 
0.39 

35.0 

(6.5) 

3.68 

(1.98) 
0.21 

CF6 
5.1 

(3.1) 

0.23 

(0.12) 
0.46 

15.8 

(5.1) 

0.87 

(0.34) 
0.30 

32.9 

(8.0) 

3.14 

(0.89) 
0.24 

CS6 
9.9 

(3.8) 

0.30 

(0.54) 
0.38 

21.6 

(6.7) 

0.97 

(0.41) 
0.4 

33.7 

(7.6) 

2.55 

(1.13) 
0.22 

 

 

Figure 6.3 shows normalized volume fractions of hydration phases in bulk cement 

paste of the samples. It should be noted that all the samples with LWA have less porosity in 

the cement paste than counterpart samples with conventional aggregates. The observation 

implies a higher degree of hydration and less capillary space in LWAC bulk cement paste. 

6.3.2 Mechanical microstructure in ITZ  

Mapping of indentation modulus in ITZ regions is shown in Figure 6.4. Each square 

in the mapping represents the result of a single NI test. Light colored regions representing 

porosity are less prevalent in ITZ regions associated with lightweight aggregates compared to 

ITZ regions associated with conventional aggregates.  
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6.3.3 Internal curing effects 

The NI results suggest that internal curing from water provided by porous lightweight 

aggregates does affect the final microstructure of the hydrated cement paste in LWAC.  

Similar results were found for concrete samples made with Kenaf fibers [22].  Kenaf fibers 

are extremely absorbent, with the potential to absorb water by up 270% of the dry fiber 

weight (Castro et al., [55]), while the expanded slate LWA is expected to absorb water at 8% 

of the aggregate weight [111]. 

 
Figure 6.3 Volume fraction of hydrated products in the samples 
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Figure 6.4 Indentation modulus mapping of ITZ, along with optical microscope images locating the 

position of each NI mapping grid. NI maps are each 20 μm by 60 μm, and each pixel in the map 

represents a single NI test. Dark features in the optical microscope images are aggregates 

NI tests and analysis on conventional aggregate concrete with 1.2% and 2.4% kenaf 

fiber content were performed and compared to a control sample.  In bulk, cement hydration 

products in samples with kenaf fibers again showed the presence of LD C-S-H, HD C-S-H, 

and C-S-H/CH (since no fly ash was or slag present in the mix), but the presence of kenaf led 

to increased production of C-S-H/CH at the expense of LD C-S-H [21].  Vandamme et al. 

[16] have shown that lower water contents lead to increased density of cement hydration 

products because less pore space is available to permit formation of LD C-S-H. In concretes 

with absorptive aggregates, the water content and the related hydration process is modified. 

If aggregates are not saturated, they may take some of the mixing water from the cement 

hydration reaction, resulting in a water/cement ratio that is effectively lower than intended. 
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As a result, denser, stiffer, and stronger hydration products are formed. Golias, et al. 

[112] have shown that dry LWA is a more effective internal curing agent than pre-wetted or 

saturated aggregates when the mix proportions are properly designed. Even if aggregates are 

saturated, additional water may be slowly released to the cement hydration reaction after the 

free water is consumed.  The hydration products associated with water from absorptive 

aggregates must form in the remaining spaces, and therefore result in denser microstructures 

with less porosity. 

In the ITZ, there are some differences between internal curing from kenaf fibers and 

internal curing from coarse lightweight aggregates.  For the coarse LWA, interfacial 

transition zones have denser hydration products with less porosity.  ITZs associated with 

kenaf fibers, however, showed lower density products and an increase in porosity [22]. This 

difference demonstrates that the process of internal curing is more nuanced than just addition 

of extra water in absorptive aggregates.  The kenaf fibers are much more absorptive than the 

expanded slate LWA.  As a result, the kenaf fibers provide a local surplus of water in their 

ITZs, leading to higher porosities. The expanded slate LWA delivers less water, enough to 

allow additional hydration to take place where ITZ wall effects would ordinarily create zones 

of lower density, but not too much to flood the ITZ. 

The two aggregates discussed here may be considered as limit cases of absorptive 

aggregates.  The expanded slate LWA used in this study has the lowest absorption of 15 

commonly used LWAs [111] while kenaf fibers are more than 25 times more absorbent by 

mass. The results discussed here demonstrate that the effect of LWA absorbency on concrete 
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microstructure is an additional factor for designers to consider when employing internal 

curing. 

6.4 Chapter Summary and Conclusions 

NI tests and subsequent statistical analyses on bulk cement paste and ITZs provided 

evidence of the effect of internal curing on concrete samples containing expanded slate 

LWA. In particular: 

1) The presence of dry LWA tends to increase the overall density and decrease the 

porosity of cement hydration products in concrete. 

2) For the expanded slate LWA used in this study, ITZs are denser and have less 

porosity compared to ITZs associated with conventional aggregates in similar 

samples. 

3) Since various LWAs may have different aggregate microstructures, absorbencies, and 

moisture contents, additional work should be performed to more thoroughly 

understand the effect of internal curing on microstructure of cement hydration 

products. 
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CHAPTER 7. Nanomechanical 

Characterization of Lightweight 

Aggregate Concrete Containing 

Supplementary Cementitious Materials 

Exposed to Elevated Temperature4 

In order to determine the effect of elevated temperature on hydration products of 

lightweight aggregate concrete containing fly ash and ground granulated blast-furnace slag, 

nanoindentation characteristics of three different mixtures were investigated.  The results 

indicated existence of porosity and two types of primary hydration products, LD C-S-H and 

HD C-S-H, in the bulk cement paste. It was revealed that there is less degradation of 

mechanical properties of C-S-H phases in samples of lightweight aggregate concrete exposed 

to elevated temperature compared to those with conventional aggregate. Additionally, the 

ITZ of lightweight aggregate was investigated. It was revealed that because of internal curing 

caused by lightweight aggregate, mechanical properties of the ITZ in these samples were 

very similar to bulk paste. The effect of high temperature, however, was more pronounced in 

ITZ of lightweight aggregate than in bulk paste. Dissipated energy parameter was introduced 

to use in deconvolution method which demonstrated good correlation with indentation 

modulus and hardness as well as packing density of the C-S-H phases in general.       

                                                 
This chapter is based on a paper that is under review in Construction and Building Materials. 
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7.1 Introduction  

Being a multiphase and multiscale material, thermal properties of concrete are more 

complicated than most materials as it depends on the thermal properties of its constituents as 

well as moisture and porosity in different length scales. The situation is further complicated 

when mineral admixtures are added or one constituent is replaced with an unconventional 

one. In general, concrete is considered to have low thermal conductivity, as temperature in 

concrete rises slowly once it is exposed to fire. The slow rise of temperature in concrete 

provides the material exceptional strength during a fire event. But fire resistance properties of 

concrete are relative, as it loses most of its mechanical properties in very high temperatures.  

Many researchers have studied the resistance of concrete, with and without 

admixtures, to elevated temperatures [79-82].  Free water evaporation starts at 100°C [38]. 

Between 100°C to 200°C C-S-H gel start to dehydrate. Degradation becomes more 

pronounced between 200 °C and 250 °C. Dehydration or loss of the non-evaporable water or 

water of hydration begins to take place when the temperature reaches 250 °C. By the time 

temperature reaches 300ºC the interlayer C-S-H water and some of the chemically combined 

water from C-S-H and sulfoaluminate hydrates would be lost [28] and dehydration continues 

up to 900°C [38]. At 300 °C strength reduction is expected to be in the range of 15–40%, 

whereas at 550 °C and 700 °C reduction in compressive strength would typically range from 

55% to 70% of its original value [83-86]. DeJong and Ulm [100] argued that shrinkage of C-

S-H nanoparticles at 300ºC is most likely due to dehydration of C-S-H gel rather than 

changing the particle properties. This is a critical temperature for concrete as it is expected 
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that cement paste begins to undergo degradation like surface crazing right before it loses 

most of its strength or C-S-H decomposition starts. From temperatures greater than 350°C, 

Ca(OH)2 decomposition starts as C-S-H decomposition is taking place [38, 113]. Between 

500-600°C, complete decomposition of C-S-H corresponding to C2S phases occurs [114], 

while the Ca(OH)2 structure is broken down to CaO and H2O [38]. Dehydration and 

decomposition of C-S-H continues until 900°C when the C-S-H gels are completely 

destroyed [38]. Effect of elevated temperature on hydration products is displayed in Figure 

7.1.  

Aggregate thermal conductivity plays an important role in the degradation process of 

whole concrete as a composite, since aggregates account for 60-75% of concrete volume 

[115]. Owing to superior thermal conductivity and the fact that it lowers the overall weight of 

structure, demand for Lightweight Aggregate (LWA) applications in industrial and 

commercial structures is increasing since the 1990’s.  The good thermal property of LWA is 

partly due to the high temperature manufacturing process, in excess of those experienced in 

conventional fires, which provides LWA low thermal conductivity and slows the flow of heat 

in concrete [116].  
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Figure 7.1 Elevated temperature effects on concrete hydration products  

A number of researchers have reported the improved fire-resistance of concrete with 

LWA, because of low thermal conductivity of LWA, compared to ordinary concrete at 

different temperature levels [117-124]. According to Neville, a significant strength loss 
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occurred in concrete with Siliceous aggregates compared to those with LWA when they were 

subjected to 430ºC [125].    

Concrete incorporating the most common mineral supplementary cementitious 

materials (SCMs) such as Fly Ash (FA) and Ground Granulated Blast-Furnace Slag (GGBS) 

are used for their decent performance, availability, ecological and economic reasons 

throughout the world for decades. The resistance of concrete incorporating ultra-fine 

cementing materials such as metakaolin and silica fume is typically reported to be lower than 

normal concrete, while other supplementary cementitious materials (SCMs), including fly 

ash and slag, may have a similar or better response to high temperatures compared to normal 

concrete, e.g.[38, 87, 88]. Zanjani-Zadeh & Bobko [20] used statistical nanoindentation (NI) 

technique to examine the nanoscale deterioration of concrete containing fly ash and slag 

exposed to 300ºC. Up to 50% of degradation of hydration products was observed. These 

results are presented in Chapter 5 of this dissertation.  

In practice, SCMs often are used together with LWA, which can change the 

resistance of lightweight aggregate concrete (LWAC) against high temperature. McCoy [26] 

found that LWA mixtures have less cracks compared to conventional aggregate mixtures for 

20% and 60% FA and 60% GGBS after exposing to elevated temperatures. There is no 

research which evaluates the performance of these types of mixture subjected to elevated 

temperature by direct mechanical tests in submicron-scale level. Most of the research is 

focused on alteration in morphology and microstructure by studying SEM micrographs [122-

124].  In general these studies highlight improved fire resistance properties of LWAC by 
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means of microstructure observation. This type of micro-scale high-resolution image analysis 

helps to understand post-damage microcracking, topography and physical or chemical 

change. Accurate stiffness and strength loss measurement of hydration products in this type 

of mixture, however, still remains an enigma.  

ITZ has been considered a weak link between cement paste and conventional 

aggregates due to wall effect which inhibits dense packing near conventional aggregate 

[126]. However, Diamond and Huang have argued that the ITZ is not as important as other 

researchers suggest [62]. Diamond and Huang’s SEM image analysis may be correct in that 

additional capillary porosity is not present in the ITZ, but porosity and packing effects at a 

smaller scale may indeed play a role in modifying the mechanical properties of ITZ. 

Nonetheless, a slower release of water from LWA leads to the development of hydration 

products with lower porosity and higher densities compared to concrete with conventional 

aggregate [8, 21]. Mehta [9], points out that the microstructure of ITZ has great effect on fire 

related durability of concrete.  Thermal expansion mismatch between conventional aggregate 

and cement paste has been reported to cause thermal expansion cracks in already weak ITZ 

e.g. [9, 127].   Also, the thermal damage in ITZ can be directly due to the dehydration of the 

primary hydration products similar to bulk paste. This might be the primary degradation 

source for ITZ in LWAC, due to closeness of LWA thermal expansion coefficient compared 

to cement paste (11-20×10
-6

mm/mm/C) depending on its moisture [116].   

An investigation of behavior at the fundamental nano-structural level will improve 

the understanding of deterioration rates and mechanisms of these mixtures in exposure to 
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extreme events such as fire. This will help to observe change of the mechanical features at 

the elementary scale level instead of considering the whole concrete as one homogenous 

system. The aim of the current study is to examine the effect of LWA on microstructure and 

provide a mechanical characterization of hydration products in LWAC incorporating FA and 

GGBS before and after subjecting samples to elevated temperature up to 300 °C.  

7.2 Material and Specimen Preparation 

Three different types of mixtures were designed by McCoy et al. [26] for obtaining 

crack density and elastic properties of fire-damaged sustainable concretes were used in this 

study. In all the mixtures, part of cement was replaced with FA or GGBS on a mass-for-mass 

basis. The water/binder ratio was set to 0.453 so that fluidity did not change due to using 

different types of supplements. The samples were LWAC containing 20% FA, 60%FA and 

60% GGBS. In these samples conventional course aggregate (CCA) was replaced by dry 

expanded slate LWA (Stalite). According to McCoy [26], all the cylinders were sealed for 

initial curing in accordance with ASTM C31-08 for 48 hours; and subsequently, they were 

cured in accordance to ASTM C31-08 after removing the samples from the molds. The last 

curing stage was storing the samples in water bath after they were cut to 1inch thickness disk 

and cured for an extra 20 days. The mixtures were studied in their intact state, and after 

subjecting to elevated temperature up to 300±20 °C (570ºF) for 30±2 min and then air cooled 

for 24 hours at 23±2ºC. The mixture properties of the samples are given in Table 7.1. 
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Table 7.1 Mixture compositions of concrete with LWA and containing fly ash and slag [26] 

 

20%fly ash+ 

LWA 

(LF2) 

60%fly 

ash+ LWA 

(LF6) 

60%slag+ 

LWA 

(LS6) 

Portland Cement (Type II) pcy 500 250 250 

Fly ash (Class F) pcy 125 375   - 

Slag Cement (grade 100) (pcf)   -   - 375 

Sand (Natural,C33) (pcy) 1330 1235 1370 

LWA (#67 C330)(pcy) 1800 1800 1800 

water (pcy)  875  875  875 

 

For current research, the disk-shaped samples were cut by diamond saw to 

approximately 1 inch cubes. Following the surface preparation method discussed in Chapter 

3, the exposed flat surface of the samples were mechanically ground and polished with series 

of abrasive sandpapers down to 1µm to achieve very smooth and flat surface. The sample 

surfaces were washed in ultrasonic bath to remove all the dust and possible dirt. The surface 

roughness was checked with light microscope and atomic force microscopy to make sure it is 

around Rq=10 nm on 50×50µm area. Rq is the parameter depending on topography of surface 

and is defined by Miller et al. [43]. Special attention was paid in preparation of the samples, 

particularly in polishing and preparation of the sample surfaces, since it could affect the 

results by introducing new length scale into the analysis. If the surface is not smooth and flat 

enough respect to size of the indenter tip the NI results can be either over or underestimated.  
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 7.3 Results  

7.3.1 Mechanical characteristics of bulk cement paste for undamaged LWAC  

Different phases demonstrated significant differences in P-h plots in terms of shape 

and maximum depth. Although in all tests the maximum load was set to 2 mN, the maximum 

indentation depth was about 600 nm in the case of the porosity but only 400nm and 300 nm 

in the case of LD and HD C-S-H. 

Using the Oliver-Pharr analysis method the indentation modulus and hardness was 

evaluated for each indent. Also dissipated energy was computed for each P-h curve using 

Equation 3.10.  Statistical analysis was applied to isolate elastic properties and dissipated 

energy attributed to each active mechanical phase. Further detail about the analysis 

techniques were presented in Chapter 3. Figure 7.2 displays experimental and theoretical 

PDF for undamaged LWAC samples. The histograms of experimental data cover all the 

possible phases in cement paste including, porosity, chemically reacted hydration products 

and unreacted clinker phases.  Here, PDF curves are shown as a result of deconvolution 

method since it is more physically intuitive than CDF and finite mixture plots as 

mechanically distinct phases are represented by peaks and can be often distinguished easily 

in these graphs.  
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Figure 7.2 Empirical (histogram) and theoretical probability distribution function of indentation 

modulus, hardness, and dissipated energy for intact samples (Solid line: Theoretical, Dashed line:  

Single PDF)   
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LF2 (20% fly ash) 

 

LF6 (60% fly ash) 

 

LS6 (60% slag) 
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All the PDF curves presented in Figure 7.2 exhibited four peaks, which based on 

established mechanical properties of different phases in cementitious materials [12, 23] can 

be identified as one of four single phases, MP, LD C-S-H, HD C-S-H and clinker or 

aggregate. In the following sections only hydrated phases were considered for evaluating 

results. Mean, standard deviation and volume fraction of hydrated phases extracted from the 

finite mixture deconvolution method for intact samples are listed in Table 7.2. The volume 

fractions are normalized to the total volume fraction of C-S-H phases since zones for grid 

indentation were chosen to avoid areas of aggregate. The average values for indentation 

modulus and hardness of the C-S-H phases are similar to those quoted in literature [13, 14, 

16, 20, 21], and are displayed in Table 7.3. There is no dissipated energy value available in 

the literature for comparison with the results shown here. As expected from prior research 

[20], in all the samples the C-S-H/CH phase is completely absent, and the volume fractions 

of LD and HD C-S-H phases are affected by the presence of FA or GGBS.  

Table 7.2 Indentation modulus, hardness, dissipated energy, and volume fraction for individual 

phases for intact samples 

 
 
 

M H U D f M H U D f H U D f

12.1 

(4.8)

0.16 

(0.05)

332.8 

(163)
0.2

21.1 

(8.2)

0.44 

(0.18)

201.4 

(102)
0.36

1.26  

(0.62)

117.31 

(50)
0.44

9.6 

(3.4)

0.2 

(0.06)

344.1 

(130)
0.26

17.5 

(6.4)

0.45 

(0.19)

191.1 

(90.6)
0.4

1.15  

(0.51)

107.8 

(45.3)
0.34

12.4 

(4.4)

0.23 

(0.08)

372 

(171)
0.27

21.7 

(6.6)

0.53 

(0.22)

243 

(86.7)
0.4

1.20  

(0.42)

147.6 

(38.2)
0.33

31.6 

(13.6)

27.1 

(9.2)

34.7 

(9.3)

LF2

LF6

LS6

Sample Mostly porosity (MP) LD C-S-H HD C-S-H

M
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Table 7.3 Indentation modulus, hardness and volume fraction of hydration products in 

cementitious materials reported in literature [19] 

  LD C-S-H HD C-S-H C-S-H/CH 

Indentation Modulus, M 
  

- 

OPC (w/c = 0.4),  Vandamme et al. 

[16] 
22.5 ± 5.0 30.4 ± 2.9 40.9 ± 7.7 

OPC (w/c = 0.5), DeJong & Ulm [100] 19.1 ± 5.0 32.2 ± 3.0 39.7 ± 4.5 

OPC with 21% silica fume 

 (w/b =0.4), Vandamme [14] 
23.64 4.07 30.59 2.87 42.18 5.87 

OPC with 20 % fly ash  

(w/b = 0.45) [20] 
18.72± 7.1 35.00± 6.5 - 

OPC with 60 % fly ash  

(w/b = 0.45) [20] 
15.82± 5.12 32.88± 8.0 - 

OPC with 60 % slag  

(w/b = 0.45)[20] 
21.63± 6.68 33.66± 7.59 - 

     

Indentation Hardness, H 
   

OPC (w/c = 0.4),   

Vandamme et al. [16] 
0.61 ± 0.17 0.92 ± 0.1 1.46 ± 0.45 

OPC (w/c = 0.5), DeJong & Ulm [100] 0.66 ± 0.29 1.29 ± 0.11 1.65 ± 0.17 

OPC with 21% silica fume  

(w/b = 0.4),Vandamme [14] 
23.64± 4.07   

OPC with 20 % fly ash  

(w/b = 0.45)[20] 
0.93± 0.38 3.68± 1.98 - 

OPC with 60 % fly ash  

(w/b = 0.45)[20] 
0.87± 0.34 3.14± 0.89 - 

OPC with 60 % slag  

(w/b = 0.45)[20] 
0.97± 0.41 2.55± 1.13 

- 
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Table 7.3 Continued.     

Volume Fraction, f 
   

OPC (w/c = 0.4),   

Vandamme et al. [16] 
0.57 0.21 0.22 

OPC (w/c = 0.5),  

DeJong & Ulm [100] 
0.77 0.12 0.11 

OPC with 21% silica fume  

(w/b = 0.4), Vandamme [14] 
0.6 0.21 0.19 

OPC with 20 % fly ash  

(w/b = 0.45)[20] 
0.65 0.35 - 

OPC with 60 % fly ash  

(w/b = 0.45)[20] 
0.57 0.43 - 

OPC with 60 % slag  

(w/b = 0.45)[20] 
0.65 0.35 - 

 

As shown in Table 7.2, the dissipated energy was highest for MP, followed by LD C-

S-H and HD C-S-H, while the lowest indentation modulus and hardness values are found for 

MP, followed by LD C-S-H and HD C-S-H. This implies that the dissipated energy increases 

with decreasing packing density of C-S-H phases. Also, the results demonstrate similar range 

of dissipated energy for individual phases. The dissipated energy was in the range of 300-400 

Pj for MP, 180-250 Pj for LD C-S-H and 100-150 Pj for HD C-S-H.  This understanding 

establishes a relationship between dissipated energy and different C-S-H phases. It is 

interesting to note that investigating the behavior of cement based materials demonstrated 

that the dissipated energy was dominant regime in MP and this dominancy decreases as the 

phases get denser. In the phase corresponding to unhydrated clinker or aggregate phase, the 

amount of dissipated energy was insignificant compared to recovered energy. 
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7.3.2 Mechanical characteristics of bulk cement paste of high temperature damaged 

LWAC 

Empirical and theoretical distributions of the mechanical properties of LWAC heated 

up to 300ºC are presented in Figure 7.3. The curves again show clearly four distinguishable 

phases which are the same as those identified in undamaged samples, i.e. MP, LD C-S-H, 

HD C-S-H and clinker or aggregate. Note that area under-curve of each bell curve represents 

the volume fraction. Mean and standard deviation of indentation modulus, hardness and 

dissipated energies of hydration phases, identified using finite mixture deconvolution method 

are listed in Table 7.4. For comparison, results from NI tests on high temperature damaged 

cements are summarized in Table 7.5. By comparing mean values in Tables 7.2 and 7.4, it 

was found that similar microstructural phases to those identified in undamaged samples were 

observed although volume fractions were slightly different. The mean values of indentation 

modulus and hardness were lower whereas dissipated energies were higher than undamaged 

samples. For ordinary cement pastes and concrete containing FA and GGBS, DeJong & Ulm 

[100] and Zanjani-Zadeh & Bobko [20] also addressed drop in indentation parameters for 

normal cement paste after exposing to high temperature.  In DeJong and Ulm’s work, only 

cement paste was studied, while in Zanjani-Zadeh & Bobko’s work, AF or GGBS and 

conventional granite aggregate was used. Note that the mixture of the samples addressed in 

[20] was same as mixture in current study except that the conventional aggregate was 

replaced by LWA. The results of these two studies are summarized in Table 7.5.  Again, in 
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all the samples C-S-H/CH phase is completely absent, and the volume fractions of LD and 

HD C-S-H phases are affected by the presence of FA or GGBS. 
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Figure 7.3 Empirical (histogram) and theoretical probability distribution function of indentation 

modulus, hardness, and dissipated energy for high temperature damaged samples (Solid line: 

Theoretical, Dashed line:  Single PDF)   
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DLF2 (20% fly ash after damage) 

 

 

DLF6 (60% fly ash after damage) 

 

DLS6 (60% slag after damage) 
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Table 7.4 Indentation modulus, hardness, dissipated energy, and volume fraction for individual 

phases in high temperature damaged samples 

 
 
 

Table 7.5 Indentation modulus, hardness and volume fraction of hydration products in cementitious 

materials exposed to high temperature reported in literature [20]  

 
LD C-S-H   HD C-S-H C-S-H/CH 

Indentation Modulus, M 
  

- 

OPC (w/c = 0.5), DeJong & Ulm [100] 14.2 ± 5.4 25.7 ± 6.1 40.0 ± 8.2 

OPC with 20 % fly ash (w/b = 0.45)[20] 12.31± 5.14 25.73± 12.74 - 

OPC with 60 % fly ash (w/b = 0.45)[20] 12.82± 5.54 30.08± 13.45 - 

OPC with 60 % slag (w/b = 0.45)[20] 13.84± 5.22 27.98± 11.38 - 

Indentation Hardness, H 
   

OPC (w/c = 0.5), DeJong & Ulm [100] 0.55 ± 0.27 1.26 ± 0.24 1.92 ± 0.22 

OPC with 20 % fly ash (w/b = 0.45)[20] 0.64± 0.34 2.31± 1.26 - 

OPC with 60 % fly ash (w/b = 0.45)[20] 0.57± 0.38 2.21± 1.42 - 

OPC with 60 % slag (w/b = 0.45)[20] 0.46± 0.22 1.59± 0.83 - 

Volume fraction, f 
   

OPC (w/c = 0.5), DeJong & Ulm [100] 0.76 0.24 Unknown 

OPC with 20 % fly ash (w/b = 0.45) 

[20] 
0.61 0.39 - 

OPC with 60 % fly ash (w/b = 0.45) 

[20] 
0.53 0.47 - 

OPC with 60 % slag (w/b = 0.45) 

[20] 
0.6 0.4 - 

 

M H U D f M H U D f H U D f

11.6 

(4.1)

0.12 

(0.05)

306.2 

(154)
0.22

20.7 

(9.9)

0.31 

(0.13)

236 

(112)
0.27

0.91  

(0.39)

108 

(48.2)
0.51

8.2 

(2.8)

0.15 

(0.04)

388.1 

(161)
0.25

17.1 

(7.3)

0.39 

(0.15)

186.4 

(77.4)
0.38

1.22  

(0.48)

109.6 

(52)
0.37

11.5 

(3.8)

0.21 

(0.08)

323 

(168)
0.24

18.6 

(5.1)

0.54 

(0.23)

216.8

(81.5)
0.35

1.20  

(0.54)

126 

(61)
0.41

31.5 

(12.1)

30 

(12.9)

32.6 

(9.4)

DLF2

DLF6

DLS6

Sample Mostly porosity (MP) LD C-S-H HD C-S-H

M
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7.3.3 Mechanical characteristics of ITZ of LWA 

The ITZ of the LWA, intact and exposed to high temperature were investigated by 

series of NI tests grids perpendicular to LWA. To determine the variation of indentation 

modulus, hardness and dissipated energy with distance from LWA, NI tests were made in 2 

grids of 4 by 12 indents for each sample. Then, the average of 8 indents with the same 

distance from LWA was calculated. Indentation modulus, hardness, and dissipated energy 

variation measured in the ITZ of LWA was plotted against distance from LWA.  One or two 

tests were landed on LWA to make sure a complete profile from LWA to the bulk paste is 

captured. The space between two adjacent points was 5µm.  

Separate sets of NI tests on only Stalite LWA revealed wide range of modulus, 20-

70GPa, and hardness, 0.5-5GPa. The pore size of Stalite was reported to range from 100µm 

down to 20nm [128]. Therefore, the length scales of porosity in LWA vary within the NI 

interaction volume with radius of 5 to 9 times of indentation depth. This variation in porosity 

yields varying indentation modulus values which may be representative of the solid mineral 

constituents of LWA or their interaction with unknown amounts of porosity. 
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Figure 7.4 Indentation modulus mapping of ITZ and optical microscope images locating the position 

of each NI mapping grid.  

Figure 7.4 exhibits mapped indentation modulus in the vicinity of LWA boundaries 

for both intact and high temperature damaged samples. NI maps cover the area of 20 μm by 

60 μm, and each pixel in the map represents a single NI test. Lighter colors represent lower 

indentation modulus than darker ones. Dark features in the optical microscope images are 

LWA. As demonstrated in the mappings, indentation modulus of ITZ in damaged samples is 

lower than their intact counterparts.   

Figures 7.5, 7.6, and 7.7, display the variation of M, H and UD across the ITZ. 

Considering the ITZ thickness in LWA is a function of aggregate size, water absorbent 



 

 

 

126 

property of the aggregate, age and w/c ratio [67], it can be between 10 µm to 80µm [69]. In 

this study the ITZ thickness is observed to be about 30 µm. Three regions of interest are to be 

noted: LWA, ITZ, and bulk paste.  

 

Figure 7.5Indentation modulus versus distance from LWA  

 

Figure 7.6 Hardness versus distance from LWA  
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Figure 7.7 Dissipated energy versus distance from LWA  

 Given the heterogeneity of cementitious materials, different hydrated phases are 

sampled in the ITZ. The heterogeneity may be even more pronounced in ITZ because of the 

internal curing phenomenon. Figures 7.5-7.7 indicate little difference between mechanical 

properties of ITZ and of bulk paste for damaged and undamaged samples, at least within the 

spatial resolution of 5µm. This hints toward internal curing effect of LWA [8] as discussed in 

detail elsewhere in [21] and Chapter 6.  The values of mechanical properties fluctuate in the 

range of hydration products all across the ITZ and bulk cement paste possibly due to 

heterogeneity of ITZ, possible defects and microcracks inherent to material or defects 

introduced during sample preparation. However, indentation modulus and hardness were 

lower, while dissipated energy was higher, for ITZ in damaged samples compared to ITZ in 

their intact counterparts.   
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7.4 Discussion 

7.4.1 Internal curing effect of LWA 

The results demonstrate that internal curing from water provided by porous LWA 

affects the final microstructure of the hydrated cement paste, by forming denser hydration 

products (high volume fraction of HD C-S-H) compared to concrete with conventional 

aggregate and the same w/b ratio. LWA is expected to absorb water at 10% of the aggregate 

weight [56].  Vandamme et al. [16] have reported increased density of cement hydration 

products for lower w/b ratio cement paste because less pore space is available to permit 

formation of LD C-S-H. In concretes with absorptive aggregates, the water content and the 

related hydration process is modified. If aggregates are not saturated, they may take some of 

the mixing water from the cement hydration reaction, resulting in a water/cement ratio that is 

effectively lower than aimed. Consequently, denser, stiffer, and stronger hydration products 

are formed. Golias, et al., [129] have shown that dry LWA like that used in this study is a 

more effective internal curing agent than pre-wetted or saturated aggregates when the mix 

proportions are properly designed. 

7.4.2 Temperature deterioration mechanisms and damage mechanics at the sub-

micron scale 

Although nanomechanical properties of the three studied mixtures were deteriorated 

due to high temperature, the deterioration is much less pronounced compared to same 
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mixture with conventional aggregate reported recently [20]. Here, in order to evaluate the 

indentation modulus and hardness degradation for hydration products quantitatively, the 

damage parameter extended by Guelorget et al. [130] from continuum damage mechanics to 

microindentation was used. The parameter can be rewritten as:  

                 1
D

M M
D

M
                               1

D
H H

D
H

                                         (7.1) 

Where DM and DH are indentation modulus and hardness of heated samples whereas M and 

H signify indentation modulus and hardness of unheated samples. Table 7.6 displays MD and 

HD for mixtures studied here and in earlier work [20]. If D=0 no thermal degradation 

occurred in the phase, whereas D=1 means degradation was 100% thus that material phase 

can carry no more stress.  

Table 7.6 Damage parameters for hydration products 

Sample 
Mostly porosity (MP) LD C-S-H HD C-S-H 
 

 

  
  

DLF2 0.04 0.25 0.02 0.29 0 0.27 

DLF6 0.15 0.25 0.02 0.13 0 0 

DLS6 0.07 0.09 0.14 0 0.06 0 

DCF2 0.50 0.49 0.34 0.41 0.26 0.37 

DCF6 0.01 0.31 0.19 0.35 0.09 0.3 

DCS6 0.32 0.57 0.36 0.52 0.17 0.38 

 

    As shown in Table 7.6, mixtures with CCA experienced more deterioration 

compared to their counterpart mixtures with LWA. The difference reached 52% for DLS6. 

This finding is in accordance with former research that has been conducted on fire resistance 

properties of LWAC, e.g. [122, 124, 28]. Because LWA has lower expansion in high 
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temperatures, similar to cement paste, internal stress during heating is reduced [116]. Also, 

the high porosity of LWA adds more air voids into the concrete. These air voids make the 

LWAC less vulnerable to stiffness and strength deterioration compared to ordinary concrete. 

In case of fire, the increased porosity and permeability allows water vapor and heat to flow 

into the LWA voids, because of pressure and temperature difference, thus relieving the 

internal stress in cement hydration products [116]. In the meantime, as the heat and steam 

can transport from cement paste to LWA porosity, it levels off the heat rise in cement 

microstructure. This can be the primary reason for less deteriorated hydration products for 

LWAC shown in Table 7.6.    

In both types of concrete mixtures, with LWA and conventional aggregates, HD C-S-

H was less influenced by high temperature. One reason could be because of less gel porosity 

and chemically bound water in this phase compared to LD C-S-H [19], so less steam is 

produced therefore bringing about less thermal deterioration in this phase. DeJong& Ulm 

[100] reported shrinkage of C-S-H phases in temperature above 200ºC due to the dehydration 

of C-S-H particles thus reducing the contact points with neighboring particles. Because HD 

C-S-H has more contacts between particles to start with, when shrinkage occurs, some 

contacts are maintained after damage. Consequently, the HD C-S-H structure undergoes less 

degradation. 

As shown in Figures 7.4-7.6, ITZs were subjected to more thermal deterioration than 

bulk paste. In all three samples the deterioration is more evident within a 30µm distance from 

the aggregates. The origin of this phenomenon remains to be discovered. One reason could 
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be as the steam and heat wants to flow from bulk paste into the LWA pores, due to 

unbalanced pressure or heat, should cross the ITZ thus weakening this zone. Another reason 

could stem from high w/b ratio in this zone because of internal curing effect. Higher w/b 

ratios tend to produce more LD C-S-H [16] that is more susceptible to damage for high 

temperatures.  

7.5 Chapter Summary and Conclusions  

The results and data used in this study were obtained during extensive NI tests and 

deconvolution analysis on three different mixtures with LWA incorporating different amount 

of FA and GGBS before and after thermal damage. Nanomechanical properties of bulk 

cement paste and LWA’s ITZ of high temperature damaged and intact samples were 

investigated carefully. The main results can be summarized as follows:  

1. In the present work, an additional parameter was considered for statistical analysis of 

NI data to characterize mechanical behavior of cementitious materials. The parameter 

represented the tendency of the material to dissipate energy through irreversible 

plastic deformation during a cycle of loading in NI test. This energetic parameter 

correlated the packing density of C-S-H phases to the amount of energy that was 

dissipated during NI test.    

2. The presence of dry LWA changed the w/b ratio in the bulk paste which led to 

different volume fraction of hydration products. At the same time, the measurements 
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confirmed the existence of the same type of hydration products observed in concrete 

containing fly ash and slag. 

3. After exposure to temperatures associated with fire damage, hydration products in the 

LWAC with blended cements experienced much less pronounced degradation of 

nanoscale mechanical properties compared to same mixture with conventional 

aggregate.   

4. Because of internal curing, no significant differences were observed between 

mechanical properties of ITZ and bulk cement paste before damage. ITZ of LWA, 

however, underwent more degradation than bulk paste after thermal damage.  
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CHAPTER 8. Micromechanical 

Modeling 

First, different homogenization schemes used to develop composite materials 

homogenized stiffness and compliance matrices are reviewed in this chapter. Then, a 

comprehensive multiscale framework is introduced for each sustainable cement based 

material. The framework models allow upscaling the mechanical properties of intrinsic 

phases and other constituents in sought materials. Upscaling is conducted in four scale levels 

up to macroscopic scale. Finally, the predicted poroelastic properties are validated by 

macroscopic experiment data.          

8.1 Introduction 

Progress in both experimentation and continuum micromechanics provide the 

systematic approach for the development of so called multiscale models for complex 

heterogeneous materials. These multiscale models aim to set up a relation between 

macroscopically observable phenomena and their finer-scale origin (chemical, mineralogical 

composition, etc.). Once this relationship is found, processes within the material can be 

considered at the relevant observation scale and their influence on the macroscopic material 

performance is obtained using appropriate upscaling schemes. These upscaling schemes 

work as ways to exchange the information between different scales of a model.  Furthermore, 
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performance-oriented optimization of the material microstructure becomes possible by 

modifying the material chemistry and composition.  

Traditionally, multiscale modeling of heterogeneous materials where the phases are 

clearly separated is executed through homogenization method.  The basis for homogenization 

technique is fifty years old, mainly in the context of developing new materials with complex 

microstructure that requires material mechanics to predict the macromechanical properties. 

However, preliminary research in this field led to developing Rule of Mixture (Voigt and 

Reuss estimates in 1887 and 1929 for uniform strain and stress assumption respectively [131, 

132]). Sachs [133] and Taylor [134] addressed empirical point of view of non-linear 

micromechanics problems. Micromechanics based on a simple definition of eigenstrain in an 

inclusion came with Eshelby’s equivalent homogenization theory [135-137], and Hashin’s 

variational principle [138,139].  In 1960’s, the early Voigt, Reuss, and Taylor estimates were 

reassessed as bounds which became basis for so-called continuum micromechanics [140]. 

Effective field theories based on the Eshelby elasticity with different assumptions were 

developed for inhomogenities embedded in infinite medium [141-143]. Afterward, new 

developments have been made continuously, with special mention of refined boundaries 

associated with an improved morphological description and by means of special cases of 

media with a periodic microstructure [144-147].     

 In cementitious materials, the homogenization focuses on multiscale analysis due to 

the fact that typical material phases may be found at separable length scales. Several 

multiscale micromechanical modeling techniques have been suggested for obtaining 
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macroscopic properties (elasticity, strength, etc.) of concrete from knowledge of its nanoscale 

constituent properties, including both numerical (e.g.[147]) and analytical [148-150] 

approaches. 

This chapter first will discuss micromechanics models and homogenization in linear 

elasticity and then homogenization will be applied to the mechanical properties obtained 

from NI in Chapters 4 to 7. Comparing the model prediction results with macroscopic 

experimental data will permit validation of the applied homogenization models. The 

validation itself can be employed to validate the measured mechanical properties and 

morphology of the building blocks.    

8.2 Representative elementary volume (REV) 

REV (Representative elementary volume) is one of the fundamental concepts in 

classical micromechanics. In fact, the existence of such a volume is required for any 

upscaling technique using a continuum mechanics description of the materials. In continuum 

micromechanics [149-152] a material is assumed to be a macro-homogenous and micro-

heterogeneous filling in REV with characteristic length of D. The characteristic length of 

REV should be sufficiently larger than the characteristic length of inhomogeneities, d, (large 

enough to be representative of constitutive material) within the REV ( D d ), and should 

be small compared to the macroscopic volume.  

In the REV, material is either composed of different phases or material in different 

forms and orientation such as polycrystals. Once the mechanical behavior, physical quantities 
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(such as volume fractions or elastic properties), characteristic shapes, and the mode of the 

interactions of different phases or domains within the REV are identified, the “homogenized” 

mechanical behavior of the overall material can be estimated, i.e. the relation between 

homogeneous deformations acting on the boundary of the REV and resulting (average) 

stresses, or the ultimate stresses sustainable by the REV, respectively.  

8.3 Effective Elastic Modulus of Inhomogenous Materials in Micromechanics 

Continuum micromechanics relies on the concept of a concentration tensor which is 

able to bridge the gap between local stress and strain fields ( , ) from macroscopic ones  

( , E) as following: 

:  A                 (8.1)  

:E  B                (8.2)     

In which A and B are stain and stress localization (concentration) tensors. Recall that 

both local and global stress and strain tensors are second-order tensor, and therefore 

concentration tensors are fourth-order tensors that map microscopic tensors to macroscopic 

ones. The concentration tensors have all the information about the microstructure 

morphology therefore they are key parameters in homogenization. Note that in this chapter 

all the fourth-order parameters will be bolded, to distinguish them with second order tensors.  

The procedure of deriving effective elastic modulus in following sections is mostly 

adopted from [151-156]. Consider an heterogeneous material ( ) is made of a matrix phase 

0 and a set of N inhomogeneities that can be described as inclusions of similar ellipsoidal 
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shape, 1 2, ..., N    which is displayed in Figure 8.1. Also consider elasticity and compliance 

tensors of the solid composite which are represented as C and S respectively.    

 

Figure 8.1 Composite material with N inhomogeneities  

Clearly enough, the volume fraction of j
th

 inhomogeneity ( j ) is defined as
j

jf



 , and 

volume fraction of different phases sum to one                           

0

1
N

j

j

f


             (8.3)                                                     

Assume the stiffness tensor of j is ( 0,1,..., )j j Nc .  The goal of elastic 

homogenization is finding stiffness tensor of the composite in terms of the stiffness tensors of 

the matrix and inhomogeneities. The concentration tensor is critical, because once such 

concentration tensors are found; the composite effective properties can be attained. 

Generally, this problem cannot be solved without additional assumptions, because boundary 

condition of inclusions is unknown. Therefore the problem has to be transformed to a 

homogenous boundary condition problem, in order to be solved. It is supposed that the 
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inhomogeneous solid is subjected to either displacement or traction boundary condition. In 

the case of traction boundary condition, the boundary condition will be in the form of: 

( ) .p x n           n V                (8.4)                                                    

Where n is the unit vector outward at the boundary and p is surface traction. Then for 

any equilibrated stress field, the average stress of the REV equals to the homogenous stress 

or macroscopic stress in domain V  

1
( )

V

x dV
V

            (8.5)                                                    

Similarly, macroscopic strain can be imposed through following so-called 

displacement boundary condition of the Hashin type: 

( ) .x E x                    x V         (8.6)                                  

where E denotes the macroscopic strain which maps position x on microscopic strain ( )x . 

For any strain field derived from any compatible strain field, the macroscopic strain is 

expressed as 

1
( )

V

x dV E
V

            (8.7)                                               

The strain average rule E  implies that A I . Figure 8.2 shows a composite 

material with N randomly oriented inhomogeneities. Consider j
th

 inhomogeneity with matrix 

in its vicinity. Considering the interaction of the inhomogeneity with surrounding matrix and 

other inhomogeneities, the stiffness of the matrix around the inhomogeneity is not same as 

the matrix stiffness ( 0c ).  For the same reasons, it is plausible to attribute different matrix 
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strain in inhomogeneity neighborhood. Let this unknown matrix stiffness and strain be called 

0



c  and 0


. Now an inclusion problem is generated to simulate the inhomogeneity problem. 

By introducing an eigenstrain * and adjusting it, using Hooke’s law we can equate stress 

fields on the inhomogeneity with equivalent inclusion equation (total stress in and ) 

 

Figure 8.2 The j
th
 inhomogeneity in the composite  

Total strain in inhomogeneity can be written as: 

0( )p

j j     

*
0 0 0: ( ) : ( )p p

j j j j       c c        (8.8)                                          

Where p

j  is the perturbed strain field due to the presence of other inhomogeneities, and jc  is 

the stiffness of a single phase.  We can express the induced strain field in terms of the 

prescribed eigenstrain through the following relation  

*:
Esh

p
jj j  S           (8.9)                                                         

L L 
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Where
Esh

jS is the Eshelby tensor computed using the elastic constants of 0c and 

geometry of the j
th

 inhomogeneity ( j ). Closed-form solutions for 
Esh

jS are available for 

ellipsoidal inclusions. The spherical inclusion assumption will eliminate introducing 

anisotropy to the problem.  The equivalent inclusion equation should be solved for 

eigenstrain *

j   

* * *
0 0 0: ( : ) : ( : )

Esh Esh

j jj j j j       c S c S  

* * *
0 0 0 0 0: : : : : : :

Esh Esh

j jj j j j j       c c S c c S c  

* 1
0 0 0 0[( ) : ] ( ) :

Esh

jj j j     c c S c c c        (8.10)                                 

Therefore by substituting Equation (8.10) in Equation (8.8) total strain in the j
th

 

inhomogeneity will be found: 

* 1
0 0 0 0 0 00 : [ [( ) : ] : ( )]:

Esh Esh
p

j jj j j j             S I c c S c c c     (8.11)       

And after some transformation 

1 1 1
0 0 0 0 0[ ( ) : ][ ( ) : ] :

Esh Esh Esh

j j jj j        S c c c S S c c c  

1 1 1
0 0 0 0 0( ) : :[ ( ) : ] :

Esh

jj j      c c c S c c c  

1
1 1 1 1

0 0 0 0 0([ ( ) : ] : : ( ) ) :
Esh

j j j 


      S c c c c c c
 

1 1
0 00[ : : ( ) ] :

Esh

j j    S c c c I  

1 1
0 00[ : ( : )] : :

Esh

jj jI      S c c I H       (8.12)                           
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Where jH  is the fourth order local strain localization tensor for j
th

 inhomogeneity. 

This matrix relates strain in inhomogeneity to any strain tensor.  The expression of the 

corresponding stress similarly can be derived   

0: : :jj j j j   c c H         (8.13)                                     

Now stress and strain field in j
th

 inhomogeneity is related to an unknown strain field ( 0 ) and 

fabricated matrix stiffness ( 0c ). Once 0  and 0c  are known, the local concentration tensor 

could be computed, so that the effective mechanical properties of composite can be found.  In 

next three sections, 0  and 0c  will be approximated by means of three different 

micromechanics schemes. These schemes are the heart of many linear upscaling problems in 

micromechanics, effective elastic properties, effective diffusion coefficient, and so on.  

8.3.1 The Eshelby solution  

The main assumption in the Eshelby scheme is that inhomogenies in the composite 

are far from each other, then neglecting the interaction between inhomogeneities will not 

apply considerable error into the problem. Figure 8.3 schematically illustrates the assumption 

for j
th

 inhomogeneity in Eshelby method. If both volume fraction and geometry of the 

inhomogeneities are taken into the account, therefore the Eshelby scheme is only valid for 

composites with very low inclusion volume fractions. In this case, each inhomogeneity can 

be treated as if it is in a homogenous matrix ( 0c ) which was subjected to uniform strain 

before the inhomogeneity was embedded. The interest of this point of view lies in the fact 
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that it allows to formulate the global behavior in whole REV. The concept can be 

summarized as:  

0 0c c                            0 0                       
Esh

Esh
j jS S                     (8.14)                       

 

 

Figure 8.3 Schematic illustration of assumption for j
th
 inhomogeneity in Eshelby method 

These equations emphasize that other homogeneities do not have any influence on j
th

 

inhomogeneity. Therefore the strain field in j
th

 inhomogeneity follows directly from   

* 1 1

0 0 0 0 0 0 0: [ : : ( ) ] : :p Esh Esh

j j j j j j              S S c c c I H   (8.15)                        

Where jH is fourth order tensor and is defined as  

1 1

0 0[ : : ( ) ]Esh

j j j

   H S c c c I         (8.16)                                           

And average strain tensor in REV is written as  

0

1
( )

V V
x dV

V
               (8.17)                                         

Hence we can rewrite equation (8.15) as  

:j j  H           (8.18)                                                   

This equation implies that jH is the global strain localization tensor, j jA H . 
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In addition, effective stress tensor of the composite in terms of stress in 

inhomogeneities and volume fractions can be written as  

0 0 0

0 1

: :
N N

j j j j j

j j

f f f  
 

    c c         (8.19)                                  

Where  is the volume fraction of inhomogeneities, and is the average stress tensor in 

the j
th

 inhomogeneity, also by calling Hooke’s law we have : jj  c , where is given by 

0 0

1

[ ( ) : ] :
N

j j j

j

f 


    c c c H        (8.20)                                    

The above equation relates homogenized stress to homogenized strain therefore it 

represents global stiffness tensor as shown below 

0 0

1

( ) :
N

est

j j j

j

f


  C c c c A         (8.21)                                      

Finally by substituting corresponding formula of strain localization tensor (8.16) the 

above equation will be transformed to  

1 1

0 0 0 0

1

( ) :[ : : ( ) ]
N

Esh

j j j j

j

f  



   c c c S c c c I       (8.22)                                  

Alternatively, in the framework of stress boundary condition and in order to obtain 

compliance matrix, assume the REV is subjected to traction boundary condition.   

0. .n n            (8.23)                                                         

Where the average stress tensor of the REV is equal to  

01
( )

V V
x dV

V
             (8.24)                                     

jf
j
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Also constant strain and stress related through                         

0 0

0 :  S           (8.25)                                                       

Where fourth order tensor 0S  is called the effective compliance matrix. Under the 

chosen traction boundary condition the strain field inside REV is no longer constant 

01
( )

V V
E x dV

V
             (8.26)                                         

0

0 :  s           (8.27)                                                     

0

0: : :j j j   H H s          (8.28)                                          

0: : :j j j c H s          (8.29)                                               

1

0: : :j j j  c H s          (8.30)                                          

Where the global stress concentration tensor can be separated from above equation  

1

0: :j j j

B c H s           (8.31)                                            

1 1 1

0 0:[ : ( : )] :
Esh

jj j

    c I S c c I s        (8.32)                                

1

0[ : ( )] :
Esh

jj j o

  s S s s s         (8.33)                                

Following the similar path to finding the effective stiffness matrix, the effective 

compliance matrix tensor can be extracted  

0 0

1

( ) :
N

est

j j j

j

f


  S s s s B         (8.34)                                 



 

 

 

145 

1

0 0 0

1

( ) : : :
N

j j j j

j

f 



  s s s c H s        (8.35)                            

1

0 0 0

1

( ) :[ : ( )] :
N Esh

jj j j j o

j

f 



    s s s s S s s s      (8.36)                     

For example if it is assumed that there is a composite with isotropic matrix and 

randomly distributed isotropic inhomogeneities with spherical shape, the homogenized bulk 

and shear modulus can be derived using the Eshelby method:   

1 1 0 0 0
0

1 0

( )(3 4 )

3 4

f K K K
K K

K





 
 


        (8.37)                                     

 1 0 1 0 0 0
0

0 0 1 0 0 1

5 ( )(3 4 )

3 (3 2 ) 4 (2 3 )

f K

K

   
 

    

 
 

  
      (8.38)                           

The 0 and 1 indices indicate the properties for matrix and inclusion respectively. 

Also, G and K  are the shear modulus and bulk modulus respectively can be directly linked 

with elastic modulus (E) and Poisson’s ratio (ʋ) are defined in elasticity. 

3 (1 2 )E K            (8.39)                    

3 2

2(3 )

K G

K G






         (8.40) 

8.3.2 The Mori-Tanaka (MT) scheme 

Mori Tanaka (MT) scheme is one of the commonly applied homogenization 

procedures in micromechanics.  We know inhomogeneities in a composite interact with 

through stress and strain fields in its surrounding matrix, and neglecting these interactions is 
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a significant limitation of the Eshelby scheme.  Despite stress and strain fields that may be 

different around each inhomogeneity, one can find average stress and strain fields ( 0 , 0 ) in 

the matrix that can suitably represent stress and strain fields in the inhomogeneities 

neighborhood suitably. Also, it can be assumed that by removing one inhomogeneity the 

average stress and strain is same. Figure 8.4 shows the illustration of assumption for j
th

 

inhomogeneity in MT method.  

MT scheme with the above assumption gives a better estimate of homogenized 

composite modulus than the Eshelby scheme. Also, unlike the Eshelby scheme, it works for 

nondilute inhomogeneities.  The MT scheme is very often suited and employed for composite 

with a reference medium (continuous matrix) reinforced with spherical inclusions.      

The assumptions can be written as 

0 0c c                        0 0                       
Esh

Esh
j jS S                         (8.41)                           

 

 

Figure 8.4 Schematic illustration of assumption for j
th
 inhomogeneity in MT method 

As indicated in Equation 8.41, the only difference between Eshelby and MT methods 

is using 0 instead of 
0 .  Using the above assumptions, the strain in the j

th
 inhomogeneity is   
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*
0 0 00 : :p Esh

j j j j         S a        (8.42)                                  

Here ja is the local strain concentration tensor, which relates the strain in j
th

 

inhomogeneity to the strain in the surrounding matrix.  

By considering that the strain in each inhomogeneity takes part in macroscopic strain 

proportional to its volume fraction, the relationship between local and global strain 

concentration tensor can be written as  

0 0

0 1

N N

j j j j

j j

E f f f  
 

            (8.43)                                    

0 0 0 0 0

1 1

: [ ] :
N N

j j j j

j j

f f f f  
 

    a I a       (8.44) 

 Then 
0 can be obtained as follow 

1
0 0

1

[ ] :
N

j j

j

f f E 



 I a         (8.45)                                       

Substituting this in Equation (8.42) yields 

1
0 0

1

: :[ ] :
N

j j j i i

i

f f E  



  a a I a        (8.46)                                 

By knowing that in Equation (8.42) ja denotes the local strain localization tensor 

 ( j jH a ), the global strain localization tensor can be found in above equation as it relates 

global strain to strain in inhomogeneities  

1 1

0

1 0

[ ] :[ ]
N N

j j i i j i i

i i

f f f 

 

   A a I a H H       (8.47)                        

 Because of the matrix-inclusion assumption in which matrix stiffness is a reference 
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medium unchanged by presence of inclusions, one can have 0 H I . By knowing this, 

effective stiffness matrix of composite will be in the form of 

0 0

1

( ) :
N

est

MT j j j

j

f


  C c c c A          (8.48)                                          

1

0 0

1 0

( ) : :[ ]
N N

j j j i i

j i

f f 

 

   c c c H H        (8.49) 

1 1

0 0

1 0 1 0

: :[ ] : :[ ]
N N N N

j j j i i j j i i

j i i i

f f f f 

   

     c c H H c H H     (8.50) 

1

1 0

: :[ ]
N N

j j j i i

j i

f f 

 

 c H H         (8.51) 

1

1 0

: :[ ]
N N

est

MT j j j i i

j i

f f 

 

 C c H H        (8.52)                             

This is the MT estimate of macroscopic stiffness tensor. 

Similar steps are taken in order to obtain the MT estimate of the effective compliance tensor 

00 0 :  s                     :j j j  c        (8.53)                                    

Combining these two equations with Equation (8.42) yields 

0 0: : :j j j  c H s           (8.54)                                                 

Since this equation relates the stress in inhomogeneity with surrounding matrix stress, 

the local stress concentration tensor reads  

0: :j j jb c H s          (8.55)                                             

In the same manner as in Equation (8.47), global stress concentration tensor can be expressed 

as 
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1 1

0 0 0

1 0

:[ ] : : :[ : : ]
N N

j j n n j j n n n

n n

f f f 

 

   B b I b c H s c H s     (8.56)                     

Now the effective MT compliance tensor can be defined  

0 0

1

( ) :
N

est

MT j j j

j

f


  S s s s B          (8.57)                                     

1

0 0 0 0

1 0

( ) : : : :[ : : ]
N N

j j j j n n n

j n

f f 

 

   s s s c H s c H s      (8.58) 

1 1

0 0 0 0 0 0

1 0 1 0

: :[ : : ] : : : :[ : : ]
N N N N
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This is the MT macroscopic compliance tensor.  

Again using the MT method for a composite with isotropic matrix and randomly 

distributed isotropic inhomogeneity phases, the homogenized bulk and shear modulus can be 

further simplified 
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8.3.3 The Self-Consistent (SC) scheme 

Unlike the Eshelby and MT schemes, in the self-consistent method it is assumed that 

the j
th

 inhomogeneity is embedded in a homogenous stiffness matrix (
estC  ) that has been 

subjected to macroscopic strain tensor ( ). The assumption for the j
th

 inhomogeneity in SC 

scheme is shown in Figure 8.5 schematically. This scheme is suitable for materials such as 

polycrystals or granular composites whose phases are dispersed in REV, and none of them 

plays any specific morphological role. The SC scheme implies the following assumptions  

0 c C                            0 E                       
Esh Esh

j jS S                         (8.64)     

 

 

Figure 8.5 Schematic illustration of assumption for j
th
 inhomogeneity in SC method 

Then the strain in the j
th

 inhomogeneity can be introduced 

* 1 1

0 0 0: [ : : ( ) ] : :p Esh Esh
jj j j j j              S S c c c I a     (8.65)         

From the definition of 4
th

 order global strain concentration tensor, it can be concluded 

that ja is in fact the global strain concentration tensor ( j ja A ).   

We know the effective stiffness tensor of a composite material can be expressed in 

terms of stiffness tensor of its constituents;  
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0 0
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f


  C c c c A         (8.66) 

Therefore the homogenized stiffness matrix according to SC scheme will be in the 

form of: 
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   c c c S c c c I  

Since no phase in the composite plays a role of matrix, and the j
th

 inhomogeneity is 

embedded in a homogenous matrix with stiffness matrix of est

SCC , it can be assumed 0

est

SCc C  

in the above equation: 
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Likewise the stress on the j
th

 inhomogeneity (similar to Equation (8.30)) reads  

1 1 1: : : : : :j jj j j j j       c c H c H s       (8.67)                                   

Where    
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Substituting jB  in compliance matrix (Equation (8.34)) and setting 0

est

SCs S , gives 

the following compliance matrix 
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For a polycrystalline material with randomly distributed grains with either different 

orientation or materials, stiffness and compliance tensors will be: 

1 1

1
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N

est Esh est est

SC j j j SC j SC

j
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As demonstrated above, the SC scheme is an implicit method and typically numerical 

iteration is needed to solve these equations. In order to simplify the calculation of global 

stiffness matrix, Hashin [138, 139] derived an elastic model for two material phases in form 

of coated isotropic spheres. In case of n spherical inclusions embedded in an unbounded 

matrix subjected to pure dilatational deformation, effective properties of the composite were 

derived by Herve & Zaoui [157]. Continuous strain and stress is assumed between adjacent 

spheres. Geometrical illustration of the Herve-Zaoui scheme [158] is exhibited in Figure 8.6.  

 

Figure 8.6 Geometrical illustration of multi-coated spheres composite 
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This scheme can be applied to obtain elastic properties of homogenized media. Using 

this scheme the SC homogenized bulk modulus will be simplified as following: 
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     (8.73)                   

In which  and K are the shear modulus and bulk modulus respectively. The n  and 

( 1)n  indices indicate the outside layer and layered inclusions of phase, n and ( 1)n  

respectively.   

8.4 Upscaling the elastic properties  

Traditionally, concrete mechanical properties are assessed by macroscopic tests. But 

inherently, concrete is very heterogeneous over large range of length scales, and its 

macroscale mechanical properties are closely related to its nano and microstructure. Also, it 

is well known that heterogeneity of concrete increases by adding different admixtures. 

Therefore, because of all these complexity multi-scale approach should be applied to identify 

the link between chemical composition, microstructure, and macromechanical properties. 

This multiscale approach is the framework for any homogenization scheme. Inspired by 

proposed elastic properties model by Ulm et al., for the sustainable concretes (KFRC and 

concrete containing lightweight aggregate, fly ash and slag) that are considered in this 

research, we can consider a four-level multiscale model.  Each level is separated from the 

next one by one order of magnitude in size of the elementary heterogeneity. In this multiscale 
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model, each scale verifies the scale separability condition which is expressed in theory of 

homogenization as 

0 ,d d D L l          (8.74) 

Where d0 is the smallest length scale that continuum mechanics is not valid, d denotes 

characteristic size of the inhomogeneities or deformation mechanism, D is the REV size, L is 

the dimension of the whole body of material, and λ is the fluctuation length of the material 

properties.  

Three-step homogenization scheme should be applied for four scale-level in order to 

attain elasticity constants of the samples in macroscopic scale.      

Level (I) typically spans the characteristic length between 10 -1 , which is 

comprised of medium and large capillary porosity and most of the hydration products (70-

80% of hydration products) which are C-S-H morphologies. This scale level explicitly 

differentiates LD C-S-H, HD C-S-H, and C-S-H/CH phases. In other word, C-S-H plus CH 

product that fill in the gel pores of C-S-H are assumed to be in this scale level. By 

considering the volume fractions of each hydration phase in concrete with fly ash and slag 

(Table 5.2, 5.3), concrete with kenaf (Figure 4.7), and concrete with lightweight aggregate 

(Table 8.2 ), also SEM observations, it is observed that there is not any dominant phase in 

this scale level. Therefore phases can be considered granular so the self-consistent scheme 

would be more appropriate to determine the homogenized stiffness tensor.  Homogenization 

of these phases results in the effective mechanical properties of most of the hydrated products 

nm m
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which is the so-called C-S-H matrix. The volume fractions of hydration products of the all 

the samples and Kenaf ITZ are summarized in Figure 8.7.  

 

Figure 8.7 Hydration products of tested samples 

In the scale level (II) which is considered at length scale between 1 -100 , 

homogenized C-S-H matrix, clinker, rejected fly ash and slag, gypsum, CH, and large 

capillary porosity are found. Homogenization of these phases will yield effective mechanical 

properties of so-called cement paste. Since unhydrated clinker, CH and large capillary 

porosities can be assumed as inclusions that are embedded in continuous matrix, MT scheme 

is appropriate to obtain the homogenized stiffness tensor. For simplicity spherical inclusion 

morphologies are assumed.    

m m
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Scale level (III) refers to so-called mortar and is assumed on the characteristic length 

scale of 1mm-1cm. It contains homogenized cement paste, sand, fiber, associated ITZ’s and 

air void. Since sand, fiber and associated ITZ’s can be conceived as inclusions in built-up 

cement paste. For simplicity, ITZ was modeled as a randomly distributed spherical inclusion 

in the matrix. Again the MT scheme is most appropriate to obtain the homogenized stiffness 

tensor.   

The largest scale level (IV) is considered on the scale level of 1cm-10cm. This scale 

which is so-called macroscopic scale includes all the ingredients of concrete, and is the 

classical scale of macroscopic material testing of concrete materials. Mortar, lightweight 

aggregate, coarse aggregate and associated ITZ are typically found. Similar to previous scale 

level, lightweight and coarse aggregates and their ITZ’s can be considered as inclusions in 

matrix built-up by mortar. MT scheme is appropriate method to use for properties 

homogenization in this scale-level.   

The bottom-up scale models for all concrete samples (KFRC, concrete containing fly 

ash and slag, and LWAC) are displayed in Figure 8.8-8.10 in detail. The 2-D sketches refer 

to 3-D volumetric elements, and shapes in the illustrations serve to identify phases, not 

indicate specific morphologies. L represents the REV size. Level (I) only contains C-S-H 

hydration products whose mechanical properties are measured by nanoindentation as well as 

medium and large capillary porosity. Note that, in this scale, there is no C-S-H/CH 

nanocomposite in samples with SCMs as it is consumed by secondary reaction. The rest of 

the scale levels include different inclusions depending on the sample’s mixture.  
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Figure 8.8 Bottom-up four scale level scale model for KFRC 
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Figure 8.9 Bottom- up four scale level model for concrete contained slag and fly ash 
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Figure 8.10 Bottom-up four scale level model for LWAC contained slag and fly ash 

Upscaling was built-up on NI results and from scale level (I) to (IV) and was made by 

knowing volume fraction, indentation modulus of C-S-H phases, elastic properties of mixture 

ingredients and also mixture proportion of the each specimen. Elastic properties of concrete 

ingredients employed in the samples mixture taken from open literature are listed in Table 

8.1.  The elastic properties can affect the prediction enormously, so they should be chosen 

carefully.   Except for the volume fraction of the C-S-H phases and small porosities, which 

were outcome of the NI tests, volume fraction of the rest of the ingredients was found from 

samples mixture volume proportions (Table 4.1 and McCoy [26]).  

According to Mehta and Monteiro [8] total CH volume fraction in normal concretes is 

around 20% of total hydration products. For KFRC samples (normal portland cement 
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concrete) total CH volume fraction was assumed to be 20% too, whereas all CH was 

consumed by secondary reaction in the rest of the samples. In KFRC samples, part of the CH 

was considered crystal embedded in C-S-H/CH nanocomposite (CH in HD C-S-H porosity) 

and the rest is appeared as a phase in scale level (II). The amount of CH in each scale 

depends on the C-S-H/CH nanocomposite volume fraction, and associated gel porosity (24% 

of solid).  Below equations were used to find the volume fractions of CH in level I and II.  

 (  )    (0.24)CH HD C S Hf Level I f Gel porosity volume       (8.75) 

(  ) 0.20 (  )CH CHf Level II f Level I         (8.76) 

Table 8.1 Mixture-independent elastic properties of concrete ingredients 

Phase 
Bulk modulus 

(K)[GPa] 

Shear modulus 

(µ)[GPa]  
Source 

CH 36.04 15.21  [158] 

Clinker 107 49.38  [158] 

Fiber(Kenaf) 18.6 5.3    [5] 

Unhydrated Fly ash  62.82 39.52   

Unhydrated Slag 62.82 39.52   

Porosity or air void 0 0   

Sand (Quartz) 35.92 25.8 [159] 

Lightweight 

aggregate  
7.14 6.5 [160] 

Coarse aggregate  22.22 16.8 [160] 

 

ITZ of sand and coarse aggregates did not have significant effect on macroscopic 

elastic properties of the samples because of their low volume fractions compared to whole 

composite. Simple calculation shows that by assuming 30µm and 10 µm thicknesses of ITZ 

for coarse aggregate and sand, total volume fraction of ITZ will be less than 1%. However, 
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weakness of ITZ can affect fracture properties of concrete which cannot be observed in this 

type of modeling. Tables 8.2-8.4 show the expected elastic mechanical properties of the 

samples in different scale levels. This shows how the properties are changing from one scale 

to another depending on volume fraction and mechanical properties of the ingredients. For 

the samples with coarse aggregate the properties increases with upscaling, whereas for the 

samples with lightweight aggregate, it increases up to level (II) then decreases because of 

lightweight aggregate’s low elastic modulus contribution in scale-level (III).  

  Table 8.2 Predicted elastic mechanical properties of the KFRC samples in different scale levels 

  
Level (I) Level (II) Level (III) 

  
Matrix Cement Paste Mortar 

KC 

ʋ 0.24 0.26 0.24 

K [GPa] 17.5 20.6 21.4 

µ [GPa] 11.0 11.7 13.3 

E[GPa] 27.4 29.5 33.1 

KF1 

ʋ 0.24 0.26 0.25 

K [GPa] 19.9 22.9 22.1 

µ [GPa] 12.5 13.0 13.6 

E[GPa] 31.1 32.8 33.8 

KF2 

ʋ 0.24 0.26 0.25 

K [GPa] 19.4 22.4 21.77 

µ [GPa] 12.2 12.7 13.23 

E[GPa] 30.2 32.1 33.01 
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Table 8.3 Predicted elastic mechanical properties of the concrete samples with SCMs in different 

scale levels 

  
Level (I) Level (II) Level (III) 

  
Matrix Cement Paste Mortar 

CF2 

ʋ 0.24 0.25 0.23 

K [GPa] 9.8 10.5 13.6 

µ [GPa] 6.2 6.3 13.6 

E[GPa] 15.3 15.8 21.8 

CF6 

ʋ 0.24 0.25 0.23 

K [GPa] 9.3 10.0 12.4 

µ [GPa] 5.8 6.0 8.0 

E[GPa] 14.5 15.0 12.4 

CS6 

ʋ 0.24 0.25 0.23 

K [GPa] 10.2 10.9 13.67 

µ [GPa] 6.4 6.6 8.83 

E[GPa] 15.9 16.5 21.79 

Table 8.4 Predicted elastic mechanical properties of the LWAC samples in different scale levels 

  
Level (I) Level (II) Level (III) 

  
Matrix Cement Paste Mortar 

LF2 

ʋ 0.24 0.25 0.23 

K [GPa] 12.6 13.5 17.8 

µ [GPa] 8.0 8.1 11.6 

E[GPa] 19.7 20.3 28.7 

LF6 

ʋ 0.24 0.26 0.24 

K [GPa] 11.6 14.2 17.7 

µ [GPa] 7.3 8.1 11.0 

E[GPa] 18.0 20.4 27.3 

LS6 

ʋ 0.24 0.25 0.24 

K [GPa] 11.4 14.5 18.03 

µ [GPa] 7.2 8.5 11.47 

E[GPa] 17.8 21.4 28.39 
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8.5 Validation of Elastic Model 

In this section the results of independent large-scale experiments are compared with 

model predictions for KC, KF1, KF2, CF2, CF6, CS6, LF2, LF6, and LS6. Elastic modulus 

of CF2, CF6, CS6, LF2, LF6, and LS6 using conventional uniaxial unloading test was 

obtained by McCoy et al.[26] whereas ultrasonic test was used to obtain the elastic modulus 

of KC, KF1, and KF2. The predicted elastic modulus using NI technique and homogenization 

was plotted respect to the measured ones from uniaxial unloading test in Figure 8.11. As the 

points getting farther from the 45-degree line, the error between predicted and measured 

values becomes greater. The dashed lines indicate ±10% error. It is interesting to note that 

predicted values almost coincide with uniaxial test measurements. Error for both CF6 and 

LF6 are higher than other samples, one reason can be high volume of fly ash in these samples 

which caused more error in prediction. This decent agreement is a good indication of 

capability of homogenization method for sustainable cement paste materials. Despite some 

errors between predicted and measured elastic modulus, it seems the model is able to 

correctly predict the trends and can serve for an optimization of the concrete composition 

towards desired properties. Figure 8.12 shows predicted versus measured shear modulus 

from experiment. CF6 and LF6 samples have more error again. There was no shear tests for 

Kenaf samples and shear moduli were calculated by knowing elastic modulus and poisson’s 

ratio (ʋ).  
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Figure 8.11Predicted elastic modulus versus measured from experiment 

 

Figure 8.12Predicted shear modulus versus measured from experiment 

According to Sorelli et al. [12] poisson’s ratio for hydrated products is around 0.24. 

Using this assumption macroscopic poisson’s ratio for the samples was found by multiscale 
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modeling, it was around 0.23 for all the samples. The poisson’s ratio for the samples was 

assumed to be 0.3 in macroscopic tests.      

8.6 Chapter Summary and Conclusions 

Finding the elementary blocks properties of sustainable concrete in Chapter 4 to 7 

made it possible to link the invariant properties in submicron scale to macroscopic 

engineering properties. In this chapter, multiscale modeling for sustainable concretes was 

established using micromechanics and implemented for prediction of elastic properties, e.g. 

elastic modulus, shear modulus, Poisson ratio. Different micromechanical homogenization 

schemes were addressed and applied to the modeling. While recalling the simplifications, e.g. 

not considering microcracks inherent in concrete microstructure, and limitations, e.g. 

modeling the degraded hydration products, of the implemented model, this multiscale 

investigation is a leap forward in application of stiffness homogenization models in 

sustainable cement based materials.  

In general, there was a good consistency between measured elastic properties 

obtained at the macroscopic scale [4, 28] and predicted from upscale indentation modulus. 

This consistency forms a strong argument in favor of proposed micromechanical modeling 

along with measured nanomechanical properties by nanoindentation technique to predict 

elastic properties of the sustainable concretes.  
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CHAPTER 9. Concluding Remarks 

9.1 Conclusions 

This dissertation sought to take a first step to examine four sustainable concretes  

(concrete containing fly ash and ground granulate furnace slag, kenaf fiber reinforced 

concrete, and lightweight aggregate concrete) nanostructure using mainly nanoindentation 

coupled with probabilistic analysis, and continuum micromechanics. The investigation 

necessarily included the development of multidisciplinary investigation to identify intrinsic 

nanoscale properties of microstructural constituents of both intact and high temperature 

damaged cement based materials. Finally using micromechanics, macroscopic mechanical 

properties were found. This chapter presents the summary of the knowledge generated 

through investigating sustainable concretes which was motivated in part by the needs of 

producing greener concrete composites. It is believed that new insight into the nanoscale 

mechanical properties of concretes composites along with other findings reported in this 

work will help to change the concrete to more sustainable and environmentally friendly 

construction material, tailored to our need. The detailed discussion and related conclusions 

for each part of this dissertation were presented in relevant chapters. The following key 

objectives were accomplished in this research: 

i) An additional parameter was considered for statistical analysis of NI data to 

characterize mechanical behavior of cementitious materials. The parameter 
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represented the tendency of the material to dissipate energy through 

irreversible plastic deformation during a cycle of loading in NI test. This 

energetic parameter correlated the packing density of C-S-H phases to amount 

of energy that was dissipated during NI test.  

ii) The nanoscale mechanical behavior of C-S-H phases in cement paste formed 

by ordinary portland cement, cements blended with fly ash and blast furnace 

slag, and cement with kenaf and lightweight aggregate are virtually identical. 

Nevertheless the volume fractions of the hydration products were different. 

Having same intrinsic mechanical properties, makes it possible to model 

sustainable concrete mechanical behavior indistinguishable from hydration 

products of normal concrete.   

iii) Quantitative characterization of ITZ of LWA, Kenaf and conventional 

aggregates confirms that the zone is highly heterogeneous. The heterogeneity 

seemed to be due to surrounding microstructure of ITZ, admixture effect, 

amount of available water, shape, size and type of the aggregate or internal 

curing agent. Although it was possible to observe all the hydration phases in 

the three types of ITZ, it was possible to detect the dominant phase.   Using 

dry expanded slate LWA in concrete mixture brings about forming denser and 

less porous ITZ compared to ITZs associated with conventional aggregates in 

similar samples. However, because of partially pre-wetted condition of kenaf 

fibers, a significant porosity phase was observed in Kenaf ITZ.    
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iv) Thermally damaged concrete composites containing fly ash and slag with 

lightweight or conventional aggregates possess the same hydration products as 

intact ones. However mean mechanical properties of hydration products for 

damaged concretes exposed to 300ºC were decreased.       

v) It was shown that LWA can alleviate the thermal degradation in the hydration 

products. Nonetheless, more degradation was identified in LWA’s ITZ than in 

bulk paste.  

vi) Hydration products of high temperature damaged concretes experienced 

strength and stiffness deterioration. The deterioration was more pronounced in 

LD C-S-H than HD C-S-H.  

vii) It was demonstrated that adopted nanoindentation technique followed by 

statistical analysis and multiscale modeling on sustainable cement based 

materials can provide results comparable to macroscopic experiments. This 

may serve for advanced elastic properties prediction; and more generally as a 

powerful and rational tool for material-to-structure optimization. 

9.2 Current Limitations and Future Works 

Multiscale modeling of concrete by upscaling the NI technique results is a relatively 

new method. This technique can be applied to different types of mixtures to extend its 

applicability to various cement based materials. The application of this technique in 
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sustainable concretes before and after thermal damage has led to the identification of several 

possible areas for future work:  

i) Better understanding of sustainable concretes at the nanoscale, and the 

multiscale methodology that was employed in this study, can be used to 

develop new eco-friendly cementitious materials with improved properties.  

ii) Investigation of the nanomechanical behavior of sustainable concretes 

exposed to elevated temperature below 300ºC and above 300ºC can be carried 

out. This will shed more light on fire damage on concrete with SCMs and 

lightweight aggregate in different ranges of temperature.  

iii) The homogenization schemes designed for macroscopic elastic properties lack 

a damage model. Incorporating inherent microcracks or degradation in cement 

microstructure precisely can help to predict the macroscopic behavior until 

failure. 

iv) One fundamental research which can impact concrete constituents 

optimization methodology is building C2S and C3S based cement pastes, to 

research whether hydration of these chemical components produces LD C-S-

H or HD C-S-H or their productions is independent of type of hydrated phase 

and only dictated by w/c ratio. This is unlikely to be obtained solely by NI 

technique. Undoubtedly, combination of NI and other material science 

instrumental techniques such as SEM, XRD and SANS are required to 

complement and aid to interpret the NI results.  
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v) Sample preparation is one of challenging parts of this work. Strength 

mismatch between aggregate and cement paste causes many issues during 

sample polishing. More work should be conducted to achieve procedures for 

different types of concrete mixtures and to refine sample preparation 

techniques.   

vi) Although it was found that ITZ of LWA are more susceptible than bulk paste 

to thermal damage, full understanding of this phenomenon is yet to be 

discovered. More extensive research is required to illustrate this behavior in 

fire damaged LWAC.       

vii) Influence of the fine LWA with different moisture contents prior to mixing in 

cementitious materials microstructure is under investigation.  If successful, it 

can be possible to achieve maximum internal curing benefits by examining 

cement paste microstructure, thereby adjusting mixture proportion to account 

for LWA absorption. 

 

 

 

 

 

 



 

 

 

171 

REFERENCES 

1. Portland cement association, Long-term consumption outlook, The monitor forecast report, 

October 28, (2009). 

 

2. The Cement Sustainability Initiative: Progress report, World Business Council for 

Sustainable Development, (2002). 

 

3. Intergovernmental panel on climate change, IPCC special report on carbon dioxide capture 

and storage, Cambridge University Press, (2005). 

 

4. T.R.Naik, Sustainability of concrete construction, ASCE Practice periodical on structural 

design and construction, 13(2), (2008), pp. 98-103. 

 

5. A. H. Elsaid, Natural Fiber Reinforced Concrete – Partial/Unfinished and unpublished 

graduate student report in progress, NC State University, Research sponsored by 3F under the 

NC Green Business Development Fund, (2009). 

 

6. ACI Manual, (308-213) R-13: Report on internally cured concrete using prewetted absorptive 

lightweight aggregates, (2013).  

 

7. S. Chandra, L. Berntsson, Lightweight aggregate concrete, Noyes, New York (2002). 

 

8. D.P. Bentz, Influence of internal curing using lightweight aggregates on interfacial transition 

zone percolation and chloride ingress in mortars, Cem. Concr. Compos., 31(5), (2009), pp. 

285-289. 

 

9. P.K. Mehta, P.J.M. Monteiro, Concrete: microstructure, properties, and materials, (Third 

edition), Prentice-Hall, (2006). 

 

10. S. Diamond, Cement paste microstructure – an overview at several levels, in  

      Hydraulic cement pastes: their structure and properties, proceedings of a conference  

at Sheffield, University of Sheffield, Sheffield, England, (1976), pp. 2-31. 

 

11. F-J Ulm, M.Vandamme, C. P. Bobko, J.A. Ortega, K.Tai, C,Qrtiz, Statistical indentation 

techniques for hydrated nanocomposites: concrete, bone, and shale, J. Am. Ceram. Soc., 

90(9), (2007), pp. 2677-2692. 

 

12. L. Sorelli, G. Constantinides, F-J Ulm, F.Tutlemonde, The nano-mechanical signature of 

ultra-high performance concrete by statistical nanoindentation, Cem. Concr. Res., 38(12),   

(2008), pp. 1447-1456. 

 

13. G. Constantinides, F-J Ulm, The nanogranular nature of C-S-H, J. Mech. phys. solids, 55 (1), 

(2007), pp. 64-90. 

 

http://www.wbcsd.org/includes/getTarget.asp?type=d&id=ODY3MA
http://en.wikipedia.org/wiki/World_Business_Council_for_Sustainable_Development
http://en.wikipedia.org/wiki/World_Business_Council_for_Sustainable_Development


 

 

 

172 

14. M. Vandamme, The Nanogranular Origin of Concrete Creep: A Nanoindentation 

investigation of microstructure and fundamental properties of Calcium-Silicate-Hydrates, 

Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, MA (2008). 

 

15. J.Chen, L.Sorrelli, M.Vandamme, F-J Ulm, G.Chavillard, ‘A coupled nanoindentation/SEM-

EDS study on low water/cement ratio Portland cement paste: evidence for C-S-H/Ca(OH)2 

nanocomposites,’ J. Am. Ceram. Soc., 93 (5), (2010), pp. 1484-1493. 

 

16. M.Vandamme, F-J Ulm, P.Fonollosa, Nanogranular packing of C-S-H at substochiometric 

conditions, Cem. Concr. Res. 40(1), (2010), pp. 14-26. 

 

17. P.D.Tennis, H.M. Jennings, A model for two types of calcium silicate hydrate on 

microstructure of portland cement paste, Cem. Concr. Res., No.30, (2000), pp. 855-863.  

 

18. H.M. Jennings, A model for the microstructure of calcium silicate hydrate in cement paste, 

Cem. Conc. Res., 30, (2000), pp. 101-116.  

 

19. H.M. Jennings, Refinements to colloid model of C-S-H in cement: CM-II, Cem. Conc. Res., 

38 (3), (2008), pp. 275-289. 

 

20. V. Zanjani Zadeh, C. P. Bobko, Nanoscale mechanical properties of concrete containing blast 

furnace slag and fly ash before and after thermal damage, Cem. Concr. Compos., 37(1), 

(2013), pp. 215-221. 

 

21. V. Zanjani Zadeh, C. P. Bobko, Nanomechanical investigation of internal curing effects on 

sustainable concretes with absorbent aggregates, ASCE J., Poromechanics V, (2013), 

pp.1625-1634. 

 

22. V. Zanjani Zadeh, C.P. Bobko,  Nano-mechanical properties of internally cured kenaf fiber 

reinforced concrete using nanoindentation, Cem. Concr. Compos., (2013), under review. 

 

23. G.Constantinides, K.S.Ravi Chandran, F-J Ulm,K.J.Van Vliet, Grid indentation analysis of 

composite microstructure and mechanics: principles and validation, Mater. Sci. Eng. 430 (1-

2), (2006), pp. 189-202.  

 

24. C. Bobko, F-J Ulm, The nano-mechanical morphology of shale, Mech. of Mater. 40 (4-5), 

(2008), pp. 318-337. 

 

25. K-J  Krakowiak,P-B lorenco, J-A Ortega, F-J Ulm, Multitechnique investigation of extruded 

clay brick microstructure , J. Amer. Cer. Sci., 94(9), (2011), pp. 3012-3022.  

 

26. B.C. McCoy, Enhanced sustainability concrete mixtures: Effects of elevated temperature 

exposure on changes in microstructure and elastic properties and the development of 

modified layered-sectional analysis for forensic investigation, M.Sc. Thesis, North Carolina 

State University, NC, (2011). 

 



 

 

 

173 

27. T.C. Powers, Structure and physical properties of hardened Portland cement paste, J. Am. 

Ceram. Soc., 41(1), (1958), pp. 1-6. 

 

28. F.M. Lea, , The chemistry of cement and concrete, 3rd edition, Edward Arnold (Publishers) 

Ltd, London (1970). 

 

29. P.J.M.  Monteiro, P.K. Mehta, Ettringite formation on the aggregate-cement paste interface, 

Cem. Conc. Res., 15(2), (1985), pp. 378-80. 

 

30. K.L. Scrivener, The use of back scattered electron microscopy and image analysis to study 

the porosity of cement paste, Pore Structure and Permeability in Cementitious Materials, 

Materials Research Society Proceedings, Vol. 137, USA, (1988), pp. 129-40. 

 

31. H.M. Jennings, J.J. Thomas, J.S. Gevrenov, G. Constantinides, F.-J. Ulm, A multi-technique 

investigation of the nanoporosity of cement paste, Cem. Concr. Res., 37 (2007), pp. 329–336. 

 

32. A. Nonat, The structure and stoichiometry of C–S–H, Cem. Concr. Res., 34 (2004), pp. 

1521–1528. 

 

33. I.G. Richardson, Tobermorite/jennite- and tobermorite/calcium hydroxide-based models for 

the structure of C–S–H: applicability to hardened pastes of tricalcium silicate, β-dicalcium 

silicate, portland cement, and blends of portland cement with blast-furnace slag metakaolin or 

silica fume, Cem. Concr. Res., 34 (2004), pp. 1733–1777. 

 

34. S. Mindess, J.F. Young, D. Darwin, Concrete, Prentice Hall, 2nd Ed., (1996). 

 

35. D. Winslow, D. Liu, Pore structure of paste in concrete, Cem. Concr. Res., 20 (2), (1990), pp. 

227–235. 

 

36. I. Odler , Special inorganic cements, Modern concrete technology series, New York: E & FN 

Spon, (2000). 

 

37. P. Stutzman, Petrographic methods of examining hardened concrete: a petrographic manual, 

U.S. department of transportation, National Institute of Standards and Technology 

Engineering Laboratory, Federal highway report, No. FHWA-HRT-04-150, July (2006). 

38. H.F.W. Taylor, Cement Chemistry, (2nd Edition) Thomas Telford, London, England, (1997). 

 

39. B.J. Briscoe, L. Fiori, E. Pelillo, Nano-indentation of polymeric surfaces. J. Phys. D: Appl. 

Phys.,31, (1998), pp. 2395–2405. 

 

40. W.C. Oliver, G.M. Pharr, Measurement of hardness and elastic modulus by instrumented 

indentation, J. Mater. Sci., 19 (1), (2004), pp. 3-20. 

 



 

 

 

174 

41. S. Fouvry, T. Liskiewicz, P. Kapsa, S. Hannel, E. Sauger, An energy description of wear 

mechanisms and its applications to oscillating sliding contacts, Wear, 255 (2003), pp. 287–

298. 

42. CSM manual for Nanoindentation tester, NHT, (2009).  

43. M. Miller, C. Bobko, M. Vandamme, F.-J. Ulm, Surface roughness criteria for cement paste 

nanoindentation, Cem. Concr. Res. 38(4) (2008), pp. 467-476.  

 

44. S. Saber-Samandari, K.A. Gross, Effect of angled indentation on mechanical properties, J. 

Eur. Ceram. Soc., 29 (2009), pp. 2461–2467. 

 

45. G.J. Mclachlan, D. Peel, K.E. Basford, P. Adams, The EMMIX software for the fitting of 

mixtures of normal and t-components, J. Stat. Soft. 4(2), (1999), pp. 1-15. 

 

46. G.J. Mclachlan, D. Peel, Finite Mixture models, Wiley series in probability and statistics, 

Wiley interscience publication, (2000).  

 

47. A.K. Mohanty, M. Misra, L.T. Drzal, Natural fibers, biopolymers, and biocomposites, CRC 

press, Taylor and Francis group, (2005), 77 pp. 

 

48. A. Elsaid, M. Dawood, R. Seracino, C.P. Bobko, Characterization of kenaf fiber reinforced 

concrete. Technical report no. RD-09-07, North Carolina State University, Construction 

Facilities Laboratory, (2009), 80 pp. 

 

49. A. Elsaid, M. Dawood, R. Seracino, C.P. Bobko, Mechanical properties of kenaf fiber 

reinforced concrete, Const.  Build. Mater., 25(4) (2010), pp. 1991-2001. 

 

50. Y-W, Chan, S-H Chu, Effect of silica fume on steel fiber bond characteristics in reactive 

powder concrete, Cem. Concr. Res. 34 (7) (2004), pp. 318-327. 

 

51. L.Gatty, S.Bonnamy, A.Feylessoufi, C.Clinard, P.Richard,H.Van Damme, A transmission 

electron microscopy study of interfaces and matrix homogeneity in ultra-high-performance 

cement- based materials, J. Mater. Sci., 36(16) (2001), pp. 4013-4026. 

 

52. X.H.Wang, S.Jacobsen, J.Y.He, Z.L.Zhang, S.F.Lee, H.L.Lein, Application of 

nanoindentation testing to study of the interfacial transition zone in steel fiber reinforced 

mortar, Cem. Concr. Res., 39(8) (2009), pp. 701-715. 

 

53. K.Tai, F-J Ulm, C.Ortiz, Nanogranular origin of the strength of bone, Nano letters, 6(11) 

(2006), pp. A-F. 

 

54. ACI Manual, 213R-03: Guide for structural-lightweight aggregate, (2003).  

55. J. Castro, A. E. Naaman, Cement mortar reinforced with natural fibers, ACI J., Proceedings, 

78(1), Jan.-Feb. (1981), pp.69-78. 



 

 

 

175 

56. A. Peled, J. Castro, J. Weiss, Atomic force microscopy examinations of mortar made by 

using water-filled lightweight aggregate, Transport. Res. Rec., 2141, (2010), pp. 92-101. 

 

57. N.V. Tuan, G. Ye, K.V. Breugel, O. Kopuroglu, Hydration and microstructure of ultra high 

performance concrete incorporating rice husk ash, Cem.Concr.Res., 41(11), (2011), pp. 1104-

1111. 

 

58. K.L. Scrivener, Characterization of the ITZ and its quantification by test method, in: M.G. 

Alexander, G. Arlliguie, G. Ballivy, A. Bentur, J. Merchand (Eds.), Engineering and 

Transport Properties of the Interfacial Transition Zone in Cementitious Composites, RILEM 

Report, vol. 20, RILEM Publications, (1999), pp. 3-14. 

 

59. A. Bentur, M.G. Alexander, A review of the work of the RILEM TC159-ETC: Engineering 

of the interfacial transition zone in cementitious composites, Mat. Struct. 33(226) (2000), pp. 

82–87. 

 

60. K. L. Scrivener, A.K. Crumbie, P. Laugesen, The interfacial transition zone (ITZ) between 

cement paste and aggregate in concrete, Interface Sci., 12(4) (2004), pp. 411-421. 

 

61. S. Diamond, J. Huang, The interfacial transition zone: reality or myth?  in: Katz, A., Bentur, 

A., Alexander, M., Arliguie, G., Eds., The Interfacial Transition Zone in Cementitious 

Composites, RILEM Proceedings 35, E and FN Spon, (1998), pp. 3-39. 

 

62. S. Diamond, J. Huang, The ITZ in concrete – a different view based on image analysis and 

SEM observations,  Cem. Concr. Compos., 23(2) (2001), pp. 179-188. 

 

63. M. Sonebi, Utilization of micro-indentation technique to determine the micromechanical 

properties of the ITZ in cementitious materials, in Nanotechnology of Concrete: Recent 

Developments and Future Perspectives, ACI SP-254, (2008), pp. 57-68 

 

64. X.H.Wang, S. Jacobsen, S.F. Lee, J.Y. He, J.L. Zhang, Effect of silica fume, steel fiber, and 

ITZ on the strength and fracture behavior of mortar, Mat. Struct., 43(1-2), (2010), pp. 125-

139. 

 

65. R. Henkensiefken, T. Nantung,  J. Weiss, Saturated lightweight aggregate for internal curing 

in low w/c mixtures: monitoring water movement using X-ray absorption, Strain, 47(s1), 

(2011), pp. e432–e441.  

 

66. R. Henkensiefken, G. Sant, T.Nantung, J. Weiss, Detecting solidification using moisture 

transport from saturated lightweight aggregate, in ACI Special Publication 259 - Transition 

from fluid to solid: Reexamining the behavior of concrete at early ages, K. Riding, Ed., 

American Concrete Institute, Farmington Hills, MI (2009). 

 

67. A. Elsharief, M.D. Cohen, J.Olek, Influence of aggregate size, water cement ratio and age on 

the microstructure of interfacial transition zone, Cem. Concr. Res. 33(11), (2003), pp. 1837-

1849. 



 

 

 

176 

68. W. Hinrichs, I. Odler, Investigation on the hydration of portland blast furnace slag cement, 

Adv. Cem. Res., 2 (1989), pp. 9-20.  

 

69. A.M. Harrisson, N.B. Winter, H.F.W. Taylor, Microstructure and microchemistry of slag 

cement pastes, Mater. Res. Soc. Symp. Proc., 85, (1987), pp. 213-222.  

 

70. D.P. Bentz, A three-dimensional cement hydration and microstructural program. I. Hydration 

rate, heat of hydration and chemical shrinkage, NISTIR 5756 (1995). 

<http://ciks.cbt.nist.gov/bentz/nistir5756/node15.html>. 

 

71. E.E. Berry et al., Beneficiated fly ash: hydration microstructure and strength development in 

portland cement systems, ACI SP-114, (1989), pp. 241-273. 

 

72. W. Li, D.M. Roy, Investigation of relations between porosity, pore structure and C1-diffusion 

of fly ash and blended cement paste, Cem. Conc. Res. 16, (1986), pp. 749-759. 

 

73. J. Zhou, G. Ye, K. van Breugel, Hydration process and pore structure of portland cement 

paste blended with blast furnace slag’. In S Tongbo, S Rongxi, Z Wensheng, (Eds.), Cement 

& Concrete, contributing to global sustainability. Beijing: Foreign Languages Press (2006) 

pp. 417-424. 

 

74. A. Sakulich, V. Li, Nanoscale characterization of engineered cementitious composites (ECC), 

Cem. Concr. Res., 41 (2) (2011), pp. 169–175. 

 

75. L. Biolzi, S. Cattaneo, G. Rosati, Evaluating residual properties of thermally damaged 

concrete, Cem. Concr. Compos., 30 (10) (2008), pp. 907-916.  

 

76. F.M. Lea, The Chemistry of Cement and Concrete, Edward Arnold Ltd., London, UK, 

(1983).  

 

77. Z.P. Bazant, M.F. Kaplan, Concrete in High Temperatures, Material Properties and 

Mathematical Models, Longman group limited, London, (1996).  

 

78. F.-J. Ulm, O. Coussy, Z. Bazant, The Chunnel fire. I. Chemoplastic softening in rapidly 

heated concrete, ASCE J. Eng. Mech., 125 (3), (1999), pp. 272-282.  

 

79. O. Arioz. Effects of elevated temperatures on properties of concrete, Fire Safety J., 42 (2007), 

pp. 516–522. 

 

80. A. Noumowe, R. Siddique, G. Rance, Thermo-mechanical characteristics of concrete at 

elevated temperatures up to 310°C,’ Nuclear Eng. & Design, 239 (2009), pp. 470-476. 

 

81. M.C.R. Farage, J. Sercombe, C. Galle, Rehydration of microstructure of cement paste after 

heating at temperatures up to 300°C,’ Cem. Conc. Res., 33 (2003) pp. 1047-1056.   

 



 

 

 

177 

82. S. Masse, G. Vetter, P. Boch, C. Haehnel, Elastic modulus changes in cementitious materials 

submitted to thermal treatments up to 1000°C,’ Adv. Cem. Res., 14 (4) (2002), pp. 169-177. 

 

83. S.E. Guise, Petrographic and color analysis for assessment of fire damaged concrete, In: Jany 

L, et al., ed. Proceedings of the 19th International Conference on Cement Microscopy (1999) 

pp. 365–372. 

 

84. L. Powers-Couche, ‘Fire damaged concrete-up close,’ Concrete Repair Digest, (1992), pp. 

241–248. 

 

85. A.H. Gustafero. Experiences from evaluating fire-damaged concrete structures––fire safety of 

concrete structures, Ame. Con. Ins. SP-80, (1983). 

 

86. S.K. Handoo, S. Agarwal, S.K. Agarwal, Physicochemical, mineralogical, and morphological 

characteristics of concrete exposed to elevated temperatures, Cem. Concr. Res., 32 (7) 

(2002), pp. 1009–1018.  

 

87. K.D. Hertz, Danish investigations on silica fume concretes at elevated temperatures, ACI 

Mater. J., 89 (4) (1992), pp. 345-347. 

 

88. C. Poon, S. Azhar, M. Anson, Y. Wong, Comparison of the strength and durability 

performance of normal and high strength pozzolanic concretes at elevated temperatures, Cem. 

Concr. Res., 31(9) (2001), pp. 1291-1300.   

 

89. R.V. Balendran, T.M. Rana, T. Magsood, W.C. Tang, Strength and durability performance of 

HPC incorporating pozzolans in elevated temperatures,’ Structural survey, 20 (4), (2002),  pp. 

123-128. 

 

90. C. Poon, S. Azhar, M. Anson, Y. Wong, Performance of metakaolin concrete at elevated 

temperatures, Cem. Concr. Compos., 25 (2003), pp. 83-89. 

 

91. P.J.E. Sullivan, R.Shansar, Performance of concrete at elevated temperature (as measured by 

the reduction in compressive strength), Fire Tech., 28 (3) (1992) pp. 240-250. 

92. N-M. Al Akhras, K.M. Al Akhlas, M.-F. Attom, Performance of olive waste ash concrete 

exposed to elevated temperatures, Fire Safety J., 44(3) (2009), pp. 370-375. 

 

93. R. Siddique, D. Kaur, Properties of concrete containing ground granulated blast furnace slag 

(GGBFS) at elevated temperatures, J. Adv. Res. 3 (1) (2012), pp. 45-51. 

 

94. W.P. Dias, G.A. Khoury, P.J. Sullivan, Mechanical properties of hardened cement paste 

exposed to temperatures up to 700 °C (1292 °F), ACI Mater. J., 87 (2) (1990), pp. 160–165. 

 

95. Y.N. Chan, G.F. Peng, M. Anson, Residual strength and pore structure of high-strength 

concrete and normal-strength concrete after exposure to high temperatures, Cem. Concr. 

Compos., 21 (1999), pp. 23–27. 



 

 

 

178 

96. S. Ghosh, K.W. Nasser, Effects of high temperature and pressure on strength and elasticity of 

lignite fly ash and silica fume concrete, ACI Mater. J., 93 (1) (1996), pp. 51–60. 

 

97. K.M.A. Hossain, High strength blended cement concrete incorporating volcanic ash: 

performance at high temperature, Cem. Concr. Compos., 28 (2006), pp. 535–545. 

 

98. K.W. Nasser, H.M. Marzouk, Properties of mass concrete containing fly ash at high                   

temperatures, ACI Mater. J., 76 (4) (1979), pp. 537–551. 

 

99. X.S. Wang, B.S. Wu, Q.Y. Wang, Online SEM investigation of microcrack characteristics of 

concretes at various temperatures’, Cem. Conc. Res., 35 (7) (2004), pp. 1385–1390. 

 

100. M.J. Dejong, F.-J. Ulm, The nanogranular behavior of C-S-H at elevated temperatures (up to 

700°C), Cem. Concr. Res., 37 (1), (2007), pp. 1-12.  

 

101. P. Klieger, Early high strength concrete for prestressing, Proceedings World Conference on 

Prestressed Concrete, San Francisco, (1957), pp. A5-1 to A5-14.  

 

102. R. Philleo, Concrete Science and Reality. In J. Skalny, & S. Mindess (Eds.), Materials 

Science of Concrete II. Westerville, OH: American Ceramic Society, (1991), pp. 1-8.  

 

103. S. Weber, H. Reinhardt, A blend of aggregates to support curing of concrete, In I. Holand, T. 

Hammer, & F. Fluge (Ed.), Proceedings of the International Symposium on Structural 

Lightweight Aggregate Concrete, Sandefjord, Norway, (1995), pp. 662-671.  

 

104. S. Weber, H. Reinhardt, Manipulating the water content and microstructure of high 

performance concrete using autogenous curing, In R. Dhir, & T. Dyer (Ed.), Modern 

Concrete Materials: Binders, Additions, and Admixtures, Thomas Telford, (1999), pp. 567-

577. 

 

105. K. van Breugel, H. de Vries, Mixture optimization of low water/cement ratio, high-strength 

concrete in view of reduction of  autogenous shrinkage, In P. Aitcin, & Y. Delagrave (Ed.), 

Proceedings of the International Symposium on High-Performance and Reactive Powder 

Concretes, Sherbrooke, (1998), pp. 365-382.  

 

106. A. Bentur, S. Igarishi, K.  Kovler, Control of autogenous stresses and cracking in high 

strength concretes, Proceedings of the 5th International Symposium on High Strength/High 

Performance Concrete, Sandefjord, (1999), pp. 1017-1026.  

 

107. O.M. Jensen, P.F. Hansen, Water-entrained cement-based materials, I: principles and 

theoretical background, Cem. Concr. Res., 31(2001), pp.647–654. 

 

108. O.M. Jensen, P.F. Hansen, Water-entrained cement-based materials II: experimental 

observations. Cem. Concr. Res., 32 (2002), pp. 973–978. 

 



 

 

 

179 

109. B.J. Mohr, L. Premenko, H. Nanko, K.E. Kurtis, Examination of wood-derived powders and 

fibers for internal curing of cement-based materials, Gaithersburg (MD), USA, in: B. Persson,  

D.P. Bentz, L.O. Nilsson (Eds.), Proc. 4th Int. Sem. on Self Desiccation and Its Importance in 

Concrete Technology, (2005), pp. 229–244. 

 

110. D.P. Bentz, P.E. Stutzman, Internal curing and microstructure of high performance mortars,  

ACI SP-256, Internal Curing of High Performance Concretes: Laboratory and Field 

Experiences, ACI, Michigan, (2008), pp.81-90. 

 

111. J. Castro, L. Keiser, M. Golias, J. Weiss, Absorption and desorption properties of fine 

lightweight aggregate for application to internally cured concrete mixtures, Cem. Concr. 

Compos., 33 (10), (2011), pp.1001-1008. 

 

112. M. Golias, J. Castro, J. Weiss, The influence of the initial moisture content of lightweight 

aggregate on internal curing, Const.  Build. Mater., 35 (2012), pp.52-62. 

 

113. W.M. Lin, T.D Lin, L.J. Powers-Couche, Microstructures of fire-damaged concrete, ACI 

Mater. J., 93 (3) (1996), pp. 199–205. 

114. T.Z. Harmathy, Thermal properties of concrete at elevated temperatures, ASTM Journal of 

Materials, 5 (1) (1970), pp. 47–74.  

 

115. F. de Larrard, A. Belloc, The influence of aggregate on the compressive strength of normal 

and high-strength concrete, ACI Mater J. 94(5) (1997), pp.417–425. 

 

116. S. Chandra, L. Berntsson, Lightweight aggregate concrete, Noyes, New York (2002). 

 

117. K. D. Nekrasov, A. Tarasova, Heat resistant concrete of Portland cement, Moscow, Structural 

Literature Publisher, (1969).  

 

118. P. Turker, K. Erdogdu, B. Erdogan, Influence of marble powder on microstructure and 

hydration of cements, Cem. Concr. World, 31 (2001), pp. 52–67. 

 

119. F. K. Kong, R. H. Evans, E. Cohen and F. Roll: ‘Handbook of structural concrete, London, 

Pitman Books Limited (1983). 

 

120. P. W. Abeles and B. K. Bardhan-Roy, Prestressed concrete designer’s handbook, Wexham 

Springs, Cement and Concrete Association (1981). 

 

121. H. Yazıcı, S. Turkel, B. Baradan, High temperature resistance of pumice mortar’, Proc, 2nd 

Int. Symp. on ‘Cement and concrete technology in the 2000s’, Istanbul, Turkey, Turkiye C¸ 

imento Mustahsilleri Birligi (TC¸ MB), (2000), pp.457–464. 

 

122. Ö. Andiç-Çakır, S. Hızal, Influence of elevated temperatures on the mechanical properties 

and microstructure of self-consolidating lightweight aggregate concrete, Constr. Build. 

Mater., 34 (2012), pp. 575–583. 

 



 

 

 

180 

123. I. Netinger, D. Bjegovic, A.  Mladenovic, Fire resistance of steel slag aggregates concrete, 

High temperature materials and processes, 29 (1–2), (2010), pp.77–87. 

124. S. Aydın, B. Baradan, Effect of pumice and fly ash incorporation on high temperature 

resistance of cement based mortars, Cement Concrete Res., 37 (6) (2007), pp. 988–995. 

 

125. A. M. Neville, Properties of concrete, New York, Longman, (1995). 

 

126. K.L. Scrivener, K.M. Nemati, The percolation of pore space in the cement paste/aggregate 

interfacial zone of concrete, Cem. Conc. Res., 26 (1996), pp. 35–40. 

 

127. C.R. Cruz, M Gilen, Thermal expansion of Portland cement paste, mortar and concrete at 

high temperatures, Fire Mater., 4 (2) (1980), pp. 66–70. 

 

128. A. Paul, M. Lopez, Assessing lightweight aggregate efficiency for maximizing internal curing 

performance, ACI Mater. J., 108(4) (2011), pp.385-393. 

 

129. M. Golias, J. Castro, J. Weiss, The influence of the initial moisture content of lightweight 

aggregate on internal curing,  Const.  Build. Mater., 35(2012), pp.52-62. 

 

130. B. Guelorget, M. François, J. Lu, Microindentation as a local damage measurement 

technique, Mater Lett., 61 (2007), pp. 34–36. 

 

131. W. Voigt, Theoretische studien uber die elastizitatsverha-itnisse der krystalle, Abh. Kgl. Ges. 

Wiss. Gottingen, Math.Kl 34 (1) (1887), 47pp. 

 

132. A. Reuss, Berchnung der Fliessgrenze von Mischkristallen auf grund der 

plastizitatsbedingung fur einkristalle, Z. Ang. Math. Mech. 9(49), (1929). 

 

133. G. Sachs, Zur Ableitung einer Fliessbedingung, Z. VDI, 72(1928), pp. 734-736. 

 

134. G. I. Taylor, Plastic strain in metals. J. Inst. Metals, 62(1938), pp. 307–324. 

 

135. J.D. Eshelby, The determination of the elastic field of the ellipsoidal inclusion and related 

problems, Proceeding of royal society of London, A241, (1957), pp.376-396. 

  

136. J.D. Eshelby, The elastic field outside an ellipsoidal inclusion, Proceeding of Royal Society 

of London 259, (1959), pp.561-569. 

 

137. J.D. Eshelby, Elastic inclusions and inhomogeneities, in N.I.Snedden and R.Hill (eds.) 

Progress in solid mechanics, (North Holland), 2 (1961), pp.89-104. 

 

138. Z. Hashin, S. Shtrikman, On some variational principal in anisotropic and nonhomogenous 

elasticity, J. Mech. Phy. Solids, 10 (1962a), pp.335-342. 

 

139. Z. Hashin, S. Shtrikman, A variational approach to the theory of elastic behavior of 

polycrystals, J. Mech. Phy. Solids, 10(1962b), pp.343-352. 



 

 

 

181 

140. R. Hill, Elastic properties of reinforced solids, J. Mech. Phy. Solids, 11 (5) (1963), pp. 357–

372. 

 

141. T. Mori, K. Tanaka, Average stress in matrix and average elastic energy of materials with 

misfitting inclusions, Acta Metall, 21 (1973), pp. 571–574. 

 

142. A.V. Hershey, The elasticity of an isotropic aggregate of anisotropic cubic crystals. J. Appl. 

Mech. (ASME), 21(1954), pp.236–240. 

 

143. E. Kröner, Computation of the elastic constants of polycrystals from constants of single 

crystals. Z. Phys. 151(1958), pp.504–518, [In German.]. 

 

144. A. Bensoussan, J.P. Lion, G. Papanicolau, Asymptotic analysis for periodic structures, North-

Holland, (1978). 

 

145. E. Sanchez-Palencia, Non-homogeneous media and vibration theory, Springer-Verlag, 

(1980). 

 

146. P. Suquet, Elements of Homogenization for Inelastic Solid Mechanics, (1987). 

 

147. E.J. Garboczi, D.P. Bentz, Computer-based models of the microstructure and properties of 

cement-based materials, Proc. 9th Int. Congress Chemistry of Cements, New Delhi, (1992), 

pp. 3–15. 

 

148. L. Dormieux, A. Molinari, D. Kondo, Micromechanical approach to the behaviour of 

poroelastic materials, J. Mech. Phys. Solids, 50 (2002), pp. 2203–2223.  

 

149. F.-J. Ulm, G. Constantinides, F.H. Heukamp, Is concrete a poromechanics material?—A 

multiscale investigation of poroelastic properties’, Mater. Struct., 37 (265) (2004), pp. 43–58 

(Special issue of Concrete Science and Engineering). 

 

150. C. Pichler, R. Lackner, H.A. Mang, A multiscale micromechanics model for the autogenous 

shrinkage deformation of early-age cement-based materials, Eng. Fract. Mech., 74 (2007), pp. 

34–58. 

 

151. J. Qu, M. Cherkaoui, Fundamentals of Micromechanics of Solids, Wiley, NJ, (2006). 

 

152. A. Zaoui, Structural morphology and constitutive behavior of microheterogeneous materials. 

In: Suquet P. (Ed.), Continuum Micromechanics, Springer-Verlag, Wien, (1997), pp. 291–

347. 

 

153. A. Zaoui, Continuum micromechanics: survey, Journal of Engineering Mechanics (ASCE) 

128 (8) (2002), pp. 808–816. 

 

154. E. Sanchez-Palencia, A. Zaoui, Homogenization techniques in composite media, Berlin: 

Springer-Verlag. pp. 194–278.  



 

 

 

182 

155. S. Li, G. Wang, Introduction to Micromechanics and Nanomechanics, World Scientific 

Publication, Singapore, (2008). 

 

156. V. Smilauer, Z. Bittnar, Microstructure-based micromechanical prediction of elastic 

properties in hydrating cement paste, Cem. Concr. Res., 36 (2006), pp. 1708–1718. 

 

157. E. Hervé, A. Zaoui, N-layered inclusion-based micromechanical modeling. Int. J. Eng. Sci. 

31 (1) (1993), pp.1–10. 

 

158. G. Constantinides, F.-J. Ulm, The effect of two types of C-S-H on the elasticity of cement-

based materials: results from nanoindentation and micromechanical modeling, Cem. Concr. 

Res., 34 (2004), pp. 67–80. 

 

159. F.H. Heukamp, F.-J Ulm, Chemomechanics of calcium leaching of cement-based materials at 

different scales: The role of CH-dissolution and C-S-H degradation on strength and durability 

performance of materials and structures, MIT-CEE Report R02-03 (D.Sc.-Dissertation), 

Cambridge, MA, (2002). 

 

160. M. Alexander, S. Mindess, Aggregates in concrete, Taylor and Francis, New York (2005) p. 

439. 

 

 

 

 

 

 

 

 

 


