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ABSTRACT 

The strength development of young masonry mortar and prism is studied through measuring the 

electrical properties of hydrating mortar by using TWIN-tape capacitance sensor. The dielectric 

properties over the frequency range of 10 kHz to10 MHz varies during hydration of mortar, 

providing a means for monitoring the strength development.  This investigation confirms that the 

lower frequencies (less than 100 kHz) are very efficient in monitoring hydration of mortar. In 

addition, wireless sensing electronics is employed to monitor the strength gain process of young 

masonry prisms. Moreover, the freezing and thawing temperatures of masonry mortar and prism 

are identified by using three different techniques. Furthermore, the strength gain process of 

mortar is investigated at cold ambient temperatures, i.e. ambient temperature below 5ºC, by 

using dielectric measurements. This investigation reveals that the mortar gains strength at 

temperatures as low as 0ºC, whereas it partially freezes at -1º
 
c and completely freezes at -2ºC. 
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CHAPTER 1: INTRODUCTION 

1.1 Overview 

This thesis describes the strength gain monitoring of young masonry mortar and prism at 

different ambient temperatures by using non-destructive sensing technique. Moreover, the 

freezing and thawing temperatures of masonry mortar and assemblage are also identified by 

using three different techniques. There are six chapters in this thesis report. Chapter 1 discusses 

the background, objective, and significance of this research project. A brief literature review is 

discussed in chapter 2. Chapter 3 contains a brief discussion about sensors and sensing devices 

that are used in this experiment. In chapter 4, specimen preparation and experimental setup are 

discussed. Chapter 5 explains the results and discussion. The research findings, conclusion and 

recommendations for future research are presented in chapter 6. 

1.2 Background 

Currently, non-destructive strength gain monitoring of young cement-based loadbearing 

structures is becoming popular in the construction industry for the purpose of structural health 

monitoring (SHM). It is, however, necessary to understand the strength gain process of newly 

built masonry structures in a non-destructive manner for the purpose of SHM. Moreover, 

strength gain monitoring of young masonry structures in cold weather, especially when the 

ambient temperature drops below 5ºC, is very important for cold weather masonry construction 

and design. Furthermore, identification of the freezing and thawing temperatures of masonry 

mortars and assemblage is also very important for the construction industries in cold regions, 

especially in North America. A considerable number of research has been done on structural 

health monitoring (SHM) of concrete, whereas a limited number of research has been conducted 

on masonry materials and assemblages. Therefore, non-destructive structural health monitoring 
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(SHM) techniques can be applied in order to monitor the early age properties of masonry 

mortars and assemblage.  

In this thesis, strength gain process of fresh mortar specimens and young masonry prisms has 

been successfully monitored in the lab by using dielectric sensing technique. Moreover, in order 

to apply the dielectric based measurement to in-situ monitoring, a wireless capacitance sensing 

electronics was employed to monitor the dielectric variation in correspondence to the strength 

gain process of masonry prisms. It is expected that this wireless dielectric sensing technique is 

able to provide a very efficient and inexpensive in-situ means in order to predict the strength 

development of young masonry prisms. Furthermore, the freezing and thawing temperatures of 

fresh masonry mortar and young masonry prisms are studied through measuring the electrical 

properties by using the dielectric capacitive method and the electrical resistivity technique. The 

freezing and thawing behaviors are also studied via temperature measurement by embedding 

thermocouples inside the mortar and prism specimens.  

1.3 Research objectives 

The whole experiment was divided into three major phases. In the first phase, the hydration 

(strength gain process) of fresh masonry mortar cylinder specimens was observed over the 

frequency range of 10 kHz to 10 MHz in the lab by embedding dielectric sensors. The primary 

objective was to identify the appropriate frequency range to monitor the hydration process of 

masonry mortar. In the second phase, the strength gain of young masonry prism was monitored 

by embedding the dielectric sensors along the mortar joints by using the appropriate frequency 

range, which was identified in the first phase. One of the objectives of this phase was to 

determine the compressive strength of masonry prisms in the lab at different curing ages by 
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compression testing and correlate with the electrical properties of mortar joint. Another objective 

was to apply the developed wireless sensing electronics in order to monitor the strength gain 

process of young masonry prisms at room temperature (22±1ºC). In the third phase, the 

performance of the young masonry mortars and prism in cold weather, i.e. ambient temperature 

below 5ºC, was investigated. The objective was to observe the strength gain process of masonry 

mortars in cold weather by developing hydration curves at different cold ambient temperatures 

by using dielectric measurements. Moreover, the strength gain of young masonry assemblage 

was experimentally realized by the compression testing of masonry prism cured at 0ºC and 

comparing with the control specimens cured at room temperature (22±1ºC). Another objective of 

this phase was to identify the freezing and thawing temperatures of masonry mortar and prism, 

which is one of the main concerns for freeze-thaw durability issues.  

1.4 Research significance 

Strength gain monitoring of newly-built masonry structures is very significant for the purpose of 

quality control, design, and safety assessment. The quality of construction mainly depends on 

several factors: the quality of construction materials supplied to the site, construction techniques, 

workmanship, and surrounding environment. Therefore, monitoring the quality of in situ 

masonry structures is very important to assess the quality of construction materials in order to 

ensure structurally sound construction. Compressive strength is one of the important parameters, 

which is used for the purpose of quality control of construction. Compressive behavior is also 

very important for the design and safety assessment of load bearing structures. Moreover, the 

compressive strength of masonry prism is usually used to assign design stress to the structures, 

and it depends on several factors: strength of masonry blocks, mortar joint properties, prism 

height, and geometry of the block. In addition, it is important to monitor the strength gain of 
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young masonry structures in order to identify the factors affecting the relative strength gain 

process over time. In fact, strength gain information at early age is very helpful in determining 

the proper time to remove shoring or to apply post tensioning forces, and this timing can heavily 

influence the construction time and costs. Gardner and Scanlon investigated (1990) [1] that 

applying high construction loads on immature cement-based structures lead to the long term 

non-recoverable creep deflections of the structures, therefore, it is very important to know the 

proper time to apply loading on young cement-based load bearing structures. At the construction 

site, the strength of the structures is usually monitored by analyzing the material quality of core 

samples removed from an existing structure and testing the strength of core samples which is a 

destructive process as well as labour intensive [2]. For these reasons, many non-destructive 

testing (NDT) methods including surface hardness method, probe penetration technique, pullout 

test and ultrasonic pulse velocity method have been developed in order to monitor the strength 

gain of young cement-based materials. These methods are popular among the construction 

industries due to their low cost and reliability. Moreover, wireless sensing technique is attracting 

more attention recently for the purpose of structural health monitoring (SHM), as it does not 

require any wire connection between the sensing device and the computer. 

Freeze-thaw cycling is a common phenomenon in cold regions, especially in North America. 

One of the major concerns for cold climates is the damage of cement-based structures subjected 

to frost action [3]. The mechanical properties of cement-based materials in cold climate depend 

on the effect of liquid-solid expansion, movement of unfrozen water through the porous 

network, and the presence of air voids [4]. A considerable amount of studies have been done on 

freeze-thaw durability of concrete [5-8], whereas a limited number of studies have been 

conducted on masonry structures [9, 10]. However, it has been explained [11] that if the degree 
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of saturation of fresh cementitious materials has been sufficiently reduced by the act of hydration 

before freezing, the freezing phenomenon will not damage the materials. Although the cement-

based materials such as concrete or mortar gain sufficient strength while frozen at the early ages 

after casting, this strength significantly reduces when the materials are thawed. Therefore, 

identification of the freezing and thawing temperatures of cement-based materials is a primary 

step for the purpose of freeze-thaw durability research. In fact, the frost durability of 

cementitious materials depends on the freezing point and the amount of frozen solution in the 

materials. Moreover, it is also possible to determine the internal hydraulic pressure induced by 

ice formation and the amount of ice content by knowing the freezing temperature. Therefore, the 

study that identifies the freezing and thawing temperatures will help in designing as well as 

maintaining cement-based structures in cold regions by considering freeze-thaw durability 

issues. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 General 

Masonry has been used to build civil structures since the beginning of civilization for its 

durability and aesthetic reasons. In particular, fire and heat resistance as well as versatility 

characteristics make masonry an appealing construction material still today. A large number of 

existing masonry structures in North America have been constructed in the last 200 years. In 

North America, concrete masonry products with different sizes and shapes have been widely 

used since about the early 1960s. In practice, concrete blocks are used in both loadbearing and 

nonloadbearing applications, whereas concrete bricks are used in nonloadbearing applications. 

The masons usually prepare mortar in the construction site with required workability to bond 

individual units in building masonry structures that can withstand the imposed loading [12]. 

Therefore, the strength gain mechanism of young masonry structures is different from the 

concrete structures. A considerable number of techniques, however, have been explored and 

established in order to monitor the strength gain process based on the thermal, magnetic, optical, 

radiographic, mechanical, and electrical properties of young cement-based materials. Mechanical 

wave based techniques are used to monitor the strength gain process in a non-destructive 

manner, as the velocity is directly related to the mechanical properties of cementitious materials. 

Pessiki and Carino (1988) [13] observed the relationship between the impact-echo velocity of 

longitudinal waves (L-waves) and the compressive strength of concrete. They identified that the 

L-waves increased at a faster rate at the early age and decreased at a later age, which can be 

correlated with strength gain process. Moreover, Popovics et al. (1998) [14] and Shin et al. 

(2007) [15] observed the role of Rayleigh wave (R-wave) velocity, and they found that R-wave 

velocity is suitable in monitoring the strength gain process of concrete up to 14 days after 
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casting. Furthermore, Subramaniam et al. (2002, 2003) [16, 17] studied the wave reflection 

technique (WRF) in order to monitor the strength gain of fresh concrete. This research group 

correlated the strength gain of fresh concrete up to 7 days of age with the reflection loss of 

transverse waves (T-waves); also, they identified that the percentage change of WRF reading 

correlates well with the percentage change of strength gain. Soh and Bhalla (2005) [18] first 

introduced electro-mechanical impedance (EMI) sensing technique for predicting strength gain 

of fresh concrete. They identified a strong correlation between the compressive strength of 

concrete and the resonant frequency of the EMI spectrum. Recently, the application of EMI 

sensing technique was further investigated by Shin et al. (2008) [19] as well as Tawie and Lee 

(2010) [20] in order to monitor the strength development in concrete.  

Moreover, electrical properties (dielectric properties and conductance) of materials are widely 

used for the purpose of non-destructive structural health monitoring (SHM) such as monitoring 

water content in sand [21], concrete [21], brick [22], and stone [23]. Van beek and Hilhorst 

(1999) [24], however, monitored the strength gain process of fresh concrete based on the 

dielectric behavior and conductivity. The application of dielectric sensor has added a new 

dimension to develop a new non-destructive testing (NDT) method for the purpose of structural 

health monitoring (SHM) of newly built and existing civil infrastructures. The basis of this NDT 

technique in monitoring the strength gain process is basically to monitor the variation of water 

content inside the fresh cementitious material due to the act of hydration. 

Freezing of cement-based materials is usually investigated by low temperature calorimetry 

method [25]; however, this method can only be applied for small specimens. It is difficult to 

conduct experiments by applying this method on the testing samples of mortar or concrete. Fen-

Chong and Fabbri (2005) [26] primarily investigated the freezing and thawing temperatures of 
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cement paste by using dielectric capacitive method. Fabbri et al. (2006) [27] further investigated 

the freezing and thawing temperatures of cement paste with different w/c by using the same 

method. The same research group, Fabrri et al. (2009) [28] compared the experimental results of 

dielectric capacitive method with that obtained by the ultrasonic method, and they explained 

these two methods are proven to be more appropriate as well as less expensive compared to the 

low temperature calorimetry method. 

The strength gain of cement-based materials is a function of the ambient temperature at which it 

cures. The strength gain process of cement-based materials usually slows down in low 

temperatures. The ideal temperature range for curing fresh cementitious materials is between 

10ºC and 23ºC. It is generally considered that the hydration (strength gain process) of fresh 

cementitious materials retards below 10ºC. Also, if any cementitious material is frozen and 

maintained frozen above -10ºC, it will gain strength very slowly whereas hydration will cease 

below -10ºC [11]. In practice, it is recommended to maintain minimum 5ºC ambient temperature 

to cure concrete or mortar according to the standards [29-31]. ACI 306-88 [29] recommends 

minimum 5ºC for mortar or concrete curing. In ACI 306-88, it is also described that the concrete 

or mortar usually gains strength approximately 30% after 7 days, 56% after 14 days and 83% 

after 28 days when cured at 5ºC relative to the strength achieved at room temperature after 28 

days. Furthermore, according to CSA A23.1 [30], additional protections for all materials and 

equipment are required if the ambient temperature is at or below 5ºC or even if there is any 

possibility to drop the temperature below 5ºC within 24 hours of mixing. In CSA A371-04 

(revised 2009)[31], as required for cold weather masonry construction,  it recommends that the 

sand or mixing water be heated to a minimum temperature of 20º C and a maximum of 70ºC if 

the ambient temperature drops below 5ºC. Therefore, it is obvious that more detailed 
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investigation is necessary on the strength gain process of newly built cement-based materials at 

low temperatures, especially when the temperature drops below 5ºC. 

2.2 Hydration of cement 

Hydration of cement is defined as the exothermic reaction between the cement and water in 

which heat is liberated [32, 33]. This reaction produces hydration products that greatly 

contribute to the mechanical properties of cementitious materials, namely, calcium silicate 

hydrate (C-S-H), calcium hydroxide (CH), calcium sulfoaluminates and unhydrated cement 

grains, which form the microstructure of hydrated cement paste (HCP). C-S-H is an amorphous 

material that develops a mass of extremely small irregular particles, and it consists of about one-

half to two-third of the volume of the hydrated paste; therefore, HCP has a high surface area. In 

contrast to C-S-H, calcium hydroxide (CH) is a well-crystallized material, and it occupies about 

20 to 30% of the paste volume. Calcium sulfoaluminates is a relatively minor component, and it 

occupies approximately 10 to 15% of the paste volume that usually plays a minor role in the 

microstructure of HCP. Porosity, on the other hand, is another major component of the 

microstructure of HCP. Two types of pores such as capillary pores and gel pores define the 

porosity of HCP. The capillary pores represent the portion of HCP that were not filled by the 

hydration products. The capillary pores are the free space between the partially hydrated cement 

grains, which depend on w/c and degree of hydration. The gel pores are the space between gel 

particles that are much smaller than the capillary pores [32]. In fact, the microstructure and 

porosity develop through the hydration process leading to the strength development of 

cementitious materials [24]. The hydration process is influenced by some external and internal 

factors. The external factors are weather conditions and moisture availability, and the internal 

factors are w/c, type of cement, admixtures etc. The literature review suggests that the hydration 
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process mainly depends on the type and fineness of cement, w/c, ambient conditions, presence of 

pozzolans or admixtures, and curing process [32, 33].  

Degree of hydration is related to the amount of unhydrated cement particles and the free water 

present in the HCP. Van beek and Hilhorst (1999) [24] defined the degree of hydration as 

follow: 

Degree of hydration = 
amount of cement that has reacted at time t 

total amount of cement 
 …………… …………….(1) 

Or, Degree of hydration = 
amount of free water present at time t 

total amount of free water 
……………………………. (2) 

Several stages of hydration have been suggested and identified. Mindess et al. (2003) [32] 

explained five stages of hydration, which are: initial hydrolysis, induction, acceleration, 

deceleration, and steady state period. Three stages have been identified in a general and 

macroscopic point of view: early, middle and late stage [33]. High rates of bleeding and 

moisture loss occur in the early stage of fresh cementitious materials. In the middle stage, 

cement paste changes from a liquid to a rigid state resulting in a stiffening of the cement paste. 

The setting of cement paste i.e. initial and final setting takes place in this stage. The strength 

development of cement paste occurs in the late stage, which is linked to the degree of hydration.    

The total amount of water present in the HCP can be divided into two categories: evaporable and 

non-evaporable water. Free water, also termed as capillary water is the evaporable water, which 

is present in the capillary pores of the C-S-H structure. Generally, a great percentage of this free 

water is lost due to the bleeding and evaporation. The complete saturation of capillary pores 

favors continuous hydration of cement and fills up the space with continuous hydration products. 

Generally, the non-evaporable water consists of all chemically combined and adsorbed water in 
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HCP. Chemically-bound water, also termed as gel water is considered the remaining portion of 

water that has reacted with cement and chemically combined in HCP structure. This water 

usually has a lower vapour pressure than the ambient atmosphere, and the quantity of this water 

depends on ambient vapour pressure. Physically-bound water is a much smaller mass of water, 

which is trapped or adsorbed in between the C-S-H layers of HCP, and the binding mechanism 

of physically-bound water is primarily due to the Van-der Walls forces. In particular, the 

capillary water dries if the ambient relative humidity (RH) falls approximately below 45%, as 

the capillary pores are comparatively larger, whereas water is adsorbed in the gel pores even at 

very low ambient relative humidities (RH) [32, 33]. 

 

Figure 1: Typical constituents of HCP 
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Figure 2: The schematic diagram of C-S-H layer in HCP 

2.3 The electrical properties of cementitious materials 

During hydration, water reacts with cement particles and forms new hydration products, as 

discussed in section 2.2. The water changes from a free state to a chemically bound state during 

hydration, indicating the reduction of free water due to the chemical reaction between cement 

particles and water. The capillary pores are gradually filled up with hydration products resulting 

in a rigid microstructure leading to the strength development. Since the free water reduces 

during hydration, the electrical properties of fresh cementitious materials also changes with time. 

Wilson and Whittington (1990) [34] observed the close relationship between the dielectric 

properties of hydrating cement paste and its free-water content. 

2.3.1 Dielectric properties 

The dielectric property of a material can be defined as the polarization ability of molecule in the 

material corresponding to an externally applied electric field. The dielectric property of a 

material is related to the term permittivity (εr), which is a measure of the ability of a material to 

store and dissipate energy when subjected to an electric field. The relative permittivity (εr
*
) is the 

ratio of the permittivity of the material to the permittivity of vacuum (ε0).  
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εr
*
 = εr/ ε0 = εr

’
 - j εr

’’
   …………………………………………………………………………..(3) 

The term relative permittivity (εr
*
) has two components. The real part of relative permittivity (εr

’
)

 

is known as dielectric constant, which relates to the energy storage and the imaginary part (εr
’’
) is 

the loss factor which relates to the energy dissipation and j is the imaginary number. The ratio of 

the loss factor (εr
’’
) to dielectric constant (εr

’
) is known as loss tangent (εr

’’
’≥ 0 and εr

’ 
≥ εr

’’
 for 

dielectric materials) [35]. 

tanδ = εr
’’
/ εr

’
 ……………………. ……………………………………………………………..(4) 

Therefore, if the dielectric constant of a material is higher, the permittivity of this material will 

also be higher. The permittivity of cementitious materials can be expressed by the simple 

formula: 

εcm = εrm0 + wc × εw .........................................................................................................................(5) 

Where, εrm0 is the dielectric constant of dry minerals, wc is the water content inside the materials 

and εw is the dielectric constant of water. The dielectric constant of water is much higher than 

dry minerals, which has been discussed in section 2.3.1.1 below. 

It can be said from equation (3) that the permittivity of fresh cementitious materials during 

hydration mostly depends on the dielectric constant of water. In fact, the higher value of 

permittivity is the reflection of the presence of free water in the materials. The dielectric 

property of cementitious materials is not only dependent on the amount of free water, but also it 

also depends on various factors: w/c, ionic concentration, the movement of dipoles and polar 

molecules, the charged surface of cement grains, and the frequency of applied electric field. 
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2.3.1.1 Dielectric constants 

The values of dielectric constant are different for different materials. Pure water has dielectric 

constant of about 80, which is much higher than other materials, as shown in table1 [26, 36]. 

Water is a polar molecule having an oxygen atom (negative charge) and two hydrogen atoms 

(positive charge). The centre of the charge of water molecule is different from the geometric 

centre of the water molecule because of the polar angle of water molecules (less than 180º). The 

water molecule, hence, experiences torque due to the displacement of charge in an applied 

electric field, and it stores energy. The energy storage of water molecules is much higher than 

non-polar molecules, which results in higher dielectric constant of free water [37, 38]. The value 

of dielectric constant is dependent on the frequency and temperature. Fabbri et al. (2006) [27] 

explained that the value of dielectric constant of water varies between 80 to 105 depending on 

the temperature up to the frequency of 1 GHz; after this frequency limit, the value drops sharply. 

They also argued that the value of dielectric constant decreases if the temperature increases. The 

value of dielectric constants of other materials i.e. air, minerals, ice, on the other hand, varies 

between 1 and 10. Moreover, Rhim and Büyüköztürk (1998) [36] argued that the value of 

dielectric constant of materials is fairly constant up to the frequency 1 GHz, and the dielectric 

loss is negligible.  

Table 1: Dielectric constants of different materials at 40 MHz [26, 36] 

Materials Dielectric 

constant 

Air 

Cement 

Hydrated cement paste products 

Gravel 

Water 

Ice 

1 

3.6-4.0 

4.0-5.0 

5.8-6.5 

80-82 

3.2 
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2.3.2 Conductance (or Resistance) 

During hydration, the formation of new hydration products fills up the capillary pores that 

contain free water; hence, the hardening process increases the resistivity of the cementitious 

materials. The resistivity (or conductivity) of cementitious materials mainly depends on 

interconnected capillary pores in the cement matrix and the amount of capillary water. 

Generally, the electric conduction occurs due to the presence of ions in the cement paste. Water 

usually transports ions Na
+
, K

+
, OH

-
, SO4

2-
, and Ca

2+
 through the cement paste, and the value of 

conductance is greatly influenced by the ionic concentration of the pore system [24, 39]. 

2.4 Masonry materials and assemblage 

There are several masonry materials: masonry blocks, mortar, grout, reinforcement, ties, 

anchors, flashing, damp-proofing, and coatings are commonly used in the construction site to 

build masonry assemblages. However, the most common materials i.e. masonry blocks and 

mortar to build ungrouted masonry prisms in the lab are discussed below.   

2.4.1 Masonry materials 

2.4.1.1 Masonry block 

 Masonry blocks are usually made of concrete, clay, shale, calcium silicate or stone.  Among 

these, concrete masonry blocks and bricks are widely used in the construction site in building 

masonry assemblages. The concrete masonry blocks are basically manufactured by using 

Portland cement, aggregate and water. Sometimes blended cements, fly ash and inert fillers are 

also added to manufacture concrete masonry blocks. Also, several additives, namely, air 

entraining agents, pozzolanic materials, workability agents, and colouring pigments are also 
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mixed in order to get desired properties. The masonry blocks are usually rectangular in shape 

with different geometries. The most common size of a concrete masonry block is 390 mm x 190 

mm x 190 mm, which is considered a standard block. The horizontal surface of the block where 

the mortar is poured to bond the blocks is termed the bedding areas. The voids of the block that 

extend through the full height of the block are termed cores or cells with areas of less than 960 

mm
2
. The solid portions that are separated by the cells are known as face shells, and the solid 

parts that are perpendicular to the face shells are known as webs. The schematic diagram of a 

concrete masonry block is shown in figure 3. The compressive strength of masonry blocks is 

used for quality control purposes, and to predict the overall strength of masonry assemblages. In 

fact, high strength masonry blocks provide durable construction under severe weathering 

conditions; hence, the compressive strength of masonry blocks is an important property [12]. 

2.4.1.2 Masonry mortar 

Mortar is the key material for masonry construction that usually bonds the individual masonry 

blocks and makes uniform bearing surface between the masonry blocks. In fact, good quality 

mortar plays a pivotal role in building masonry assemblages that can withstand imposed loading 

and weather conditions. Mortar is also used to bond joint reinforcements or metal ties that acts 

mutually with masonry assemblages. Different types of mortars are used in the construction sites 

for different purposes. In North America, type-S and type-N mortar are widely used for modern 

masonry construction. Type-S mortar is applicable for general use and below grade applications, 

particularly if high lateral strength is required. Type-N has moderate strength that is suitable for 

above grade applications, particularly if high compressive or lateral strengths are not necessary. 

In particular, type-S mortar is used in the loadbearing applications such as loadbearing walls, 

whereas type-N mortar is used in the nonloadbearing applications such as masonry veneer [12].  
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The properties of fresh mortar include: workability, water retention, air content and rate of 

hardening. The workability is the most important property of fresh mortar for masonry 

construction. Good workable mortar provide adherence to the blocks, and it assists efficient 

lying of the blocks in building masonry assemblages. At the same time, it allows sufficient 

suction water for the blocks. In the construction site, the experienced mason is the best judge of 

good workability, whereas, the workability of laboratory prepared mortar is determined by flow 

test in the lab. Water retention of mortar prevents rapid loss of mixing water to the masonry 

blocks and to the air. This property of mortar is important for several reasons: water loss is 

prevented from initial bleeding and stiffening before the masonry blocks are laid, and sufficient 

water is necessary for proper hydration of cement in the mortar. In fact, higher water retention 

mortar is considered to be more compatible with highly absorptive porous masonry blocks. The 

rate of hardening of fresh mortar determines the proper time to lay the masonry blocks in an 

assemblage. It usually ensures good bonding between the blocks, and it depends mostly on the 

environmental conditions of the construction site. Recently, air entraining agents are used in the 

mortar to increase workability and durability of masonry construction. CSA A179 limits the air 

content to 18% for all types of mortar, which is more applicable for masonry cement mortar 

[12].  

The properties of hardened mortar, on the other hand, consist of: bond, compressive strength and 

durability. Among these properties, bond is the most crucial property, as it influences both the 

long term strength and serviceability of newly built masonry structures. Good bonding ensures 

sufficient water tightness and resistance of tensile stress resulting from external and internal 

forces. There are several factors that affect the mortar bond: water to cement ratio (w/c), air 

content, properties of masonry blocks, workmanship and curing conditions. The compressive 
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strength of mortar has an influence on the overall strength of masonry assemblages; also, it is 

used for the purpose of quality control. But, the compressive strength of mortar is less important 

than the bond and workability of mortar. Higher compressive strength of mortar is not necessary 

for several reasons: high strength of mortar is not required even for high rise loadbearing 

masonry structures and mortar strength has little influence on the strength of masonry 

assemblages [12].  

2.4.2 Masonry assemblage 

 A masonry assemblage is an element, which is composed of masonry materials: masonry 

blocks, mortar, grout, and reinforcements. Generally, masonry prisms with different height to 

thickness ratio (H/t) are built in the laboratory for testing to understand the fundamental behavior 

of masonry. Different types of test: axial compression test, combined axial compression and 

flexure test, flexural tensile strength test, shear strength test, in-plane tensile strength test, 

combined loading and biaxial strength test are applied to the prisms to understand the 

interactions between the prism materials, failure mechanism, and factors affecting the overall 

strength of the prism. The strength of prism mainly depends on several factors: block geometry 

and mortar bedded area, prism height, strength of mortar, block strength, end plate restraint, 

bond pattern, thickness of the mortar joint, and grout strength [12].   
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Figure 3:  The schematic diagram of a 390 mm x 190 mm x 190 mm concrete masonry 

block 

 

 

Figure 4:  The schematic diagram of a masonry prism with four blocks high (H/t =4.16) 
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2.4 Measurement techniques 

In this experiment, the electrical properties of masonry mortars have been identified by using 

dielectric capacitive method and electrical resistivity technique at different ambient temperatures 

in order to correlate with the strength gain process. Also, these two methods are used to identify 

the freezing and thawing temperatures of masonry materials. Moreover, the freezing and thawing 

temperatures of masonry mortars have also been studied through the heat of fusion method. The 

concepts of three measuring principles are discussed below. 

2.4.1 Dielectric capacitive method 

The dielectric capacitive method corresponds to measure the dielectric constant of a material 

through measuring the capacitance when subjected to an electric field. The capacitance of a 

material is usually measured by using parallel plate capacitor technique. In parallel plate 

capacitor technique, the specimen is placed between the two parallel plates, as shown in figure 5, 

and a uniform electric field is generated to measure the capacitance of the material. The value of 

the capacitance (pF) is dependent on the permittivity of a medium between the two parallel 

plates. 

Capacitance, C = Ɛr Ɛ0*A/d   ……………………………………………………………………(6) 

Where, Ɛr is the permittivity of dielectric medium between the two plates which is directly 

related to the dielectric constant of medium, Ɛ0 = permittivity of vacuum (8.85 pFm
-1

),
 
A is the 

electrode area and d is the distance between the electrodes [35, 40]. The change of the value of 

capacitance is the reflection of the variation of permittivity of the materials between the two 

electrodes. As the free water reduces during hydration, the permittivity also decreases that can be 

detected to monitor the strength gain process of fresh cementitious materials. 
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Freezing and thawing temperatures can be identified based on the high ice/liquid water 

permittivity contrast. Any significant change of liquid water content in the fresh cement-based 

materials due to the solidification or melting will significantly affect the overall permittivity of 

materials; hence, the capacitance is also significantly changed. In fact, the permittivity of any 

mineral present in the cement-based materials and air has very little influence in changing the 

overall dielectric constant of materials. The amount of free water present inside the material, 

indeed, plays a vital role in changing overall permittivity of cementitious materials. 

 

Figure 5:  Parallel plate capacitor 

 

2.4.2 Electrical resistivity technique 

Electrical resistivity technique relies on the ionic mobility through the cement paste during 

hydration. Free water transports ions, hence, the resistivity of fresh cementitious materials 

increases with time due to the reduction of free water. Therefore, the resistivity can also be 

detected in order to monitor the strength gain process of fresh cementitious materials. Moreover, 

the resistivity of cementitious materials increases significantly when water transforms into ice, 

which is due to the great decrease of ionic mobility by the act of freezing of cement paste. As the 

temperature decreases below the freezing temperature, the resistivity of cementitious materials 
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increases significantly. Conversely, the resistivity starts decreasing when ice starts melting [24, 

41]. Therefore, the freezing and thawing temperatures can also be identified based on the 

electrical resistivity technique. 

2.4.3 Heat of fusion method 

The freezing and thawing temperatures can also be identified by using thermocouples and 

thermometers. This work can be done by embedding thermocouples inside the specimens, and 

by placing the specimens in a cold room in order to identify the freezing temperature; after that, 

by placing the specimens at room temperature removed from cold room in order to identify the 

thawing temperature. When liquid water inside mortar starts transforming into ice, its 

temperature starts falling down until it reaches the freezing point, and it remains constant for 

long time; after that, the sample’s temperature starts decreasing until it reaches the ambient 

temperature of cold room. Similarly, when the ice inside mortar starts transforming into liquid 

phase, its temperature starts rising until it reaches the melting point, and it remains constant for 

long time; after that the sample’s temperature starts rising until it reaches the ambient 

temperature. The temperatures where they remain constant for long time, as heat of fusion, are 

termed as the freezing and thawing temperatures [42].   
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CHAPTER 3: SENSORS AND DEVICES 

3.1 TWIN-tape capacitance sensor 

This sensor has parallel metal electrodes in a same plane as shown in figure 6(b). In this sensor, 

one capacitor consists of the two separated parallel metal conductors, called TWIN-tape 

capacitance sensor. This sensor is geometrically very suitable to embed along the mortar joint of 

masonry prisms, as shown in figure 7(b). The material on the top of the two electrodes is the 

mortar with dielectric constant εm, and the dielectric constant of substrate of the sensing 

electrodes is denoted by εs, as shown in figure 6(a). In the case of masonry prisms, mortar joint 

acts as a dielectric medium between the two metal electrodes of TWIN-tape capacitance sensor 

under an applied electric field, and the capacitance of the mortar can be detected by electronic 

devices. The equation to measure capacitance between the two electrodes was derived by 

Scapple (1997) [43]. 
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     …….……………………………………………………… (7) 

Where κ (√1-(a
2
/b

2
) and κ (a/b) are the elliptical integrals. 

In this experiment, two metal electrodes acting as parallel plates are separated by 4.5 mm, and 

the width of each electrode is 3 mm, as shown in figure 6(b). In the first and third phase, 200 

mm long sensors were used to measure the electrical properties of mortar cylinders and mortar 

beds. In the second phase, 330 mm and 200 mm long sensors were used along the mortar joints 

of prisms in order to identify the electrical responses of mortar joints of prisms. The variation of 

the capacitance is the reflection of the change of dielectric properties of masonry mortar. 
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3.2 Thermocouple and thermometer   

Type-T thermocouple along with a dual input data logger was used to measure the temperature 

of mortar and prism specimens at different ambient temperatures in the environmental chamber. 

In this experiment, the temperature readings measured by type-T thermocouples have been 

calibrated with FLUKE 1523 reference thermometer by using FLUKE Transcat 5853T calibrator 

in the lab, as shown in figure 8(b). The FLUKE 1523 reference thermometer has been designed 

to measure the temperatures with high accuracy, wide measurement range, logging, and 

trending. Moreover, FLUKE Transcat 5853T calibrator is a new calibrating device to compare 

the reading of a device to the display temperature or to an external reference, and the difference 

is the error of the device. In this experiment, the error has been found to be approximately 0.4ºc 

for our type-T thermocouple’s reading, and the temperatures of the specimens have been 

calibrated with the reference thermometer.  

3.3 Impedance analyzer 

Agilent 4294A impedance analyzer is a powerful tool for design, qualification, quality control, 

and production testing of electronic components. It is widely used in the laboratory for both 

electronic and non-electronic materials research. It has operating frequency range of 40 Hz to 

110 MHz with basic impedance accuracy of ±0.08%. It has powerful analysis tools including 

801 sweep points, 4 traces (2 data traces and 2 memory traces), 8 markers, marker analysis 

functions, and equivalent circuit analysis function. Its two rigid accessory connections and four-

terminal-pair measurement configuration provide highly reliable measurements.  
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3.4 Agilent LCR meter 

Agilent LCR meter is a very popular instrument to measure capacitance, resistance, and 

inductance of materials by using lower frequencies. The measuring frequency rage for this 

instrument is 1 kHz to 100 kHz. This instrument is very convenient to carry and transport to the 

construction site. In this experiment, the capacitance and resistance of mortars and mortar joints 

of masonry prisms at different curing ages were measured by using three specific lower 

frequencies (1 kHz, 10 kHz and 100 kHz). 

3.5 Wireless sensing electronics 

A capacitance sensing circuit with wireless data acquisition capability was developed to detect 

the in-situ strength gain process of young masonry prisms. The measured signals can be 

correlated with the strength gain process of young masonry prisms. In the whole circuit, as 

shown in figure 9 (a), the RCr denotes the reference capacitance circuit where Cr is a fixed 

capacitance, and RCs denotes the sensing capacitance that changes with the variation of the 

capacitance of the material. The comparator electronics generate a pulse that depends on the RC 

of the sensing circuit, and two output voltages (Va and Vb) are generated after a low pass 

filtering with the capacitor. The voltage output Va comes from the RCr circuit which is fixed, 

and the voltage output Vb comes from the RCs circuit which changes with the capacitance of the 

material. The variation of the voltage difference (V1 = Va-Vb) depends on the variation of water 

content inside the materials. The developed sensing circuit is shown in figure 9(b) along with a 

data logger. The data logger captures the voltages (Va and Vb ) from the sensing circuit and 

converts it into digital data with the aid of an analog-digital (AD) converter. The data are 

processed and wirelessly transferred to the laptop [44]. 
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                                  (a)                                                                          (b) 

Figure 6:  (a) The schematic diagram of sensor with dielectric medium, (b) TWIN tape 

capacitance sensor with different lengths and (c) geometry of the TWIN tape capacitance 

sensor. 

 

 

                         (a)                                                                           (b) 

Figure 7: The placement of sensor at (a) cylinders and (b) mortar joint of prisms 
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              (a)                                                                                  (b)  

 

Figure 8:  (a) Agilent LCR meter and (b) calibration of temperature by using reference 

thermometer with a calibrator in the lab. 

 

 
(a) 

 
 (b) 

Figure 9: (a) The schematic diagram of the developed sensing circuit [44] and (b) the 

developed sensing electronics along with a wireless data logger system. 
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CHAPTER 4: SPECIMEN PREPARATION AND EXPERIMENTAL SETUP 

4.1 Specimen preparation 

4.1.1 Masonry mortar cylinders 

In the first phase of experiment, ten 100 mm x 200 mm type-S masonry mortar cylinders 

(mixing ratio of masonry cement: sand = 1:3) were prepared according to CSA A179-04 [45]. 

The thermocouples and TWIN-tape capacitance sensors were placed in the specimens, as shown 

in figure 11. The length of the capacitance sensor was 200 mm and the width was 20 mm. All 

specimens were prepared in the lab environment in the mixing basin as shown in figure 10 and 

cured in a cooler for up to 28 days to prevent the evaporative loss of water during hydration. 

Besides that, twelve companion cylinders were also made for future compression testing at 

different curing ages. 

4.1.2 Masonry mortar beds 

In the third phase of experiment, two types of masonry cements (type-S and type-N) were used 

to prepare masonry mortar according to CSA A179-04 (mixing ratio of masonry cement: sand = 

1:3). Steel moulds (200 mm x 100 mm x 10 mm) were used, as shown in figure 12(a) to prepare 

type-S and type-N masonry mortar beds. TWIN-tape capacitance sensors and thermocouples 

were placed in the middle of the steel moulds (5 mm from the bottom) to measure the electrical 

responses and temperatures of the specimens. 

4.1.3 Masonry prisms 

In this experiment, total of 56 ungrouted four blocks high (H/t =4.16) masonry prisms were built 

by an experienced mason, and were tested in axial compression at the University of Manitoba’s 
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W.R. McQuade structural laboratory based on CSA S304.1-04 standard [46]. 190 mm x 190 x 

390 mm stretcher blocks were used to build prisms with 10 mm mortar joints. The ratio of 1:3 

(masonry cement: masonry sand) was used to prepare mortar as per CSA A179-04. In the second 

phase, mortar was mixed at room temperature (22±1ºC) in the lab, and 30 prisms were built for 

future compression testing at different curing ages. In the third phase of experiment, mortar was 

mixed at room temperature, and 6 prisms were built in the environmental chamber in the first 

step. Among them, 3 prisms were built by using type-S masonry mortar and 3 prisms were built 

by using type-N masonry mortar. TWIN-tape capacitance sensors and thermocouples were 

placed along the mortar joints of masonry prisms in order to identify the freezing and thawing 

temperatures. After identifying the freezing and thawing temperatures of prisms, in the second 

step, 20 masonry prisms were built by using type-S masonry mortar. Among them, 10 prisms 

were built and cured in the room temperature as control specimens. Also, mortar was mixed in 

the chamber at 0ºC, and another 10 masonry prisms were built and cured in the environmental 

chamber at 0ºC. Various steps of building masonry prisms are shown in figure 14. Total number 

of prims built in the lab is shown in table 2. 

Table 2: Number of masonry prisms built in the lab 

Phase Number of prisms 

Phase 2 30 

Phase 3 Step 1 Step 2 

6 20 

Total 56 

 

4.1.4 Flow test and compressive strength of laboratory prepared mortar 

In general, laboratory-prepared mortars are mixed with a sufficient quantity of water to produce 

a flow of 100 to 115%, although this quantity of water is not sufficient to produce workable 
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mortar in the construction site for laying masonry blocks. In practice, mortars with 130 to 150% 

flow are widely used in the construction site to allow sufficient water for the suction of masonry 

blocks (CSA A179-04). The flow values were determined according to CSA A3004-08 [47]. The 

flow values of the laboratory prepared mortars are given in table 3, which are in agreement with 

CSA A179-04. Furthermore, the compressive strength of laboratory prepared type-N mortar 

meets the required strength recommended by CSA A179-04, whereas the compressive strength 

of type-S mortar is close to the required strength, as shown in table 4. 

4.1.5 Specified compressive strength of masonry block and prism 

It is recommended by CSA S304.1-04 that, at least five blocks and five or more prisms should 

be tested to determine the compressive strength, therefore, six masonry prisms were tested at 

different curing ages, and ten blocks were tested in axial compression in this experimental 

program. The specified compressive strength of blocks and prism (14th day) are given in table 5 

and 6, respectively. The specified compressive strength of block and prism was calculated based 

on CSA S304.1-04, and the calculation is shown in appendix B. It is recommended by CSA 

S304.1-04 that the specified compressive strength of the block should be higher than the prism. 

In this experiment, the specified compressive strength of the block (23.18 MPa) was greater than 

the specified compressive strength of prism (14.96 MPa).  

 

Figure 10: The workable mortar prepared in the lab environment 



31 
 

 

 

Figure 11: The schematic diagram of a mortar cylinder specimen 

   
                                     

                                     (a)                                                                        (b) 

Figure 12: (a) Steel mould to cast mortar and (b) mortar beds casted in steel moulds 
 

 
                           (a)                                                                          (b) 

Figure 13: (a) Flow test of laboratory prepared mortar and (b) compression testing of 

mortar cubes 
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                              (a)                                                                           (b) 

 

  
                           (c)                                                                              (d) 

Figure 14: (a) The workable mortar prepared by a mason, (b) prisms built by mason in the 

lab, (c) prisms built by mason in the environmental chamber and (d) the curing condition 

of masonry prisms 
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Table 3: Flow values of type-S and type-N mortar 

 Type-S mortar Type-N mortar 

Direction Flow 

(mm) 

Initial 

diameter 

(mm) 

Average 

flow 

(%) 

Flow 

(mm) 

Initial 

diameter 

(mm) 

Average 

flow 

(%) 

1 220  

101.6 

 

116 

212  

101.6 

 

111 2 215 210 

3 218 220 

4 222 214 

 

Table 4: The compressive strength of type-S and type-N mortar 

Type-S mortar cubes 

 

 

 

 

 

Sample 

no. 

 

Our experimental data 

Minimum 

average 

compressive 

strength (MPa) 

(recommended 

by CSA A179-

04) 

7
th

 day 

strength 

(MPa) 

Average 

7
th

day 

strength 

(MPa) 

28
th

 day 

strength 

(MPa) 

Average 

28
th

  day 

strength 

(MPa) 

7
th

 day 

(MPa) 

28
th

 

day 

(MPa) 

1 5.48  

5.31 

8.17  

7.97 

 

7.5 

 

12.5 2 5.76 7.93 

3 4.68 7.80 

Type-N mortar cubes 

1 3.47  

3.7 

5.82  

5.41 

 

3 

 

5 2 3.57 5.15 

3 4.05 5.27 
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Table 5:  Specified compressive strength of block 

 

Sample 

Actual 

strength(MPa) 

Average 

actual 

strength 

(MPa) 

Standard 

deviation 

(s) 

Specified 

compressive 

strength 

(MPa) 

1 25.54  

 

 

 

 

28.2 

 

 

 

 

 

3.06 

 

 

 

 

 

23.18 

2 30.8 

3 26.95 

4 29.73 

5 26.38 

6 28.82 

7 30.2 

8 27.26 

9 27.36 

10 28.94 

 

Table 6: Specified compressive strength of prism (14
th

 day) 

 

Sample 

Actual 

strength(MPa) 

Average actual 

strength (MPa) 

Specified 

compressive 

strength (MPa) 

1 18.42  

 

 

17.34 

 

 

 

 

 

14.96 

 

 

2 17.27 

3 19.52 

4 17 

5 15.5 

6 16.3 

 

4.2 Experimental setup 

4.2.1 Instrument setup 

4.2.1.1 Impedance analyzer setup 

In the first phase of experiment, Agilent 4294A impedance analyzer was used to measure the 

electrical properties i.e. dielectric property and conductivity of fresh type-S mortar cylinder. The 

frequency range was setup from 10 kHz to 10 MHz in the impedance analyzer. A 100 cm long 
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RF cable having a constant capacitance of approximately 56 pF was used to connect the sensors 

embedded in the specimens to the impedance analyzer. The test setup of impedance analyzer is 

shown in figure 15 (a). The total capacitance is the addition of the capacitance of cord, which is 

constant and the capacitance of mortar specimens. The capacitance of mortar cylinder specimens 

was obtained from the impedance analysis over the frequency range of 10 kHz to10 MHz. Figure 

15(b) shows the relationship between the capacitance of a mortar specimen and the frequency. It 

can be observed that the capacitance decreases with increasing frequency, which is expected.  

4.2.1.2 Agilent LCR meter setup 

In the second phase, Agilent LCR meter was used to measure the electrical properties of the 

mortar joints of masonry prisms in the lab. Three specific frequencies (1 kHz, 10 kHz and 100 

kHz) were setup for measurement purpose. This device was simply connected to the TWIN-tape 

sensor embedded along the mortar joint, as shown in figure 16(a). The electrical properties were 

measured at different frequencies, and were recorded in the laptop.    

In the third phase, Agilent LCR meter was used to measure the electrical properties of mortar 

beds and  mortar joint of masonry prisms in order to identify the freezing and thawing 

temperatures; also, to monitor the strength gain process at cold weather i.e. ambient temperature 

below 5ºC. The testing specimens such as mortar beds casted in steel moulds and prisms were 

cured in the environmental chamber, and the sensors were placed in the mortar beds as well as 

along the mortar joints of prisms. The laptop, Agilent LCR meter and thermometer were setup 

outside the environmental chamber in the lab. One meter long electrical cords having 

capacitance of 125 pF were connected with every TWIN-tape sensors, and the cords were passed 

through a small hole of the environmental chamber, as shown in figure 17 (b). The electrical 
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responses and temperature readings were measured from the outside of the chamber with the 

help of these long cords, and were recorded in the laptop. Total measured capacitance consists of 

the capacitance of the cable, which is constant and the capacitance of mortar. 

4.2.1.3 Wireless sensing electronics setup 

In the second phase of this experiment, a wireless sensing electronics was applied in order to 

monitor the strength gain process of young masonry prisms at room temperature (22±1ºC). The 

one end of sensing circuit was connected to the TWIN-tape sensor embedded along the mortar 

joints of prisms with a 50 cm long wire (capacitance of 50pF), and the other end was connected 

to the wireless data logger with a 110 cm long wire, as shown in figure 16(b). The data were 

wirelessly transferred to the laptop with the help of a wireless dongle connected to the laptop. 

The data acquisition software named Building Intelligence Gateway (BIG) was installed in the 

laptop to measure the wireless sensing signals. 

4.2.2 Test setup for masonry block and prism testing 

The axial compression testing of masonry blocks and prisms consists of the capping to ensure 

flat bearing surfaces and thick loading plates to distribute the load uniformly to the test 

specimens. In this experiment, the bottom face of the test specimens was placed on a 40 cm x 40 

cm x 8 cm square steel plate. Pieces of Fibreboard (45 cm x 23 cm x 1 cm) were used as capping 

material on both top and bottom of the prism, as it essentially crushes under compressive loads. 

In fact, this crushing does not cause any lateral expansion of the material resulting Poisson’s 

ratio of zero, which is due to the irregular structure of fibrous material. Also, soft capping 

decreases the test preparation time, and it reduces the confining effects of the end platens of 

testing instrument. A 60 cm x 30 cm x 5 cm rectangular steel plate was placed on the top of the 
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fibreboard to transfer and uniformly distribute the vertical loads to the prims. A spherical head 

with 25 cm diameter was used to apply compressive stress on the steel plate; hence, the stress 

was transferred to the prism specimens. The loading rate was arranged based on CSA S304.1-04. 

At first, one half of the expected maximum load was applied at a uniform rate; after that, the 

remaining load was applied at a uniform rate for maximum 2 minutes. The test setup is shown in 

figure 18. 

 
                         (a)                                                                  (b)   

Figure 15:  (a) Agilent 4294A impedance analyzer setup in the lab and (b) the change of  

capacitance with frequency 

 

 
                              (a)                                                                          (b) 

Figure 16:  (a) Agilent LCR meter setup and (b) wireless sensing electronics setup 
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(a) 

 

(b) 

Figure 17:  The RF cable integrated with TWIN-tape sensor (a) in mortar bed and (b) 

along the mortar joint of masonry prism in the environmental chamber 
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                       (a)                                                                                       (b) 

Figure 18:  (a) The schematic diagram of test setup for prism compression testing and (b) 

test setup for axial compression testing of prisms in the lab 

 

 

 

 

 

 

 

 

 

 



40 
 

CHAPTER 5: RESULTS AND DISCUSSION 

5.1 Phase 1: Monitoring hydration of mortar cylinder specimens 

In the first phase of the experiment, dielectric sensors were applied in the laboratory prepared 

type-S masonry mortar cylinder specimens. Agilent 4294A impedance analyzer was used to 

measure the electrical properties of the specimens in the lab. One of the purposes was to monitor 

the change of electrical properties of type-S masonry mortar during hydration at different 

frequencies, and to select the suitable frequency range in order to monitor the hydration process. 

Another purpose was to correlate the strength gain of mortar cylinder specimens with the change 

of electrical properties during hydration by using appropriate frequencies. Moreover, the 

temperature and the weight of the fresh cylinder specimens were also collected every hour to 

understand the early hydration of mortar. The temperature of fresh mortar increases rapidly up to 

approximately 20 hours, indicating rapid evolution of heat due to the reaction between cement 

particles and water; after that, it decreases gradually indicating slower rate of reaction. At the 

same time, the weight of the specimens decreases minimally with time, as the free water reduces 

due to the rapid reaction during hydration. These two phenomena indicate the ideal hydration 

process of fresh cementitious materials. The change of temperature and weight of the mortar 

cylinder specimen is shown in figure A-1 of appendix A. 

5.1.1 Change of electrical properties during hydration 

5.1.1.1 The change of dielectric behavior during hydration 

A number of factors affect the dielectric behavior of cementitious materials during hydration: the 

change of free water to bound water, formation of new hydration products, ionic concentration, 

the movement of dipoles and polar molecules, the charged surface of cement grains, and the 
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temperature of the cement system. When cement combines with water, a series of chemical 

reactions takes place, and all the factors change with time that results in the change of dielectric 

behavior during hydration [48]. The change of chemical process during hydration can be 

classified into four stages [32, 48, 49, and 50]. In stage 1, the ions (Na
+
, K

+
, Ca

2
, and OH

-
) are 

rapidly released from tricalcium silicate (C3S) and tricalcium aluminate (C3A) of the cement 

particles, which results in a high concentration of ions with unbound charges. These unbound 

charges polarize and move easily through the electric field that results in a higher dielectric 

constant. This stage lasts for approximately the first 15 minutes with high dielectric response 

[48, 49]. Figure19 (a) and (b) show the highest values of dielectric response for the mortar 

specimen at the initial period of hydration at 10 kHz and 60 kHz that agree with stage 1 

mechanism. In stage 2, an amorphous colloidal gel develops around the cement particles in a 

very short period and forms an electrical double layer, which prevents rapid dissolution of 

unhydrated cement grains causing slow chemical reaction at this stage. This stage lasts about 1-3 

hours depending on cement type and water to cement (w/c) ratio. Moreover, early hydration 

products such as CH (Ca (OH)2), and C-S-H nuclei start to form, indicating the onset of strength 

gain process. The formation of these hydration products create difficulty in polarization and the 

movement of charged ions, leading to the reduction of dielectric response [48, 49].The reduction 

of dielectric responses slows down for few hours at the initial stage of hydration at 10 kHz and 

60 kHz, as shown in figure 19(a) and (b) that agree with stage 2 mechanism. In stage 3, the 

electrical double layer ruptures due to the osmotic pressure, and it allows water to combine with 

cement particles at an accelerated rate. The hydration products are rapidly formed at this stage 

corresponding to the rapid strength gain, and the rapid formation of hydration products results in 

a sharp reduction of dielectric response at this stage. This stage begins from approximately the 
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3
rd

 to 4
th

 hour and ends at about the 15
th

 to 17
th

 hour depending on the type of cement and w/c 

[48, 49]. In this experiment, the dielectric responses of mortar specimen at 10 kHz and 60 kHz 

agree with stage 3 mechanism, as shown in figure 19(a) and (b). The last stage (stage-4) begins 

from approximately the 15
th

 to17
th

 hour after mixing and lasts up to 1 year. The reaction starts to 

slow down at this stage and dielectric response starts decreasing at a much slower rate, 

indicating the slower rate of strength gain [48]. The experimental data for the mortar specimen 

indicate the mechanism of stage 4 at 10 kHz and 60 kHz, where the change of dielectric response 

is slower compared to the 2
nd

 and 3
rd

 stage. 

Furthermore, gradual rise of dielectric response during hydration is particularly observed at 

higher frequencies. This is due to the release of charges into the continuously blocked capillary 

pores resulting from further renewed activity within the paste leading to the rise of dielectric 

response by interfacial effect [49]. Recently, Despas et al. (2014) [51] investigated the dielectric 

responses of undoped apatitic cement paste by using a higher frequency range (0.4 to100 MHz), 

and they observed the increasing trend of dielectric response at higher frequencies. They argued 

that the gradual increasing trend of dielectric response with time indicates the accumulation of 

mobile unbound charged species on the surface of the solid reactants and the formation of a 

supersaturated medium. In this experiment on mortar, the gradual increasing trends of dielectric 

responses have been observed at higher frequencies, particularly from 100 kHz to 10 MHz, as 

shown in figure 19(c) to (f) that agrees with Despas et al. (2014). 

Moreover, the dielectric response of cementitious materials depends on the frequency of applied 

electric field. The dielectric response decreases if the frequency increases. At lower frequencies, 

the dipoles have enough time to follow the variations of the applied electric field resulting in 

higher dielectric responses. But at high microwave frequencies, the free water dipoles are unable 
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to follow the rapid field reversals resulting in lower dielectric responses [52]. Zhang et al. (1996) 

[48] examined the dielectric response of ordinary Portland cement (OPC), low and high slag 

cement over the frequency range of 8.2-12.4 GHz, and they observed that the dielectric response 

decreases if the frequency increases. Ping and Beaudoin (1997) [53] also examined the dielectric 

behavior of hardened cement paste with different w/c (0.3 to 0.7) over a frequency range of 1 

MHz to 1.5 GHz, and they also found that the dielectric response decreases if the frequency 

increases. In this experiment, the value of dielectric response decreases if the frequency 

increases, as shown in figure 19 that agrees with the results of the above research groups [48, 

53].   

5.1.1.2 The change of conductance (or resistance) during hydration 

When the water is added to the cement, a large number of mobile ions are rapidly released from 

cement particles that favour conductivity (resistivity respectively) of cementitious materials; 

hence, the values of conductance are higher at the first stage. In stage 2, the formation of gel 

barrier hinders the dissolution of ions, therefore, the conductance changes slowly for a certain 

period of time. In stage 3, the hydration products start filling up the capillary pores due to the 

rapid reaction, and it increases the porosity of mortar. As a result, the conductivity also decreases 

rapidly, indicating the higher strength gain process of mortar specimens. In stage 4, the reaction 

between cement particles and water slows down, indicating the slower strength process; hence, 

the conductance also changes very slowly. The change of conductance at different frequencies 

during hydration is shown in figure 19.  Moreover, the value of conductance is also governed by 

the frequency, as it decreases for higher frequencies due to the dielectric losses, as shown in 

figure 19 (e) and (f).  
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5.1.2 Appropriate frequency range to monitor the hydration process 

Selecting an appropriate frequency range to monitor the hydration process is critical. In the case 

of mortar, higher frequencies (≥100 kHz) are technologically challenging to monitor the 

hydration. It can be said from figure 19 (c) to (f) that the mortar specimen provides negative 

dielectric responses during the early ages after mixing at the frequency range of 100 kHz to 10 

MHz; after that, a gradual increasing trend of dielectric response with time can be observed. 

Only the positive dielectric responses have been presented in the graph for simplicity. The 

negative and much slower change of dielectric response make the higher frequency range 

challenging in monitoring the strength gain process at the early ages. On the other hand, the 

dielectric response changes consistently at lower frequencies (<100 kHz) during hydration, 

which has been discussed above in section 5.1.1.1. Xian-yu et al. (2002) [39] argued that higher 

frequencies usually cause radiation and disturbance, as well as introduce several effects: 

Maxwell-Wager effect, viscous conduction effect or combined effects. These effects, therefore, 

make measurements and analysis complicated at higher frequencies. In this experimental 

investigation, lower frequencies i.e. particularly 1 kHz to 60 kHz have been identified as 

appropriate frequency range to monitor the hydration process of masonry mortar.  

5.1.3 The relationship between the strength development and the electrical properties 

The strength development was determined by compression testing of mortar cylinder specimens 

at different curing ages in order to correlate with the electrical properties during hydration. The 

dielectric response and the conductance reduced sharply from the begging of mixing to the 3
rd

 

day at lower frequencies (10 kHz and 60 kHz), indicating the rapid strength gain of mortar 

cylinders. After that, the dielectric response and the conductance started decreasing gradually up 
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to the 7
th

 day and became almost constant after the 7
th

 day, indicating the slower strength gain, as 

shown in figure 20. On the other hand, the mortar cylinder specimens gained approximately 45% 

strength after 3 days and approximately 62% after 7 days compared to the 28
th

 day strength, as 

shown in figure 21. Therefore, it can be said that a strong correlation exists between the strength 

development and the electrical properties of fresh mortar. 

                                                    
(a) (b) 

 

 
                                   (c)                                                                 (d) 
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                                        (e)                                                                               (f) 

Figure 19:  The change of electrical properties of mortar during hydration at different 

frequencies up to the 7
th

 day 

 

 

                                         (a)                                                                              (b) 

Figure 20:  The change of electrical properties of mortar cylinder during hydration up to 

the 28
th

 day 

 

Figure 21: Compressive strength of mortar cylinder specimens at different curing ages 
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5.2 Phase 2: Monitoring the strength gain of young masonry prism 

In the second phase, TWIN-tape capacitance sensors were applied along the mortar joints of 

masonry prisms in order to monitor the strength gain process in the lab, which is to simulate the 

actual masonry construction. Since it was observed in the first phase that the lower frequency 

range is suitable in monitoring the strength gain process, electrical properties of the mortar joints 

of masonry prisms were measured by using Agilent LCR meter. The purpose was to correlate the 

electrical properties of the mortar joint with the strength gain process of young masonry prisms. 

Another purpose was to apply the developed wireless sensing electronics in order to remotely 

monitor the strength gain process of young masonry prisms.  

5.2.1 The change of dielectric response and moisture loss mechanism 

The average dielectric responses of the mortar joints of prisms with time have been plotted at 1 

kHz and 10 kHz, as shown in figure 22. The similar changing trend of dielectric response of the 

mortar joints of prisms is observed when compared to the changing trend of mortar cylinder 

specimens at lower frequencies. The dielectric response reduced sharply by approximately the 

3
rd

 day, indicating the rapid strength gain of prisms and decreased gradually by the 7
th

 day; after 

that, it became almost constant by the 14
th

 day, indicating much slower rate of strength gain. 

Therefore, this change of dielectric response of mortar joints can be correlated with the strength 

gain process of masonry prisms. Moreover, in the case of prisms, the values of dielectric 

response are lower compared to the dielectric response of mortar cylinder specimens, which is 

associated with the moisture loss mechanism of the mortar joints in prisms. For example, the 

dielectric response of mortar cylinder specimens decreased from approximately 160,000 pF to 

1,000 pF from the 1
st
 day to the 7

th
 day at 10 kHz, as shown in figure 19 (a), whereas it 
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decreased from approximately 15,000 pF to 300 pF for masonry prisms at the same frequency, 

as shown in figure 22 (b). In the case of prisms, the mortar joints are confined between the two 

masonry blocks. The height of the mortar joint is 10 mm but the height of the block is 190 mm. 

Thus, the volume of the mortar joints is much lower compared to the blocks. When the mortar is 

poured between the two blocks, a considerable amount of water is absorbed by the lower block 

due to the gravity and by the upper block due to the capillary suction. Moreover, the free water is 

also reduced due to the chemical reaction between the water and cement particles and for the 

evaporation. Therefore, the water content reduces due to the hydration process, as well as the 

drying processes. As the dielectric response is directly related to the water content of a material, 

this large amount of moisture loss within a mortar joint reduces the dielectric response 

significantly. The rate of moisture loss of the mortar joints in a prism mainly depends on: types 

and properties of the block, amount of moisture present in the mortar, type of mortar, ambient 

temperature etc. The schematic diagram of moisture loss in a mortar joint of prism is shown in 

figure 27. 

5.2.2 Monitoring the strength gain process 

5.2.2.1 Dielectric response vs. strength gain  

In this experimental program, the maximum rate of strength gain of prisms has been found to 

occur between the 2
nd

 and 3
rd

 day, as the 2
nd

 and 3
rd

 day are critical for mortar setting. The 

strength developed slowly from the 3
rd

 day to the 7
th

 day, and the strength of the 7
th

 day and 14
th

 

day are almost the same, as shown in figure 23. The dielectric response, on the other hand, also 

reduced sharply from the 1
st
 day to the 2

nd
 and 3

rd
 day, indicating the maximum strength gain 

and became almost constant after the 7
th

 day, indicating the slower strength gain, as shown in 
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figure 22. Thus, this correlation suggests that the dielectric response can be an efficient and 

reliable tool to monitor the strength gain process of young masonry prisms. The compressive 

strength gain of young masonry prisms changes linearly with dielectric response, and the 

strength can be predicted by using the equations, as shown in figure 24 (a) and (b). The 

coefficient of determination (r
2
 = 0.1968) is much lower at 100 kHz compared to 1 kHz and 10 

kHz, which  makes 100 kHz frequency inappropriate for monitoring the strength gain process. 

5.2.2.2 Resistance vs. strength gain 

The strength gain of young masonry prisms has also been monitored based on the resistivity of 

the mortar joint. Unlike the dielectric property, the resistivity of the mortar is not greatly 

dependent on the frequency. The resistivity mainly depends on the formation of new hydration 

products during the strength gain process, and these products block the capillary pores leading to 

the increase of resistivity. In this experimental program, minimal difference in the value of 

resistance has been observed at different frequencies. The resistance changes linearly with time 

as shown in figure 25 (a). Unlike the dielectric response, the strength gain of young masonry 

prisms changes non-linearly with resistance, as shown in figure 25(b). A non-linear equation, y = 

-70000(x - 0.1)
-2.2

 + 17.5 has been developed to predict the strength gain of young masonry 

prism.  

5.2.2.3 Wireless voltage signal vs. strength gain 

In this experiment, the developed wireless sensing circuit was not successful for the 330 mm 

TWIN-tape capacitance sensor, as the longer length of the sensor provides higher capacitance 

value that exceeds the measuring range of the sensing device. However, three more prisms were 

built considering the same mixture, blocks, as well as same curing condition, and the 200 mm 
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TWIN-tape capacitance sensors were applied along the mortar bed joints to examine the 

performance of the 200 mm sensor. The average sensing signals of three prisms at different 

curing ages is shown in figure 26(a). The sensing signal (voltage) decreased sharply by 

approximately the 3
rd

 day, indicating the rapid strength gain and after the 7
th 

day it became 

almost constant, indicating the slower strength gain of masonry prisms. This changing trend of 

voltage signal during the strength gain process proves the successful performance of sensing 

circuit; therefore, the wireless voltage signals can be correlated with the strength gain process. 

Thus, it can be said that the 200 mm can be a suitable length of TWIN-tape capacitance sensor 

for the developed wireless sensing circuit. As the sensor was applied on the identical samples, 

the strength gain at different curing ages is assumed the same as used in subsection 5.2.2.1 and 

5.2.2.2. Moreover, the relationship between the strength gain of young masonry prisms and the 

voltage signals is established to predict the strength gain by using the linear equation, as shown 

in figure 26(b). 

 

 
                                       (a)                                                               (b) 

Figure 22: Average dielectric response of the mortar joints of masonry prism at (a) 1 kHz 

and (b) 10 kHz 
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Figure 23: Average compressive strength of masonry prisms at different curing ages 

 

 
(a)                                                                             (b) 

Figure 24: The relationship between the dielectric response and the strength gain of 

masonry prism (day 2-14) at (a) 1 kHz and (b) 10 kHz  

 

 
(a)                                                                            (b)             

Figure 25: (a) Change of resistance with time and (b) the relationship between the 

resistance and the strength gain of masonry prism (day 2-14) 
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(a)                                                                            (b) 

Figure 26: (a) Change of voltage signal with time and (b) the relationship between the 

wireless sensing signal and the strength gain (day 2-14) 

 

 

 

 

Figure 27: The schematic diagram of moisture loss of mortar joint in a masonry prism 

 

5.2.3 Strength gain index 

The strength gain index is usually obtained by normalizing the measured compressive strength 

by the specified compressive strength (design strength). The specified compressive strength is 

used to design the structural members as well as for materials selection, and field control testing. 

The strength gain index can be very useful to identify the proper time when the actual strength 
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satisfies the design strength. In fact, strength gain index of any young cement-based structure has 

a very practical significance. For example, if 50% of the design compressive strength is required 

for a newly built structure to bear its own weight without any formwork, then the time for 

removing the formwork can be determined by monitoring the electrical properties of this 

material. 

In this data analysis, the dielectric response, voltage, and the resistance change index are 

obtained by normalizing these values at each curing age by the reference value. Each response at 

the 2
nd 

day (dielectric response, resistance, and voltage) has been considered as ‘reference 

value’. The strength gain index of masonry prisms, on the other hand, is obtained by normalizing 

the actual compressive strength of each curing age by the specified compressive strength (design 

strength). The specified compressive strength of masonry prisms has been calculated based on 

CSA 304.1-04, and the calculation is given in appendix B. The strength gain index versus 

dielectric response, voltage, and resistance index have been plotted in figure 28, 29, and 30 

respectively. Furthermore, it can be said from figure 28 that 50% relative change of dielectric 

response at 1 kHz, and 35% at 10 kHz indicate the fulfilment of design strength of young 

masonry prism in approximately 3 days. In addition, 35% relative change of the voltage signal 

from wireless sensing circuit indicates the fulfilment of design strength in approximately 3 days, 

as shown in figure 29. Moreover, 53% change of resistance also indicates the fulfilment of 

design strength in approximately 3 days, as shown in figure 30. Therefore, it can be said that the 

electrical properties change indexes and the strength gain index have a very strong correlation. 

This investigation, hence, suggests that the electrical properties change index of the mortar joint 

of masonry prism can be an effective indicator to monitor the strength gain of young masonry 

assemblages. Shin et al. (2008) [19] investigated the relationship between the strength gain index 
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of fresh concrete and the resonant frequency shift index by using EMI sensing technique. They 

examined that more than 20% change of resonant frequency satisfied the design strength of 

concrete (21 MPa) near the age of 14 days. As discussed below in section 5.2.4, the overall 

compressive strength of prism is mostly governed by the precast concrete block strength, and the 

mortar joint plays smaller role. Therefore, masonry prism fulfils its design strength much earlier 

compared to the concrete specimens. 

 

Figure 28: Dielectric response change index versus strength gain index 

 

Figure 29:  Voltage change index versus strength gain index 
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Figure 30: Resistance change index versus strength gain index 

5.2.4 The failure mechanism and the variation of strength under axial compression 

A complete understanding of the failure mechanism of compressed masonry prism is rather 

difficult, as several factors influence the brittle materials loaded in axial compression. The 

failure mechanism of masonry prism under axial compression, however, has been explained 

briefly by Drysdale and Hamid (2005) [12]. It can be said from figure 31 that the compressive 

strength of masonry prism is higher than that of mortar cubes but lower than that of masonry 

blocks, as the Poisson’s ratio of mortar is much higher than the blocks at the same stress level. 

The weaker modulus mortar between the two blocks tends to expand laterally under axial 

compression, but the blocks prevent the expansion by confining the mortar in the joint. As a 

result, the mortar experiences a triaxial state of compression, which enables mortar to resist axial 

compressive stress highly. The idealized failure envelope for mortar subjected to triaxial 

compression is denoted by the line CE in figure 33, where the point C represents the uniaxial 

compressive strength of mortar. The lateral compressive strength of mortar increases linearly 

with increasing axial compression from point C to E until the mortar crushes. But, the failure 
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envelope for confined mortar in a prism is represented by the non-linear curve OF. On the other 

hand, masonry blocks experience lateral biaxial tension and uniaxial compression to maintain 

the equilibrium with confined mortar. The line AB in figure 33 represents the idealized failure 

envelope of masonry block subjected to axial compression and biaxial tension, where the point 

A denotes uniaxial tensile strength and the point B denotes the uniaxial compressive strength of 

the block. The lateral biaxial tension in the block increases with increasing axial compression, 

which is represented by the line OD. The point D represents the failure envelope of the block 

due to the combination of axial compression and lateral biaxial tension, where the blocks in a 

masonry prism experience vertical cracking under compressive stress. The forces acting on 

masonry blocks and mortar in a prism subjected to axial compression are shown in figure 32. 

 

Figure 31: Stress-strain relationships [12] 
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(a)                                                               (b)                                                                        

Figure 32: (a) Axial compression on masonry prism and (b) states of stress on masonry 

block and mortar [12] 

 

Figure 33: The behavior of a prism under axial compression [12] 
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Khalaf et al. (1994, 1996) [54, 55] found that the strength of prisms increased only about 20% 

when increasing the mortar strength of ungrouted prisms by 188%. They argued that the mortar 

joint has a small effect on the compressive strength of the prism, and it acts as a medium for 

transferring the applied compressive stress from one block to another. They explained that this 

phenomenon is associated with the relatively smaller volume of the mortar joints compared to 

the blocks. They also explained that the stiff masonry blocks exert lateral confinement stress on 

the mortar joint, which increases the uniaxial compressive strength of weak mortar. In fact, the 

uniaxial strength of mortar increases with decreasing the mortar strength due to the larger value 

of poisons ratio of mortar. In particular, the failure mechanism of masonry prism subjected to 

axial compression mainly depends on the dissimilarity of Poisson’s ratio between mortar and 

masonry blocks, and their mutual interaction on the mortar joints. Drysdale and Hamid (2005) 

[12] examined that the strength of the prism increases linearly with increasing the block strength, 

and the strength of the prism increased approximately 150% when increasing the block strength 

by 100%. Thus, it can be said that compressive strength of the prisms mainly depends on the 

compressive strength of the blocks, and the prism gains most of its strength as soon as the mortar 

sets. 

Mohamad et al. (2007) [56] investigated the mechanics of hollow concrete block masonry 

prisms with weak mortar and strong masonry blocks under compression. This research team 

experimentally observed that the blocks experience spalling in the vicinity of mortar joints under 

axial compression, which indicates the possible crushing of mortar. Moreover, they also visually 

observed bonding between the mortar and lower blocks after collapse, and the mortar crushing 

occurs at the upper portion of the joint. Furthermore, Mohamad et al. (2007) proposed a model 

of the failure mode of masonry prisms with three different phases. The loss of cohesion in the 
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mortar initiates in the first phase whereas mortar crushes in the second phase and spalling of the 

blocks occurs in the third phase.  They argued that the ultimate strength of masonry prism is 

reached after the third phase, and the failure occurs due to the combination of mortar crushing 

and the tensile splitting of blocks. The failure of masonry prisms is often caused by the 

formation of cracks that starts from the mortar. Mortar is a porous material where the cement-

paste and grain are bonded together; hence, an interface exists between these two components. 

This interface is termed as transition zone, and considered as a weak zone in the mortar. The 

cohesive strength of masonry is generally associated with two types of failure modes: the loss of 

adhesion between the mortar and blocks, and the collapse of internal structure by crushing of 

mortar [56].  

In this experimental program, the strength of the blocks (average 28 MPa) was much higher than 

the mortar cube strength (8.67 MPa). The prism gains maximum compressive strength in 

approximately 3 days; after that, the strength increases slowly, which indicates that the mortar 

joints play negligible role in the overall compressive strength of a prism, and the strength is 

mostly governed by the masonry blocks, which strongly agree with the explanation of Khalaf et 

al. (1994, 1996) as well as Drysdale and Hamid (2005). Furthermore, the failure mode of 

masonry block under axial compression was also examined, as shown in figure 34. It can be seen 

that the block failed by conical shear-compression failure, which is similar to the failure of 

concrete cylinders. Moreover, the failure of the prism was visually observed by vertical splitting 

of the masonry blocks and spalling of the blocks near the mortar joint; also, by crushing of 

mortar joint at the mid height of the prism after collapse that leads to tensile cracks in the blocks, 

as shown in figure 35. These types of failure mechanism agree with the investigation of 

Mohamad et al. (2007). 
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The variation of the strength of individual prisms was observed at different curing ages, as 

shown in table 7. This is due to the high variation of concrete masonry block strength, as the 

strength of a prism is mostly governed by the block strength. In this experimental program, a 

considerable variation of block strength (standard deviation = 3.06) from the same batch was 

observed, as shown in table 4. Moreover, the presence of sensors along the mortar joints might 

affect the strength of the prisms, as the tape sensor occupies a certain portion of a mortar joint in 

the prisms, which results in poor bonding between the mortar joint and the blocks in that portion. 

This portion of poor bonding might reduce the uniaxial compressive strength of the mortar joint 

under axial compression. However, the presence of the sensors in a large masonry wall 

assemblage would not affect the overall strength; therefore, this small error can be neglected. 

 

Figure 34: Failure mechanism of concrete masonry block under axial compression 
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Figure 35: Failure mechanism of masonry prism under axial compression 

5.2.5 Length of the sensor 

The dielectric response and the resistance of the 200mm TWIN-tape sensor were collected from 

three specimens along with the wireless sensing signals. The similar changing trend of the 

dielectric response and resistance with time, as shown in figure 23 and figure 26(a) has been 

compared to the 330 mm TWIN-tape sensor, as shown in figure 36.  In the case of 200mm 

sensor, the value of the dielectric response is lower and the value of resistance is higher 

compared to the 330 mm sensor. It can be said that, by comparing the performance of two 

different lengths of the sensor, the 200 mm sensor performs better than 330 mm sensor, as it 

occupies less space along the mortar joint that improves the bonding, and it performs well for the 

developed wireless sensing circuit. Therefore, it is suggested to use 200 mm length of sensor. 
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                                             (a)                                                                       (b) 

 
(c) 

Figure 36: Average dielectric response with time (a) at 1 kHz, (b) at 10 kHz, and (c) 

average resistance with time for 200 mm sensor 
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Table 7: The compressive strength of prism at different curing ages 

2
nd

 Day 

fm
’
 Avg.  fm

’
 Std. dev.(s) 

12.42  

 

13.53 

 

 

1.07 
14.48 

14.58 

12.84 

14.42 

12.42 

3
rd

 Day 

fm
’
 Avg. fm

’
 Std. dev.(s) 

17.6  

 

15.43 

 

 

1.49 
16.99 

14.75 

14.24 

14.13 

14.86 

5
th

 Day 

fm
’
 Avg. fm

’
 Std. dev.(s) 

16.1  

 

17.13 

 

 

0.98 
16.65 

16.6 

17.24 

17.28 

18.93 

7
th

 Day 

fm
’
 Avg. fm

’
 Std. dev.(s) 

16.76  

 

17.33 

 

 

1.3 
18.79 

15.14 

17.36 

18.39 

17.53 

14
th

 Day 

fm
’
 Avg. fm

’
 Std. dev.(s) 

18.42  

 

17.34 

 

 

1.45 
17.27 

19.52 

17 

15.5 

16.3 
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5.3 Phase-3: Identification of the freezing and thawing temperatures and monitoring the 

strength gain at cold weather 

In the third phase, the purpose was to identify the freezing and thawing temperatures of masonry 

mortars and prism by using three different techniques. Another purpose was to monitor the 

strength gain process of masonry mortars at cold weather, i.e. ambient temperature below 5ºC, 

by using dielectric measurements. Also, the strength gain of masonry mortar and prism has been 

investigated at ambient temperature below 5ºC by compression testing of specimens cured at 0ºC 

compared to the control specimens cured at room temperature (22±1ºC). 

5.3.1 Identification of the freezing and thawing temperatures  

Firstly, freezing and thawing tests were conducted on mortar beds casted in steel moulds. Once 

the freezing and thawing temperatures of mortar beds had been identified, similar tests were run 

on masonry prisms to simulate the actual masonry construction condition. The experimental 

outcomes are discussed briefly in this section based on different methods.  

5.3.1.1 Dielectric capacitive method 

Freezing and thawing tests were conducted by running a 24 hour cooling cycle and a 24 hour 

heating cycle in the environmental chamber from 20ºC to -30ºC with constant steps of 5ºC for 2 

hours. The changes of the capacitance of mortar beds at different temperatures are shown in 

figure 37, 38, and 39. It can be said from figure 37 that the slope of the capacitance changes 

mostly from 0 º c to -5 ºC and it becomes constant from -10º
 
C in the cooling cycle. The linear 

variation of the capacitance indicates the variation of the real dielectric constant of water with 

temperature. On the other hand, the slope of the capacitance starts changing from -5ºC, 

indicating the onset of thawing, and it increases with increasing temperature in the heating cycle. 
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Therefore, it can be understood from this test that the exact freezing temperature exists between 

0ºC to -10º
 
C, and thawing temperature exists between -5ºC to 0ºC.  

Another set of cooling and heating cycles were run in the environmental chamber between 5ºC 

to -10º
 
C with constant steps of 1ºC for 75 minutes. It can be observed from figure 38 that the 

slope of the capacitance starts changing significantly from -2ºC for both type-S and type-N 

mortar beds, indicating the onset of freezing, and it becomes constant from -6ºC in the cooling 

cycle. Since the capacitance is directly related to the dielectric constant of water, the capacitance 

decreases sharply with time during the formation of ice. The capacitance, therefore, starts 

decreasing sharply from -2ºC and after few hours it becomes constant at -6ºC, indicating the 

complete formation of ice. This rapid reduction of capacitance from -2ºC to -6ºC is mostly due 

to the reflection of water to ice phase change with time inside the specimens along with the 

effect of temperature change. In fact, the total water inside the specimen needs approximately 9 

to 10 hours to transform into ice in the freezing temperature, as will be discussed in section 5.3.2 

below (see figure 48 and 49). In this experiment, the time interval was 75 minutes from changing 

one temperature to another, which is not enough time for the complete formation of ice in the 

freezing temperature. Therefore, the slope starts decreasing from -2ºC, and it becomes constant 

after approximately 5 hours at -6ºC, indicating the complete formation of ice. This freezing 

phenomenon has been observed further by developing hydration (strength gain) curves at various 

cold temperatures, which has been discussed briefly in section 5.3.2 below. Moreover, the slope 

of the capacitance starts increasing from -1ºC during the heating cycle, indicating the melting 

point of ice, as shown in figure 39. In fact, the sharp change of slope from -2ºC to -1ºC is due to 

the progressive ice to water phase change. Fen-Chong and Fabbri (2005) [26] primarily 

examined the freezing and thawing temperatures of hardened cylindrical cement paste samples 
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between 20º to -40ºc by using constant steps of 1º c and 5ºc for 20 minutes based on the 

dielectric capacitive method. They preliminarily identified that the sample freezes at -6ºc and 

thawing starts from -13ºc. Moreover, Fen-Chong and Fabbri (2006) conducted further 

investigation [27] on hardened cement paste samples with two different w/c (0.4 and 0.5) and 

different curing conditions in order to identify freezing and thawing temperatures. In this 

investigation, they stored some specimens in the moist conditions with approximately 100% RH 

for 6 months before conducting experiment. At the same time, some specimens were dried in 

11% RH at 20ºc for 6 months; after that the specimens were saturated with distilled water before 

testing. They identified an important freezing peak at -8ºc, and thawing peak at -3ºc for the 

specimens with different w/c.  

 
(a)                                                                            (b) 

 

Figure 37: Cooling and heating cycle (between 20ºc to -30ºc) of (a) type-S mortar and (b) 

type-N mortar 
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                                      (a)                                                                               (b) 

Figure 38: Cooling cycle (between 5ºc to -10ºc) of (a) type-S mortar and (b) type-N mortar 

 

 
                                (a)                                                                               (b) 

Figure 39: Heating cycle (between 5ºc to -10ºc) of (a) type-S mortar and (b) type-N mortar 

Similarly, same type of experiment was conducted on masonry prisms in order to identify the 

freezing and thawing temperatures. A set of cooling and heating cycle were run in the 

environmental chamber between 5ºc to -10ºc with constant steps of 1ºc for 75 minutes. It can be 

observed from figure 40 that the capacitance starts decreasing sharply from -2ºc, and it becomes 

constant after few hours at -4ºc in the cooling cycle, which means that the mortar joint of 

masonry prisms freezes earlier than the mortar beds casted in steel moulds. Moreover, the slope 

of the capacitance starts increasing from -1ºc in the heating cycle, indicating the melting point of 

ice, as shown in figure 41. Therefore, it can be observed that the freezing and thawing points are 

the same for both mortar beds casted in steel moulds and masonry prisms. The main differences 

are: the capacitance of prisms became constant earlier as it freezes quickly and the value of the 
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capacitance is smaller compared to the mortar beds casted in steel moulds. The water content is 

much lower in the mortar joints of prisms, as already discussed in section 5.2.1, hence, the 

mortar joints freeze quickly and the values of capacitance are lower. Therefore, -2ºc and -1ºc can 

be considered as the freezing and thawing point respectively, based on the dielectric capacitive 

method. 

 
                                 (a)                                                                            (b) 

Figure 40: Cooling cycle (between 5ºc to -10ºc) of (a) type-S mortar prism and (b) type-N 

mortar prism 
 

 
                                  (a)                                                                            (b) 

Figure 41: Heating cycle (between 5ºc to -10ºc) of (a) type-S mortar prism and (b) type-N 

mortar prism 

5.3.1.2 Electrical resistivity technique 

Freezing and thawing temperatures of mortar cased in steel moulds and masonry prisms have 

been identified based on the electrical resistivity technique. It can be seen from figure 42 that the 

slope of the resistance changes sharply from 0ºc in the cooling cycle, and it changes from -5ºc in 

the heating cycle when the tests were conducted between 20ºc to -30ºc. In the next tests that 
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were conducted between 5ºc to -10ºc, the slope of the resistance of mortar and prism was almost 

constant up to -2ºc, and it starts increasing significantly from this temperature, indicating the 

onset of freezing in the cooling cycle, as shown in figure 43(a) and 44(a). Moreover, the slope of 

the resistance drops sharply at -1ºc in the heating cycle, indicating the onset of thawing, as 

shown in figure 43(b) and 44(b). Therefore, it can be said that the freezing starts from -2ºc and 

thawing starts from -1ºc based on the electrical resistivity technique, which agree with dielectric 

capacitive method. 

 

 
(a) (b) 

Figure 42: Cooling and heating cycle (between 20ºc to -30ºc) of (a) type-S mortar and (b) 

type-N mortar at 10 kHz 

 

 
          (a)                                                                           (b) 

              Figure 43: Cooling and heating cycle of (a) type-S mortar and (b) type-N mortar at 

10 kHz 
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                                      (a)                                                                            (b)                                                                                                                                                                                                        

Figure 44: (a) Cooling and (b) heating cycle of type-S mortar prism and type-N mortar 

prism at 10 kHz 

5.3.1.3 Heat of fusion method 

The freezing and thawing points of fresh mortar beds and prisms were also examined by 

embedding thermocouples inside the specimens. At first, three mortar bed and three prism 

specimens were prepared and cured at room temperature (22±1ºC). The capacitance and 

temperature of specimens were collected up to 1 hour at room temperature. After that, the 

specimens were transferred to the -10ºC environmental chamber, and the reading of the 

capacitance and temperature were collected. It can be observed from figure 45 and 47(a) that the 

capacitance and the temperature of all specimens were almost constant up to 1 hour at room 

temperature. As soon as the specimens were transferred to the -10ºC environmental chamber, the 

capacitance and the temperature started decreasing quickly. The temperature of both type-S and 

type-N mortar gradually cooled from room temperature to -0.3ºC, and it remained constant for 

approximately 40 minutes before gradually decreasing to the ambient temperature of chamber, 

as shown in figure 45. This -0.3ºC is termed as the freezing point of mortar. Moreover, the 

temperature of prisms also gradually cooled down to -0.7ºC, and it remained constant for about 

10 minutes before decreasing to ambient temperature, as shown in figure 47(a). This -0.7ºC is 

termed as the freezing point of masonry prisms. The capacitance decreases sharply when the 
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temperature of the specimen remains constant due to the transformation of water into ice; after a 

certain period of time, the capacitance becomes constant and the temperature starts falling down 

to the ambient temperature, indicating the complete formation of ice. Once the freezing point 

was identified, all the specimens were transferred to the room temperature again and started 

taking reading in order to identify thawing temperature. It can be observed from figure 46 that 

the temperature of mortar specimens gradually warmed up to -0.4ºC, and it remained constant 

for approximately 35 minutes before increasing to the room temperature. This -0.4ºC is termed 

as the thawing point of mortar specimens. Besides that, the temperature of prisms also gradually 

warmed up to -0.7ºC, and it remained constant for about 10 minutes before increasing to the 

room temperature, as shown in figure 47(b). This -0.7ºC is termed as the thawing point of 

masonry prisms. 

Moreover, the freezing and thawing temperatures of pure water, as control specimen, were also 

determined by using the same method. 200 mm x 100 mm plastic containers were used to 

prepare control specimens, as shown in figure A-2 and A-3 of appendix A. The 200 mm sensors 

were attached firmly in the bottom of the plastic containers with epoxy. The water was poured in 

the container with a depth of approximately 10 mm. The thermocouples were also placed 

approximately in the mid height of the water.  The cooling and heating curves of water are 

shown in figure A-4 and A-5, respectively of appendix A. It can be said that the temperature of 

water remained constant at -0.1ºC for long time before decreasing to the ambient temperature of 

cold room in the cooling cycle, and it also remained constant for long time at -0.1ºC before 

rising to the room temperature in the heating cycle. Therefore, -0.1ºC can be termed as both the 

freezing and thawing temperature of pure water. Thus, it can be said that the freezing and 
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thawing temperatures of masonry mortars and prisms are very close to the pure water based on 

the heat of fusion method. 

Generally, the liquid water has higher internal energy than the solid ice. In solid state, the 

molecules are held together in a closely packed crystal structure, whereas the molecules are 

loosely held together in liquid state. Therefore, higher amount of energy must be supplied to ice 

in order to break the crystal structure and sufficient energy must be released from liquid in order 

to form ice. If the temperature of water is above the freezing point, then its temperature falls by 

the act of cooling until the freezing point is reached and further cooling leaves the temperature 

constant until all the water turns into ice, which is called freezing. After that, the temperature 

starts falling down to the ambient temperature due to the act of additional cooling. Similarly,  if 

the temperature of water is below the melting point, then its temperature simply rises by the act 

of heating until the melting point is reached and further heating leaves the temperature constant 

until the whole crystal structure breaks down, which is called melting. If more heat is added, the 

temperature starts rising to the ambient temperature. In this experiment, the freezing and thawing 

points of mortar and prism specimens have been identified above based on this heat of fusion 

technique in a cold room. Moreover, it has been observed that the mortar joints of prisms freeze 

quickly compared to the mortar beds prepared in steel moulds, as the water content is lower in 

the mortar joints of prism.  

Korhonen and Orchino (2001) [42] experimentally determined the freezing points of mortar 

specimens by embedding thermocouples in the specimens  in a -20ºC cold room based on the 

heat of fusion method. They observed that the mortar specimen gradually cooled from the room 

temperature to -2.3ºC before suddenly rose to -1.9ºC, and it remained constant for long time 

before dropping to the ambient temperature. They identified -1.9ºC as the freezing point for the 
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mortar specimen, as it remained constant for long time. Our experimental data on the freezing 

and thawing points of mortar are very close to the results determined by this research group [42]. 

Moreover, this research team identified different freezing points of mortar by incorporating 

different admixtures with different doses 

 

 
(a)                                                                            (b) 

Figure 45: Cooling curve of (a) type-S mortar and (b) type-N mortar 

 

 
                                    (a)                                                                            (b)   

Figure 46: Heating curve of (a) type-S mortar and (b) type-N mortar 

 



74 
 

 
 

                                            (a)                                                                           (b) 

Figure-47: (a) Cooling curve of type-S mortar prism and (b) heating curve of type-S 

mortar prism 

 

 

5.3.2 Strength gain process at cold temperatures 

The hydration (strength gain process) of type-S and type-N mortar was monitored at different 

ambient temperatures by using dielectric measurements. The change of the capacitance is very 

rapid for first 3 days at room temperature, indicating the rapid strength gain whereas it slows 

down at 5ºC and further slows down at 0ºC, indicating the slower rate of strength gain, as shown 

in table 8. The reduction of capacitance substantially slows down after the 7
th

 day when the 

mortar is cured at 5ºC, whereas the capacitance reduces gradually from the 1
st
 day to the14

th
 day 

when the mortar is cured at 0ºC, as shown in table 8. The changes of capacitance representing 

hydration curves of type-S and type-N mortar at different ambient temperature are shown in 

figure 48 and 49 respectively. Therefore, this investigation with dielectric measurements has 

demonstrated that the early strength of mortar reduces significantly if it is cured at 5ºC and 

further reduces at 0ºC.  

The strength gain process of mortar has also been observed at ambient temperature below 0ºC by 

using the same technique. It can be seen from the figure 48 and 49 that the capacitance reduces 
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sharply at the beginning, and it becomes almost constant after few hours when the ambient 

temperature drops below 0ºC. In fact, this dramatic change of capacitance is the reflection of the 

progressive water to ice phase change at this ambient temperature.  

In the case of -1ºC, the capacitance reduces significantly approximately after 24 hours of mixing, 

and after that it becomes almost constant. Moreover, the capacitance reduces sharply after 

approximately 10 hours of mixing, and after that it becomes almost constant at -2ºC. Therefore, 

it can be said that the mortar freezes if the ambient temperature drops below 0ºC, and it freezes 

quickly at -2ºC compared to -1ºC. 

 

Figure 48: The change of capacitance during hydration of type-S mortar at different 

ambient temperatures 
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Figure 49: The change of capacitance during hydration of type-N mortar at different 

ambient temperatures 

 

Table 8: The change of capacitance at different ambient temperatures 

 

Ambient 

temperature 

(
0
c) 

Change of capacitance (pF) 

Type-S mortar Type-N mortar 

1
st
 day to 

3
rd

 day 

3
rd

 day to 

7
th

 day 

7
th

 day to 

14
th

 day 

1
st
 day to 

3
rd

 day 

3
rd

 day to 

7
th

 day 

7
th

 day to 

14
th

 day 

Room 

temperature 

(22±1
0
c) 

 

23,300 

 

2,100 

 

1,000 

 

30,500 

 

3,400 

 

1,800 

5±1
0
c 13,000 15,000 500 7,000 3,000 6,00 

0±1
0
c 12,000 4,000 2,800 9,000 10,400 3,100 

 

5.3.3 The compressive strength at cold weather 

The compressive strength of masonry prisms cured at 0ºc was determined after 7 days and 14 

days by compression testing, and was compared to the control specimens cured at room 

temperature (22±1ºc) in order to investigate the strength gain of masonry prisms at ambient 

temperature below 5ºc. It can be observed from table 9 that the average compressive strength of 

prims cured at 0ºc was approximately 21% lower than the control specimens cured at room 
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temperature (22±1ºc) after 7 days, whereas it was approximately 7% lower than the control 

specimens after 14 days. Moreover, it can be seen from table 10 that the compressive strength of 

mortar cubes cured at 0ºc was approximately 55% lower than the control specimens cured at 

room temperature (22±1ºc) after 7 days, whereas it was approximately 65% lower than the 

control specimens after 14 days. Therefore, it can be said that the mortar decreases its strength 

significantly after 7 and 14 days whereas the strength of prisms decreased considerably (35%) 

after 7 days but decreased a little (only 7%) after 14 days when cured at 0ºc. As discussed in 

section 5.2.4 that the strength of mortar has little influence on the overall compressive strength 

of prisms, therefore, 55-65% reduction of mortar strength decreases the prism strength about 

35% after 7 days but only 7% after 14 days.   

Table 9: The compressive strength of masonry prisms   

7
th

 day 

 Room temperature 0
0
 c 

Prism 

no. 

Strength 

(MPa) 

Avg. 

strength 

(MPa) 

Strength 

(MPa) 

Avg. 

strength 

(MPa) 

1 17.67  

 

18.68 

13.02  

 

14.62 
2 19.11 13.63 

3 18.65 15 

4 19.57 16.22 

5 18.4 15.24 

14
th

 day 

 Room temperature 0
0
 c 

Prism 

no. 

Strength 

(MPa) 

Avg. 

strength 

(MPa) 

Strength 

(MPa) 

Avg. 

strength 

(MPa) 

1 19.13  

 

18.44 

16.24  

 

17.21 
2 18.84 18.26 

3 17 17.78 

4 19.85 14.62 

5 17.37 19.17 
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Table 10: The compressive strength of mortar cubes   

7
th

 day 

 Room temperature 0
0
 c 

Cube 

no. 

Strength 

(MPa) 

Avg. 

strength 

(MPa) 

Strength 

(MPa) 

Avg. 

strength 

(MPa) 

1 6.49  

6.28 

2.76  

2.84 2 6.08 2.71 

3 6.27 3.04 

14
th

 day 

 Room temperature 0
0
 c 

Cube 

no. 

Strength 

(MPa) 

Avg. 

strength 

(MPa) 

Strength 

(MPa) 

Avg. 

strength 

(MPa) 

1 9.56  

9.35 

4.03  

3.22 2 9.31 2.92 

3 9.17 2.72 
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

The following conclusions can be drawn based on the experimental results:  

1. Experimental data have been presented on the electric properties of masonry mortar cylinder 

specimens over the frequency range of 10 kHz to 10 MHz. It has been examined that the 

dielectric response and conductance are not only dependent on the free water present in the 

capillary pores during hydration, but also depend on the frequency, ionic concentration and 

the charged surfaces of cement particles. 

2. The dielectric response and conductance of mortar can be used to follow the sequence of the 

hydration process by using lower frequencies i.e. 1 kHz to 60 kHz. The four stages of 

hydration can be predicted, and the rate of change of electrical properties indicates the rate 

of change of the reaction during hydration. 

3. The strength gain process of young masonry prisms has been monitored based on the 

dielectric response and the resistivity of mortar joints at room temperature (22±1ºC). Linear 

relationships have been established between the strength gain of masonry prisms and the 

dielectric response of the mortar joint at 1 kHz and 10 kHz. The coefficient of 

determination, r
2
 = 0.9613 at 1 kHz and r

2
 = 0.9812 at 10 kHz prove the suitability of linear 

relationships. Moreover, a non-linear relationship has been established (r
2
= 0.971) between 

the strength gain of masonry prisms and the resistivity of mortar joint. 

4. A RC sensing circuit was successfully applied in order to remotely monitor the strength gain 

process of young masonry prisms in the lab. Moreover, a linear relationship (r
2
 = 0.9891) 

has been established between the wireless voltage signals and the strength gain of masonry 
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prisms. In particular, the 200 mm is considered as a suitable length of the sensor to monitor 

the strength gain process of young masonry prisms. 

5. Masonry mortar and prism freeze when the ambient temperature drops at -2ºC, and thawing 

starts from -1ºC based on the dielectric capacitive method and the electrical resistivity 

technique. On the other hand, mortar specimens freeze at -0.3ºC and thaw at -0.4 º C, and 

prism specimens freeze and thaw at -0.7ºC based on the heat of fusion method. 

6. The strength gain process of masonry mortar at different cold temperatures, i.e. ambient 

temperature below 5ºC, has also been monitored by using dielectric capacitive 

measurements. The hydration (strength gain process) of masonry mortar slows down if the 

ambient temperature decreases down to 0ºC, whereas mortar partially freezes at -1ºC and 

completely freezes at -2ºC, indicating the complete cease of hydration. 

7. Masonry mortar loses its strength approximately 55% after 7 days and 65% after 14 days at 

0ºC, whereas masonry prism loses approximately 21% strength after 7 days and 7% after 14 

days at 0ºC relative to the control specimens cured at room temperature (22±1ºC). 

In general, this experimental program suggests that the electrical properties of mortar can be an 

effective and practical tool in monitoring the strength gain process in a non-destructive manner. 

Moreover, this research works are expected to provide an improved understanding of non-

destructive strength gain monitoring of young masonry prisms at different ambient temperatures.  
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6.2 Recommendations for future research 

The study on the incorporation of various antifreeze admixtures with masonry mortar to allow 

gaining strength below the freezing temperature remains a goal for cold weather masonry 

construction. A considerable number of research has been done on concrete by using various 

antifreeze admixtures with different doses i.e. calcium chloride, methanol, sodium nitrate in 

order to protect concrete from freezing without causing harmful effect [57, 58]. Since masonry 

mortars are also Portland-cement based, more extensive research is needed to examine whether 

similar results are possible for masonry mortar. In fact, the future research will be to incorporate 

different antifreeze admixtures with masonry mortar in order to bring down the freezing 

temperature to -10ºc without losing the strength. This work will be done by using different 

admixtures with different doses and identifying different freezing points by embedding dielectric 

sensor into the mortar. Finally, the appropriate mixing and antifreeze admixture will be selected 

to recommend for use in the cold weather masonry construction. 
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APPENDIX A 

Table A-1: Proportion specifications of mortar by volume (CSA A179-04)  

 

 

Mortar type 

Parts by volume 

 

Portland 

cement 

Mortar cement or masonry cement 

type 

 

 

N 

 

S 

Aggregate 

measured in 

damp, loose state 

N 

S 

S 

0 

½ 

0 

1 

1 

- 

- 

- 

1 

2 
1

4
 to 3 

3 
1

2
 to 4 

1

2
 

2 
1

4
 to 3 

 

Table A-2: Compressive strength specifications of mortar cubes (CSA A179-04) 

 

Preparation 

Mortar 

type 

Minimum 

compressive 

strength (MPa) 

7
th

 day 28
th

day 

Job prepared or manufactured off-site 

in a batching plant, mixed to a flow 

suitable for use in laying masonry 

units 

 

Laboratory prepared, mixed to a flow 

of 100 to 115% 

N 

S 

 

 

N 

S 

2 

5 

 

 

3 

7.5 

3.5 

8.5 

 

 

5 

12.5 
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Figure A-1: The change of temperature and weight of mortar cylinder specimen during 

hydration 

 

Figure A-2: Heat of fusion method of pure water 
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Figure A-3: Heat of fusion method of ice 

 

Figure A-4: The cooling curve of pure water 
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Figure A-5: The cooling curve of pure water 
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APPENDIX B 

Calculation of specified compressive strength of masonry block 

f
’
unit = fav(1-1.64v) = fav -1.64s 

f
’
unit = Specified masonry block strength  

fav = Mean masonry block strength = 28.2 MPa 

v = Co-efficient of variation = s/ fav 

s = Standard deviation = √
∑(𝑋−𝑋𝑚)2

𝑛−1
 

X = Individual test result 

Xm = Mean (average) of individual results = 28.2 MPa 

n = Number of masonry blocks tested = 10 

s =  √(∑〖(25.54 − 28.2)2 + (30.8 − 28.2)2 + (26.95 − 28.2)2 + (29.73 − 28.2)2 +

(26.38 − 28.2)2 + (28.82 − 28.2)2 + (30.2 − 28.2)2 + (27.26 − 28.2)2 + (27.36 −

28.2)2 + (28.94 − 28.2)2)〗/(10 − 1)) 

=√
27.57

9
 = 3.06 

f
’
unit = fav -1.64s = 28.2 – 1.64x3.06= 23.18 MPa 
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Calculation of specified compressive strength of prism  

f
’
m = fav(1-1.64v) = fav -1.64s 

f
’
m = Specified prism strength  

fav = Mean prism strength = 17.34 MPa 

v = Co-efficient of variation = s/fav 

x = Individual test result 

Xm = Mean (average) of individual results = 13.53 MPa 

n = Number of masonry units tested = 6 

s =   √
∑(18.42−17.34)2+(17.27−17.34)2+(19.52−17.34)2+(17−17.34)2+(15.5−17.34)2+(16.3−17.34)2 

6−1
 

=√
10.5065

5
 = 1.45 

f
’
unit = fav -1.64s = 17.34 – 1.64x1.45 = 14.96 MPa 
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