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Abstract

Cutting the pavement to install a small diameter utility network, such as flexible pipes, conduits

or telecommunication lines, is a common practice in urban areas. The last 200 meters of instal-

lation is known particularly difficult to deliver, with obstacles both above and below ground

to navigate, and these difficulties increase installation time and cost. Micro-trenching (MT) is a

variation of narrow-trenching (NT) in which the trench is as narrow as 25 to 40 mm. Providers

have found a considerable saving in project time and cost when MT is employed instead of the

traditional open-cut method. Due to its advantages, MT is growing in popularity as a means of

quickly, efficiently, and cost-effectively installing the utility networks is in a metropolitan area.

Hence, many utility installers are now switching to NT. Despite all the advantages, NT method

is not being widely practiced around the world because municipalities are reluctant to accept

the risks associated with it, including potential pavement damage, and lack of stability of the

buried conduit in shallow depths in freeze-thaw climatic regions. Due to the narrow width of

the trench and shallow depth of the installation, the quality of the backfilling plays a crucial

role in the durability of the installation. The backfill materials in cold regions are exposed to

harsh weather conditions including prolonged winter seasons, short thawing periods and long
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summer days. This, as well as lack of available knowledge about the performance of the ma-

terials inside a narrow trench, resulted in many distress and failures in surveyed MT projects.

This research study aims to improve the overall civil work of the NT projects. To serve this pur-

pose, different backfilling materials and methods were investigated and properties of the three

most promising alternatives for NT application, i.e cold-mix-asphalt, lightweight cement-based

foams, and alkali-activated foams, studied in detail. Subsequently, the performance of the rein-

stated trench, as well as its response to the different pavement or narrow-trench designs, were

evaluated by a series of physical and numerical models. The result showed the satisfactory

performance of lightweight foams as a backfilling material. Lastly, a multi-objective optimiza-

tion model was developed to minimize project cost and time while using the most levelled

resources.
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Chapter 1

Introduction

1.1 Background

Cutting the pavement for installation of various small diameter utility lines, especially telecom-

munication cables is inevitable in today’s urban life. The busy and crowded life in cities also

demands the fastest installation method with minimum disruption to city life. On the other

hand, the limited budget for these constructions and environmental concerns request a cost-

effective construction method with a minimum usage of resources. In general, the small di-

ameter utility installation methods in an urban area can be classified into two major groups:

utility sharing and direct buried methods [1]. The former involves installing the new utility

line through the existing lines (e.g. sewer, water or gas lines). Despite being fast and cost-

effective, these methods require exhaustive long-term collaboration between the new and host

utility lines [2]. Moreover, the new utility line may be damaged during the maintenance, ren-

ovation, or replacement of the host network. As a result, this method has not been practically
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used yet [1]. Direct buried methods include the subsurface installation of the utility line [3].

Among them, the open-cut method is commonly used by the utility network developers. How-

ever in crowded urban areas, open-cut is time consuming, costly, and has a high risk of hitting

the underground services [4], high indirect cost as a result of disruption to the local traffic or

businesses, and an adverse impact on the sound and air quality [5, 6]. It is also reported to

reduce the pavement serviceability index of the road [7]. Hence, trenchless or near-trenchless

methods have alternatively been practiced in urban areas [1] to reduce the cost and associated

impacts of open-cut installation and improve productivity. Mini-horizontal directional drilling

(mini-HDD) and narrow-trenching (NT) are the two most popular among these methods. They

are fast, cost-effective, and environmentally preferred while exposing minimum impact on the

local traffic or businesses [1].

Due to its many benefits, the use of narrow trenches for installation of flexible pipelines

or conduits of small diameter is a common technique for the construction of water, electricity,

lighting and telecommunication networks. The last 200 m of fibre deployment can be partic-

ularly difficult to deliver with obstacles both above and below ground to navigate, and these

difficulties increase installation time and cost. Providers have found that construction costs and

time may be reduced considerably when employing micro-trenching (MT) procedures com-

pared to other methods [1, 3]. MT is a variation of NT which is commonly used in crowded

urban areas because of its tiny dimension of trench. The micro-trench is usually as narrow as

25 to 40 mm wide, and up to 250 mm deep [8, 9].

The narrow-trenching process includes three main steps. The first step is cutting a NT in
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the pavement using a dry or wet saw cut. Trench dimension is selected according to the size

of conduits, pavement thickness, and regional considerations and commonly consists of three

zones, first 2.5-8 cm is conduit height follows by a 10 cm cover or buffer zone and a 5-10 cm

municipal grind depth [10]. Cover zone is usually deeper in freeze/thaw climates. The second

step is cleaning the trench and laying the cable or conduit inside, and the third and final step

is backfilling the trench. The main advantages of this technique include fast and cost-effective

deployment (typically 50% faster and upto 75% cheaper than traditional open trenching [10–

12]), limited interference with other services and/or traffic during construction, lower environ-

mental impact (less waste creation and disposal, less new material and fewer truck movement

and CO2 emission) and lower impact on the road (less damage to the pavement and sub-base

due to the tiny dimension of the trench) [1, 13]. Its simplicity also allows to use of multi-skilled

installer teams in the project.

MT is particularly popular for the last mile installation of fibre optic cables [1]. Today’s

demand for high speed internet and the limited bandwidth of the existing copper-based net-

work made the internet service providers rally to upgrade their network to optical fibres. For

instance, TELUS communication has invested one billion dollar only in Edmonton, Alberta to

migrate from copper to a fibre optic network by 2021 [3, 14]. MT has been used in many coun-

tries, including Australia, Ireland, Germany, France, Norway, Portugal, Israel, Malaysia, and

Iran [15].
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1.2 Problem statement and motivation

Despite the many benefits of NT over other methods of utility installation in urban areas, most

municipalities have not yet been convinced to issue a permit for this method because of its

poor quality of reinstatement, lack of deployment standard, and unsolved liability risks of the

road and/or FO cable damages [1, 3]. Additionally, in changed weather conditions (e.g., freeze

and thaw cycles), MT may result in significantly different backfilling performance, leading to

premature failures of restoral materials which may, in turn, degrade the present serviceability

index of pavement as well as damage the installed cables or conduits [16, 17].

Monitoring different MT projects in Alberta, Canada by the author [18, 19] revealed that

the process and material of backfilling are not engineered, and no follow-up research work

was done to improve MT practice. Instead, the narrow-trench is designed merely based on

the available equipment and materials. Therefore, many distress (as will be discussed in the

next chapter) was observed in the reinstated trench after a few cycles of freezing and thawing

which even led to the failure of the reinstatement and up to 18 cm upward movement of the

cable (in a 23 cm deep trench) [1, 18]. Interviewing with different MT designers and contrac-

tors cleared that the performance of the backfill materials, especially inside a narrow-trench,

is not fully investigated and understood. This study is premised on the following hypotheses:

(i) that the controlled low-strength materials with their strength and rigidity engineered to be

low, but having high dimensional stability shall outperform high strength materials of higher

elastic modulus; (ii) that when reinstating a narrow-trench, using bituminous mixtures like
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cold-mix-asphalt in asphalt concrete pavement layer and limiting the controlled low-strength

materials to the granular base layer, the performance of the backfilling will be superior to using

controlled low-strength materials all the way to the top; (iii) that incorporating aggregates in

the controlled low-strength materials improves its load-carrying capacity and dimensional sta-

bility due to interlocking properties of the aggregates. Also using lightweight aggregates like

expanded perlite in the mixtures makes a better backfilling material than using natural sand;

(iv) that microfibre improves the mechanical properties, dimensional stability, and bonding of

controlled low-strength materials to the asphalt concrete substrate and therefore enhances their

performance in the narrow-trench; and (v) that the lower shrinkage and improved strength

and bonding of alkali-activated concrete compared to Portland cement concrete make alkali-

activated foams better alternatives for narrow-trench backfilling than cement-based foams.

Besides, the effect of the trench dimension, its location in the road, different traffic or en-

vironmental loading, or the pavement structure or design on the performance of the reinstate-

ment is not yet explored. On the other hand, the few available standards on MT only provide

general guidelines and hence, lack of a detailed and specific guideline for MT is another reason

for the poor performance of this method.

Monitoring of the real-life MT projects also exposed the lack of a comprehensive project

management plan for these specific types of the project. The current practice involves the daily

planning and resource allocation by the superintendent and cost-plus payment which will re-

duce the productivity and increase the idle time of the crew. This resulted in delayed and

over-budget completion of the project [19]. Since the main advantage of MT is to deliver a fast
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yet cost-efficient installation in busy urban areas, improper scheduling of the project can lead

to a considerable increase in project time, cost, and social impact of the project. Considering

the huge investment for fibre optic deployment in cities like Edmonton, a powerful decision

support tools for planning and scheduling of MT projects in order to trade-off between time,

cost, and usage of the resources of the project is crucial for the successful implementation of

this method.

The results of this study is hoped to help the narrow-trench designers by (i) increasing the

knowledge about the properties of the backfill materials and their performance inside a narrow-

trench, (ii) introducing innovative, environmentally friendly, yet cost-effective alternative for

narrow-trenching reinstatement, (iii) investigating the backfill response to different loading,

pavement, or environmental condition, and (iv) providing a comprehensive decision support

system for planning and scheduling narrow-trenching projects. The results of this study can

also be used by utility owners or municipalities to publish a detailed standard for these projects

and define the limits and acceptance criteria. Lastly, the application of the findings may be

extended to the pavement pothole or crack repair.

1.3 Objectives

The main objective of this research is to study the overall civil work of NT projects, study their

applicability in the cold climate of Canada, and to suggest a cost- and time-efficient reinstate-

ment solution for these projects. Considering the recent interest in MT for the last-mile fibre
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optic deployment projects, special attention was given to MT projects. Five objectives have

been set in this thesis according to the gaps in previous literature:

1. To investigate the lesson learned from the existing real-life NT projects and literature and

understand the methods and materials for the reinstatement of narrow-trench through

monitoring real-life NT projects and reviewing the existing literature.

2. To evaluate and characterize different ready-to-use cold-mix-asphalts (CMA) and inves-

tigate their applicability as a narrow-trench backfill material through different laboratory

tests on CMAs and physical models of the narrow-trench.

3. To assess the performance and key fresh, early age and hardened state properties as well

as freeze-thaw resistance of the foamed cementitious and alkali-activated grout, in order

to identify its potential as a durable yet cheap and environmentally friendly fill material

for reinstatement of NT projects in the cold climate of Canada.

4. To investigate the response of the reinstated section to different trench or pavement design

as well as loading or environmental condition through physical and numerical modeling

of the trench.

5. To presents a decision-support system for the planning and scheduling of MT projects as a

linear construction project. The model allows construction planners to generate and eval-

uate optimal/near-optimal construction scheduling plans that provide a time and cost

trade-off while using the most leveled resources profile.
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1.4 Outline

Chapter 2 is a quick review of the surveyed literature on the NT reinstatement methods and

materials. Special attention is given to the cement- and alkali-activated foams due to their high

potential to be used for this purpose. Chapter 3 tests the engineering properties, permanent

deformation and moisture resistance of different CMAs to assess their suitability for use as a

narrow-trench backfill. Chapter 4 characterizes the mechanical performance, thermal shrink-

age, and bonding with the bituminous substrate of different cement-based foams. The same

tests and analysis were done in Chapter 5 for alkali-activated foams. Chapter 6 explores the

freeze-thaw performance of the cement- and alkali-activated foams. Chapter 7 presents the re-

sults of physical and numerical models of the narrow-trench. Chapter 8 introduces a discrete

time-cost-resource optimization model which together with linear scheduling model (LSM)

tries to select starting time and the number of the crew assigned to each activity satisfying all

the project constraints. Chapter 8 is a summary of findings, conclusions, and recommendations

for future studies.
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Chapter 2

Background

Despite all the advantages, narrow-trenching, and in particular, micro-trenching method is not

being widely practiced by Internet service providers (ISP) around the world because municipal-

ities are reluctant to accept the risks associated with NT, including potential pavement damage,

lack of stability of the buried conduit in shallow depths in freeze-thaw climatic regions, and

possible damages to the FO cable as a result of road rehabilitation. To understand the current

practices of NT, different pilot installations in Alberta, Canada were performed and monitored

as a part of this research. Result revealed the quality of backfilling material as the main cause

of NT failures.

Controlled-low-strength-materials (CLSM) have been used for decade for various construc-

tion applications including utility trench backfilling. There have been renewed interest in its

structural characteristics in view of its lighter weight, savings in material especially cement

and potential for large scale utilization of wastes like fly ash. To overcome the disadvantages

of current practice of FTTH projects and to engineer the design and process of these projects,
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a comprehensive study started at University of Alberta. Therefore, the focus of this chapter

is to provide a summary of the pilot installations and to classify literature on NT backfilling

options. Owing to their advantages, a special attention was given to CLSM, foamed CLSM and

Alkali-activated (AA) CLSM in terms of constituent materials (foaming agent, cement and other

fillers used), mix proportioning, fresh and hardened properties by conducting a comprehensive

overview of the previous works carried out on using different CLSM admixtures and additives

focusing on the narrow-trench (NT) backfilling application.

2.1 Introduction

In today’s urban life, digging the pavement for installing new utilities, rehabilitating, or updat-

ing the existing ones has become inevitable. Among these utilities, telecommunication lines has

proven to require special attention in modern cities. Internet has become an inseparable part

of every aspect of our society, including individual life, national economic growth, business

growth, health, education, communication, and entertainment [20–22]. Therefore, the inter-

net’s growth has become explosive and the recent demand for high-speed internet cannot be

fulfilled through the existing copper networks because of the limited capacity and high attenu-

ation of the copper cables. The fibre optic (FO) network, on the other hand, theoretically have

unlimited capacity [23], and can transfer the data at the speed of light with a very small atten-

uation over a long distance. Currently, only 10% of Canada’s total broadband subscriptions are
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fibre connections which are increasing with annual growth of 38% [4]. Therefore, CP compa-

nies in Canada, has planned to upgrade their existing copper network to a fibre network. As

an illustration, Telus communication has invested 4.2 billion CAD through 2019 in Alberta to

upgrade their copper network to a FO network [14].

However, constructing FO networks encounters many economical, legal, environmental,

and social issues that need to be considered and managed prior to the installations. FO network

construction projects in urban area are usually found to be very difficult and more challenging

than previously thought [24]. For example, the civil work costs of the construction are reported

to be up to 70% of the initial investments [25], beside the fact that it involves disruptive digging

on the streets [24]. In urban areas where underground spaces are overcrowded, the risk of dam-

aging existing services, impacts on the environment and social costs related to the community

disturbance are substantial [4, 5]. Possible environmental disturbances include contaminant

spills, pollutant emissions, and noise [5, 26, 27]. Additionally, the local government sometimes

enforces legal difficulties and zoning laws [4], which make obtaining permits and agreements

difficult and time consuming [6]. Regardless, the extent of FO construction impact is directly

dependent on the choice of installation method.

Generally, the FO deployment method can be classified into two main groups: direct buried

and utility sharing methods. A direct buried method involves direct underground installation

of FO cable. One of the most common direct buried methods, still in use in many countries is

open–cut, which has a high risk of hitting existing underground services [4], high social costs,
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negative effect on pavement’s long-term life and significant impacts on the air and sound qual-

ity [5, 6]. Therefore, to reduce the costs of FO deployment and its negative impacts, trenchless

and near-trenchless methods, such as plowing, narrow-trenching, piercing or mini horizontal

directional drilling (mini-HDD), can be an effective tool.

The use of narrow trenches for installation of flexible pipelines or conduits of small diameter

is a common technique for the construction of water, electricity, lighting and telecommunica-

tion networks. As explained in Chapter 1, the last 200 m of fibre deployment is particularly

difficult to deliver due to the busy urban environment and crowded underground installations.

Due to its fast construction and cost-effectiveness, NT has received considerable attention in

recent years. NT requires no utility inspection due to its shallow depth of installation and does

not disturb or damage the adjacent subsurface facilities [1]. Its fast construction rate also causes

minimal traffic delays and low environmental and social impacts [28]. Solvian [29] studied

the life cycle environmental impact of different methods to install fibre optic network and con-

cluded that NT is the most preferred method of fibre installation in asphalt pavement. NT also

poses less risk to underground services than mini-HDD [10].

The terms NT and MT are frequently used interchangeably in the literature where in fact,

the distinction is evident with respect to their trench dimensions. While the cut in MT is 25-40

mm wide and up to 250 mm deep, it can be considerably wider and deeper in NT. According

to Solivan [29], NT is cut normally 80 mm wide and 400 mm deep. Therefore, the micro-trench

is usually cut using a blade saw while milling wheels are used for cutting the narrow-trenches.

The narrow-trenching process includes three main steps as explained in Chapter 1. First,
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cutting a small trench in the pavement using a dry or wet saw cut. Then, cleaning the trench and

laying the cable or conduit inside, and finally backfilling the trench. This method of installation

is mainly fast and cost-effective (up to 50% faster and 75% cheaper than open trenching [10–

12]), lower disruption of other services and traffic during construction, lower environmental

impact and lower damage to the road [1, 13].

However, one of the major challenges urban municipalities face is the quality of trench

restoration [30]. Quality of backfilling plays an important role in the resulting performance.

It secures the cables and/or conduits in the trench bottom and provides mechanical protection

to the cable against traffic loads. Moreover, restoration material and technique directly affect

pavement quality and its service life as it has been proven in utility installations that major

pavement failures may happen using unsuitable or improperly installed backfilling materials

[30]. Several studies have been conducted on using different granular, bituminous material,

and concrete for narrow-trench backfilling [31–35]. Granular materials can be easily washed

out by water ingress into the trench, resulting in the sinking of the top sealant layer and leaving

the cables unsupported. Accordingly, a considerable cable movement was observed in a micro-

trench which was backfilled using play sand [1]. Likewise, traditional reinstatement materials

like asphalt and macadam were not designed to be used in NT. Placing the hot or cold as-

phalt inside the trench, maintaining the temperature of hot asphalt, and reaching the optimum

compaction are very difficult and time-consuming [18]. Improper compaction results in lack

of cohesion in backfilled asphalt which will let the asphalt to be washed out of the trench [1].

Cold mix asphalt also reported having an insufficient bond to the cut asphalt edges [13]. Lack
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of cohesion and adhesion will result in water ingress and further deterioration of the trench

reinstatement. Achieving the design gradation and compaction of bituminous macadam is also

not practical in NT which resulted in the failure of backfilling in a real life project [19]. Fill-

ing the trench with neat bitumen is not a solution either, due to the lack of strength and skid

resistance. Unlike the asphalt mixture, flowable fills are self -compacting and -leveling and

can penetrate the gaps in the trench which makes the backfilling easier and faster. However,

cement-based grout and epoxy mortars are stiff and using them in the flexible pavement will

result in progressive cracks in the composite structure under the service physical and thermal

loading. Considering the lesson learned from the previous pilot installations [19], bonding be-

tween the cellular grout fill and existing pavement is another concern. Lack of permeability in

these materials can also interfere with the designed subsurface drainage of the pavement [28].

Nevertheless, backfilling of lengthy trenches requires a considerable amount of material, and

therefore, resins or specialty cementitious materials are not practical candidates due to the high

costs. As an illustration, a commercial non-shrink cement grout, with a unit price of 1$/kg, was

used to partially backfill a micro-trench in a real-life project in Alberta, Canada as a part of this

research. Final cost analysis of the project revealed that the cost of the cement material is 68%

and 20% of the total grouting task and overall MT costs, respectively.

Due to the small dimensions of the narrow-trench, the appropriate backfilling material

should be flowable enough to penetrate and completely fill the whole trench depth. The other

essential requirements for backfilling materials include: bonding to the existing material, seal-

ing the trench against water intrusion, resisting permanent deformation and supporting the cut
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edges of the asphalt, being compatible with flexibility of the pavement, having dimensional sta-

bility under service loads and showing no shrinkage strain, being excavatable for future repairs

of installed utilities, rapid hardening to allow the road to be reopened to traffic quickly, and be-

ing economical and simple to apply by multi-skilled installer teams [13, 36]. For the purpose of

narrow-trench backfilling, one common time-, cost-, and quality-effective backfilling alternative

is controlled low-strength material (CLSM) [37, 38]. CLSM is a self-compacting and self-leveling

cementitious backfill material used instead of conventional compacted fill [39]. The other terms

used to describe this backfilling material include flowable fill, controlled-density fill, flowable

mortar, self-compacted backfill material, plastic soil-cement or slurry [39, 40]. For the purpose

of this study, the definition of CLSM is broadened to include controlled low-strength cement-

based slurries, foams, and alkali-activated (AA) foams.

In general, CLSM costs slightly higher than the conventional compacted soil or granular

backfill materials; however, it is cheaper than regular cementitious grout. This material requires

less on-site labor and equipment, as it is flowable, self-leveling, and can be conveniently placed

with no vibration needed. Other potential advantages associated with the usage of CLSM in-

clude fast construction speed, potential of usage in narrow trenches (where compacting soil or

asphalt is difficult, or in some cases, impossible), and utilizing high volumes of waste or by-

product materials in the mixture [37, 41]. CLSM usually possesses a sufficient load-carrying

capacity and serves as a strong and durable backfill material for trench or structural fill, as well

as pavement applications. More importantly, it can be designed with sufficient early strength

to support traffic loads within hours of placement [42–44].
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A total of 135 research articles are found for trench backfilling using CLSM in the literature in

English dating from 1990 to 2018, 20 of which are published in 2018. In this paper, an overview

of CLSM for narrow-trench backfilling applications is presented based on the available litera-

ture. The presented study reviews specifications, adopted materials, and the influence of CLSM

on the properties of trench backfilling.

2.2 Review of NT reinstatement methods and materials

In general, two backfilling methods have been practiced in real-life projects. First, is the sin-

gle backfilling in which the trench is filled with a single material. Granular materials, ce-

ment slurries, cement-based concrete or foams, epoxy resins, bituminous sealant, and asphalt

macadam are among the commonly used materials. Second, dual backfilling, which has been

practiced widely for reinstatement of narrow-trenches in flexible pavements and includes fill-

ing the trench with one of the aforementioned materials up to the asphalt layer and then using

cold or warm-mix-asphalt to completely fill the trench. While NT has been used globally for

many years, there are a few follow-up reports on the quality of the narrow-trench reinstate-

ment. To investigate the common practices of NT and monitor the long-term performance of

the trench, different pilot installations in Alberta, Canada was performed and monitored by the

author. The details of these installations are reported in [19] and [18]. Following is a review on

the available literature on NT reinstatement methods and materials.
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2.2.1 Single backfilling

Many researchers proposed the single backfilling method in heavy traffic areas [45, 46] be-

cause it is faster and easier to apply which results in less traffic disruption and social cost.

Plain cement grout is relatively cheap when compared to other specialty mixed products and

easy to be made and used on site. Therefore, it has been widely used in many NT projects

including a micro-trenching project in South Africa [47], Kula Lumpur, Malaysia [48], Israel

[13] and Alberta, Canada [18]. Moreover, many specialty modified cement-based grouts and

epoxy resins are available on the shelf for sale. For example, FastPatch DPR [49] is a multi-

component polymer modified resin that can be used in narrow-trenches up to 10 cm wide and

gain 8 MPa compressive strength in 24 hours. [50], another commercially available product, is

a single component fibre reinforced cementitious mortar designed for Micro-trench reinstate-

ment. It can reach a compressive strength of 23 MPa in only 4 hours. In a real-life project,

Elephant-armor [50] was placed in a micro-trench perpendicular to heavy truck traffic and af-

ter 8 months and undergoing 125 freeze-thaw (F-T) cycles, no visible distress was observed in

the micro-trench. Despite the ease of application, using high-strength and rigid cement grout

or epoxy resin in NT might not be a sensible engineering solution for many reasons. First, the

mortar will become a "beam" in the flexible pavement and overtime, the inflexibility of the re-

instated material will break the road [28]. In order to investigate this issue, a physical model

of a narrow-trench reinstated with a commercially available epoxy resin was tested under the

Hamburg Wheel Tracking device. After 20,000 passes, ruth depth at the center of the trench

was only 1 mm and this deformation was disappeared after unloading [51]. The corresponding
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(a)

(b)

Fig. 2.1. High strength grout in a micro-trench. (a) longitudinal cracks in high-
strength cement grout [19], and (b) Damage to the asphalt pavement and debonding

between the grout and the cut asphalt surface [19].

ruth depth for hot-mix asphalt (HMA) without a trench is 3 mm [15]. The different behavior

of the pavement and the rigid backfill under loading caused cracks around the trench edges

(Figure 2.1a, which may cause water ingress into the trench and, consequently, failure of the

reinstatement. The same issue was reported by the author [19] in a MT project reinstated with

cement grout (Figure 2.1b). Second, due to the lack of permeability, mortar in the road could

effectively act as a wall in the road, interrupting the drainage system of the road and diverting

water flow and leading to flooding where the trenching ends [28]. Third, using a high strength

material in the trench will make access to the buried cables or utilities, for future expansion or

repair, difficult. Fourth, using a specialty mixed material or epoxy resin can be economically

challenging in a full-scale NT project (see section 2.2.3).

Bitumen joint sealant also has been used to fill and seal a micro-trench [1, 19, 52]. However,
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Fig. 2.2. Failures in sealant. (a), (b) and (d) show the sealant is pulled out of the
trench. The red rectangle in (d) shows the debonding between the sealant and the

trench. (c) shows the poor bonding between sealant and asphalt. [18].

the shape factor must be considered when using bitumen sealant in the trench. The shape factor

is defined as the ratio of the sealant width to the thickness. The recommended shape factor of

rubberized asphalt is 1:1 [53] and considering the low width-to-height ratio in narrow-trench,

using sealant materials to fill the trench is not recommended. On the other hand, the contact

surface of the sealant and the pavement must be clear of any dust or moisture to insure a good

bonding, which is very difficult in real-life projects. Therefore, sealant was pulled out of the

trench after few months (Figure 2.2) in the pilot installations [18, 19].

Regardless of the recommended shape factor of 0.5 [54], Cold lay macadam or asphalt mas-

tic also has been used to backfill a narrow-trench in Dublin, Ireland [13] and in an MT pilot

project in Alberta, Canada [18]. In this method, either the trench will be reinstated with flow-

able asphalt mastic or it will be filled with an engineered gradation, and then the cold bitumen

emulsion will be poured on top of the aggregates. While this method has been reported as one
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Fig. 2.3. Cold bitumen emulsion freshly poured on aggregates in a physical model
of narrow-trench in (a) and a week after (b). Ununiform coverage of aggregates can
be seen in (a) and (b). In (c), cold bitumen emulsion escaped from a micro-trench

with dense aggregate gradation [18].

of the fastest and cost-efficient backfilling methods [18], there are many concerns about the per-

formance of reinstatement. Sealant and macadam will not withstand heavy traffic, solvents or

harsh environmental conditions. Due to the lack of lateral stability, movement of the pavement

faces toward the trench will force the asphalt mastic out of the trench slot in hot weather. The

mastic can also be knocked off the trench by traffic, and as the weather becomes colder and the

joint slot opens there will not be enough mastic in the slot and failure will occur. In the areas

of failure, dirt and other foreign matter will settle into the trench and in time, the trench will

become so full of non-mastic material that the pavement will break due to the lack of lateral

support. Due to the narrow width of the trench and absence of compaction, reaching the de-

sired gradation inside the trench is not possible. This will result in an un-uniform gradation

along the trench. As a result, bitumen emulsion will flush down the trench where the gradation

is more open and flow out in the dense areas, remaining the aggregates uncoated (Figure 2.3).
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2.2.2 Double backfilling

In the double backfilling method, the trench is filled with a filler, including granular or recycled

aggregates or cement-based grout, up to the existing pavement and then a compatible mate-

rial with the existing flexible pavement, usually cold- or hot-mix asphalt is used on top of the

filler and in asphalt layer to fill the trench to the top. This method is commonly used in many

NT projects including [55] (double backfilling of beach sand and cold-mix asphalt to reinstate

a 24 × 305 mm micro-trench), [56] (used concrete slurry and cold-mix asphalt to reinstate a

40 × 250 mm micro-trench), [57] (concrete slurry and cold-mix asphalt), [19] (high strength,

non-shrink cement grout and cold-mix asphalt), [1] (play sand and cold-mix asphalt) and, [18]

(different fillers including cement grout, polymer modified high strength cement grout and,

cement-based foam were tested as filler and trench was filled to the top using a commercially

available cold-mix asphalt). Real field NT projects and laboratory studies revealed that fine

granular materials are washed out of the trench in presence of water [1, 15]. This will leave the

upper cold-mix asphalt unsupported and prone to settlement. The author [15] compared the

ruth depth of two physical models of a micro-trench under the Hamburg wheel tracking device.

The first and second trench was backfilled up to the asphalt layer with play sand and cement

grout, respectively. Both trenches then filled by compacting cold-mix asphalt on top of the first

layer. The test results in the dry condition revealed a 22% higher ruth depth in MT sample

backfilled with sand than the sample backfilled with grout. This result was expected since sand

densifies and deforms more under wheel loading compared to grout. Moreover, after soaking

the samples under water and subjecting them to one F-T cycle, the sample backfilled with sand
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Fig. 2.4. Distresses of cold-mix asphalt in a micro-trench. (a) Backfilling settlement
and cold-mix asphalt washed out, (b) lack of cohesion and (c) lack of bonding be-

tween cold-mix asphalt and the existing pavement [1].

underwent 30% more deformation than its results in dry condition test while no considerable

change was observed in the trench backfilled with grout. Settlement, raveling, lack of cohesion

and adhesion to existing asphalt layer are other concerns with using cold-mix asphalt in narrow

trenches (Figure 2.4).

2.2.3 Material cost

Since the trench albeit narrow is yet quite long in length, the volume of the required material

to reinstate the trench is relatively high. Cost analysis of the MT project in Alberta, Canada

by the author showed that the cost of material required for double backfilling of the trench

with high-strength, non-shrink grout, and cold-mix asphalt can be as high as 65% of the main

trench installation cost and 25% of the total project cost [19]. Despite the considerable cost of

the reinstatement materials, there are few studies that considered this cost. Table 2.1 compared

the material cost of different backfilling options based on analysis of [18] and [19]. In general,

the material cost of double backfilling is higher than single backfilling and the difference will

be higher if the equipment and labor cost are taken into consideration. With the cement-based
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Table 2.1. Cost and productivity of different reinstatement options for narrow-
trenching [18, 19].

Double backfilling Single backfilling

CMA∗ + Grout1 CMA + Grout2 CMA + CBF∗ Grout2 CBF Macadam
Material Cost (CAD/m3) 2990 1964 678 1945 300 713
Productivity (m/hr) 8 8 9 22 8 9

1High-strength, polymer modified cement grout; 2 high-strength, non-shrink cement grout. *Abbreviations:
CMA, cold-mix asphalt; CBF, Portland cement-based foam.

foams, a considerable saving in weight of cement can be achieved. Cost of the foaming agent

is also negligible when compared to the cement cost. Therefore, cement-based foams are pre-

ferred over the other reinstatement options from the financial and environmental perspective.

All the backfilling options deliver almost the same productivity of 8 m per hour except for

single backfilling with plain high-strength grout which has considerably higher productivity.

However, it must be noted that the pilot project in [18] was done by unprofessional workers

and without proper industrial equipment. for instance, the rate of production and placement

of cement-based foam inside the trench is expected to be much higher if a proper foam making

machine, industrial mixer and a grout pump are used.

2.3 Proportioning and preparation of CLSM

2.3.1 Constituent of the base mix

Table 2.2 exhibits typical mix proportions for different materials being used in CLSM for trench

backfilling. As may be inferred from this table, CLSM is usually a mixture of small amounts
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of Portland Cement (PC), Fly Ash (FA), fine aggregate or other waste materials, water, and in

some cases, aerated foam. Rapid hardening [58, 59], high alumina, and Calcium Sulfoaluminate

cement [60] have also been used to reduce the setting time and improve the early strength of the

mixture. Moreover, many researchers have studied the application of by-products in CLSM. As

a cement replacement, FA and ground granulated blast furnace slag (GGBFS) have been used

commonly in the range of 15-25% [59, 61–64] and 50-70% [65–67], respectively. Silica fume is

another cement replacement that commonly replaces up to 10% mass of cement to intensify

its strength [68–70]. Coarse FA and ponded ash (PA) have also been used as fine aggregate

in CLSM [71, 72]. A large amount of PA reported to be successfully used in the fabrication of

regular [73] and foamed CLSM [74].

Several studies have been conducted in the past few decades to produce cement-free CLSM.

Cement-free CLSMs use industrial byproducts or natural aluminosilicate materials activated

by an alkali activator and then combined with fine aggregates to form an AA CLSM [75]. Ma-

jor aluminosilicates, which are used as precursors, include GGBFS [76, 77], FA [78–80], and

metakaolin [81]. Caustic alkali, silicate, carbonate, and sulfate are also among the main activa-

tors [82]. However, there is still a lack of research focusing on the actual field performance of

CLSMs made with these byproducts in a NT.



Chapter 2. Background 25

Table 2.2. Typical mixture proportions of standard CLSM for NT backfilling.

Constituent IOWA DOT
[43] Dockter [43] Maher and

Balaguru [83]
Samadi and
Herbert [84]

Pierce and
Blackwell [85]

British Cement
Association

[86]
Cement (kg/m3) 59 5.9 29.5 23-69 30 300
Fly Ash (kg/m3) 178 163 236 91-136 360 -
Sand (kg/m3) 1544 1650 1575 1293 1500 -
Water (kg/m3) 346 247 342 227 300 600
Foam Volume (%) - - - - - 78
Compressive
strength (MPa) 0.69-1.03 0.83 0.55 Not Specified Not Specified 0.5-1

2.3.2 Foam

As noted earlier, the aerated foam can be added to the CLSM mixture to create small and en-

closed air bubbles in the mix. It produces a lightweight material which reduces the cost, com-

pressive strength, modulus of elasticity and increases the dimensional stability and F-T resis-

tance when compared to the plain cement grout. The reduced rigidity of foamed CLSM has

also made it a good backfilling option of flexible pavements [44, 87–89].

Two common types of foaming agents, natural material-based and synthetic, are studied in

different research studies [90–94]. [95] reported that the foaming agent type has a considerable

effect on sorptivity and thermal conductivity of foamed CLSMs. Protein-based foaming agent

results in smaller isolated air bubbles compared to synthetic agents. A decrease in the wet

density of synthetic foaming agents, on the other hand, results in an increase in the number of

the connected pores and therefore, increase in porosity. This increased capillary pore volume

is least suited for narrow-trench backfilling which is exposed to moisture, chemicals, and F-T

cycles. Thermal conductivity of the foamed CLSMs that produced with a synthetic foaming
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agent is generally lower than the ones with a protein-based agent. Foaming agents with higher

wet densities, regardless of their type, will result is higher compressive strength and modulus

of elasticity [95]. [96] suggested using synthetic surfactants for densities more than 1000 kg/m3

and protein-based surfactants for densities of 400 to 1600 kg/m3.

Foamed CLSM can be produced by either of pre-foaming (i.e., compressed-air) or mixed-

foaming (i.e., high-speed mixing) methods [68, 97]. The pre-foaming method usually costs

more but offers better foaming quality and efficiency [95]. There is also a close relationship

between the volume of the foam and air content of the mix in the pre-foaming method [96, 98].

Regardless of the foaming method, the foam must be stable enough to resist the mixing

loads as well as the pressure of the mortar until the mortar sets [99]. [100] introduce three

parameters to evaluate the performance of the foaming agent that can be useful in the field.

These parameters are, foaming capacity, that is the ratio of final volume of aerated foam to

volume of the foaming solution; bleeding rate, or the volume of water seeping from the aerated

foam in an hour; and collapse rate, which is the collapsed length of the aerated foam in a

standard test tube within an hour. Foaming agents also needed to conform to the requirements

of [101] and [102].

2.3.3 Mix design

Limited information is available in the literature about the methods of CLSM mixture propor-

tioning based on requirements of various applications. Considering the particular composition
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and properties of CLSM, common methods used for proportioning of the regular concrete mix-

tures cannot be followed. Generally, net water content, as well as the percentage of foam and

binder content of the CLSM mixture are chosen based on rules-of-thumb from either past ex-

perience or trial-and-error [103–105]. Therefore, the existing mixtures do not necessarily com-

prise optimized ratios of constituent materials. In this regard, [38] have proposed a determin-

istic model for optimizing the CLSM mixture design specifically for narrow-trenches. In this

method, numerical simulations were availed to define the required compressive strength of the

product, following which the mixture constituent materials were optimized through an exper-

imental procedure based on the required strength. However, the carried methodology is not

theoretically rigorous, and cannot be generalized to all work-sites. In order to overcome these

shortcomings, and to provide a general approach to rational mixture-proportioning, [106] has

proposed a new methodology. The method presented in [106] satisfies the flowability and com-

pressive strength requirements of the material to achieve the optimal composition. The novelty

of their methodology lies in considering all solid particles at once, instead of calculating the

solid or cement content separately, to estimate the required water content. Therefore, the com-

pressive strength can be modified without sacrificing the flowability which is beneficial in the

narrow-trenching application.

Currently, workability in fresh-state and compressive strength in the hardened-state are con-

sidered as the two main requirements of a CLSM. Therefore, the common design targets are

high flowability (>200 mm spread) and low compressive strength (<2.1 MPa), which allow

for re-excavation in future, and yet are strong enough for backfilling needs [37, 39, 42, 107].
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However and as stated before, other performance criteria, like modulus of elasticity, bonding

strength, dimensional stability and durability of the mix must be considered in the calculation.

There is also no standard method for calculating the desired foam content of the foamed

CLSM, and therefore, trial-and-error methods such as net water content, content of foam by

percentage, and binder content are commonly used [108, 109]. The amount of foam required in

cement-based slurries to meet the design density depends on the cast density, type of the ad-

mixtures, cement substitution ratio, and types of foaming agents used [110, 111]. [111] reported

that even in the presence of pozzolanic admixtures, the foam content decreases as the required

density increases. When FA with higher substitution ratios is used in the mix, the foam demand

increases because of high fluid consistency of the base mix, as well as the high residual carbon

in the ash [112]. Similarly, higher foam demand was discerned when silica-fume was used with

higher substitution ratio, likely because of the fine particle size of silica-fume [113]. However,

in contrast to the above cases, using Metakaolin in higher portions reduces the foam demand,

because of the size and high water absorptive property of Metakaolin as reported by [113, 114].

For a given mix proportion and density, [115] proposed a rational mix design method based

on solid volume calculation. Founded on McCormick’s study and the design guide of [116],

which relates plastic density and compressive strength, the cement and water contents can be

estimated for a desired strength and density. [117] has also furnished a method to calculate

the required foam volume so as to achieve a cement slurry with a predetermined water-to-

cement ratio and target density. Moreover, there are many equations developed to calculate the

required foam volume for a specific design. One of these equations was proposed by [118] to
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calculate the required mass of foam based on the mass and density of the base mix along with

the target density [119]. In another study, [120] derived a set of equations to calculate the foam

volume and cement content based on the base mix composition and the target density in high

FA mixtures. Knowing the required compressive strength and fresh density of the mix, typical

mix design equations of [121] can also be used to determine the volume of constituent materials

of the mixture, including the foam volume. In contrast to the design methods based on the

target density of the mix, [122] have proposed a volumetric design approach that considers the

50-200 kg/m3 desorption value of the foamed concrete, the targeted plastic density, and specific

density values of all corresponding constituent materials. The results of [122] have been used

by several other researchers including [123–125]. This volumetric approach also seems more

practical for on-site NT projects.

2.4 Properties of CLSM

A successful narrow-trench reinstatement dictates a specific characterization for the CLSM both

in fresh and hardened states. Due to the small width of the trench, the backfilling material

should be flowable enough to fill all the voids inside the trench without bleeding, subsidence

or the need for compaction. It also needs to set fast in order to minimize traffic interruption.

Hardened CLSM in a narrow-trench is expected to be strong enough to undergo the traffic load

and provide the lateral support for the existing pavement, however not too strong to stand out

the strength of the pavement layer and make the future excavation impossible. Bonding of the
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CLSM to the cut asphalt surface is another factor that directly affects the performance of the

reinstatement. It is also important that the reinstated layer has dimensional stability. Moreover,

it should be permeable enough to avoid interruption in the drainage of the pavement.

Table 2.3 summarizes the fresh and hardened properties studied by researchers. The hard-

ened properties are classified into mechanical (compressive and tensile strength, modulus of

elasticity, re-excavatability, and prediction models), physical (re-excavatability, stiffness, settle-

ment, permeability, shrinkage, and thermal deformation), and durability properties.

2.4.1 Fresh CLSM properties

Flowability

One of the most important attributes of CLSM is its capacity to easily flow into confined areas,

self-leveled, and obtain required strength and/or density without the need for conventional

placing and compacting equipment. Due to its self-leveling and high flowability, no compaction

is required at the bottom of the trench, making it easier to maintain the conduit alignment as

well as less chance for settlement [43, 44, 143]. In addition, it increases the construction speed,

minimizes the working area required within the trench and, more importantly, can reduce the

required trench width [39, 44, 107].

Because the enhanced flow properties of CLSM are critical to successful placement and per-

formance, flowability is measured regularly as an important quality-control parameter [144].
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Table 2.3. literature and properties of CLSM investigated

Physical and mechanical properties

Study Ingredients Fresh Properties Strength re-excavatability Stiffness Settlement Permeability Shrinkage
Thermal

Deformation
Durability Others

[90] C/L/CM ! ! !
Thermal, fire and

acoustical properties

[126] C ! ! !
Thermal properties,

Cryogenic applications
[127] NA !

[128] FA/BA/SD ! !

[129] FA/SLG/SD ! !

[64]
[130]

FA/BA/L ! ! Thermal conductivity

[131] PC/FA/SA ! ! ! Long-term excavatability

[125] PC/CSA/FA/SA/F ! ! ! ! ! ! !

Modulus of Elasticity,
Temperature Development,
Thermal, Sound insulation,

Environmental, Microstructure
Analysis

[132]
[133]

PC/FA/SA/F ! ! ! ! Sulfate resistance

[59]
[134]
[69]

C/FA/F ! ! ! Air-void analysis

[71]
[121]
[135]

PC/FA/SA/F ! ! ! !
Density-Strength,
empirical model

[136] PC/FA/SA/F ! ! ! ! !
Resillient modulus,
F-T and Frost Heave

[115] PC/SA/F ! ! Modulus of Elasticity

[137] PC/FA/SA/F ! Effect of Curing

[37] PC/FA/SA/F ! !

Effect of Curing,
Corrosion Susceptibility,
Environmental Impact

[138]
GBFS/FA/NaOH

/H3PO4
! ! ! Acid Resistance

[139]
Sl/FA/NaOH

/SiO2
! ! !

Modulus of Elasticity,
Compressive and Tensile

Strength
[140] PC/PA/SA/F ! ! Environmental Impact

[140] PC/FA/F !
In-situ Setting behaviour

(Ultrasonic Pulse)

[141] PC/FA/SA ! ! ! ! !

PH and Toxicity,
Compressive and Tensile

Strength

[142] RM/GGBFS/NaOH ! !
Microstructure, Optimal

Mixture Analysis

C: Cement, PC: Portland Cement, CSA: Calcium Sulfo-aluminate Cement, FA: Fly-Ash, PA: Ponded-Ash, RM:
Red-Mug Slag, GGBFS: Ground-Granulated Blast Furnace Slag, Sl: Slag, SA: Sand, F: Air-Foam
NA: Not available.
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Depending upon application and placement requirement, flow characteristic of CLSMs de-

signed for narrow-trench can vary considerably from plastic to fluid; therefore their flowability

can be measured using either concrete or grout test methodologies. Slump cone test [145], flow

cone test [146], and open-ended flow cylinder [147] are frequently used for assessing the flowa-

bility of CLSM. The slump cone is designed for conventional concrete, which is stiffer than

CLSM [148]. However, when a stiffer mixture is required, for instance for filling the narrow-

trenches on a slope, [145] becomes a useful indicator of consistency [149]. [150] defines flowa-

bility of high, normal and low associated with slump ranges of greater than 200 mm, 150 to 200

mm and less than 200 mm, respectively. The flow cone test is used for neat cement grout but can

also be used for CLSM with high flowability and aggregate size less than 6 mm [87]. However,

even with small size aggregate, the funnel tends to clog [148]. [87] also reported an increase in

efflux time in flow cone test when the density of the foamed CLSM decreases. Considering that

the flow cone test is not recommended if the efflux time is more than 35 seconds, it cannot be

used for foamed CLSM with low unit weights (lower than 800 kg/m3 in [87] study). Several

state DOTs have used flow cone test method for CLSM; the Florida and Indiana Departments

of Transportation requires an efflux time of 30 ± 5 seconds in this test [151]. Open-ended flow

cylinder is specifically designed for CLSM and has become the most common test to measure

the flow consistency of CLSM since its adoption by ASTM [144]. [147] specifies lifting a 75

× 105 mm cylinder, filled with CLSM and open at both ends, and measuring the diameter of

the spread CLSM as a measure of consistency. A spread diameter of 200 to 300 mm is consid-

ered flowable and acceptable for most narrow-trench reinstatements [39]. Nevertheless, [152]
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reported that the test method is not as sensitive to consistency as the conventional slump test.

For CLSMs with higher aggregate ratios, Water and fine material may also run out of the cylin-

der, leaving a sand cylinder standing. Inverted slump cone is a variation of slump cone test

that can be used on site to measure the consistency of the CLSM. In this method, the slump

cone is inverted and the material is allowed to flow out of the smaller diameter. The spread

diameter is a measure of the flow consistency of the mixture as specified in [146]. While the

spread diameter in inverted slump cone test often exceeds the diameter of the flow cylinder,

[87] conclude a linear correlation between the result of the two tests as expressed in Equation

2.1.

Flowinverted slump = 2.9× Flowcylinder − 120 (2.1)

There are many factors that influence the flowability of CLSM, including its components,

aggregate, gradation, shape, air content, water content, fly ash type and quantity, to name a

few. For example, [97] observed that when coarse fly ash was used as filler, it exhibited 2.5 times

higher spread compared to cement–sand slurry, and when sand was replaced with fine fly ash

by mass, the consistency of the mix was reduced due to higher fine content. Increase in the foam

content in general, reduces the flowability, mainly because of the greater cohesion resulting

from higher air content [127], and extra adhesion between the bubbles and solid particles in

the mix [97]. Fly ash mixes were also reported to affect foam stability, necessitating larger

foam volume to achieve the desired plastic density, which was attributed to the high fluid



Chapter 2. Background 34

consistency in the base mix as well as high residual carbon in the ash [132]. Nevertheless,

to achieve the desired flowability for a specific application, trial mixtures should be performed.

[141] reported that the proper amount of constituent materials is critical in determining the

required amount of water for the desired flowability. Flowability of AA systems highly depends

on the activator modulus [153]. Higher activator modulus results in a sticky paste with low

flowability. However, when using the low modulus activator, the possibility of segregation and

bleeding must be considered [154].

Segregation and bleeding

Gravity-induced homogeneity of cementitious materials is commonly divided into two cate-

gories, that is bleeding and segregation [155]. Bleeding is a result of water migration through a

dense network of interacting cement grains as a consolidation process [156], whereas segrega-

tion is the movement of coarse particles [154]. Because of the high-water content requirement

for the high fluidity of CLSM mixtures for use in narrow-trench, there is the potential for ex-

cessive segregation and bleeding [157]. This problem is more critical in narrower trenches like

micro-trenching which demand high flowability to ensure a complete fill of various cavities

deep in the trench. All components of CLSM are in suspension when being placed, and there-

fore, it is natural for segregation and bleeding to occur when mixtures consolidate. Another

reason for the likelihood of segregation and bleeding is that water is the main flow-enhancing

ingredient, and there is not sufficient surface area (fines). Generally, the use of fly ash and

air-entraining agents increase cohesion and reduces the demand for water, thus minimizing
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the potential for segregation and excessive bleeding. Using [158], [159] found that the 30%

air-modified mix had 0% bleed water, while the non-air-modified CLSM mixture yielded 2.4%

bleed water at the top of the sample.

In general, both the static and dynamic viscosity of AA systems are larger than that of nor-

mal Portland cement concrete [154, 160–162]. [154] also reported that AA systems are also less

susceptible to segregation than cement-based concrete due to their higher cohesiveness. Nev-

ertheless, high flowing AA systems are still at the risk of segregation. Amount of activator

solution is known as one of the factors controlling cohesiveness of the AA system [154]. [163]

show that more than 18% of activator results in heavy segregation. Effect of aggregates on the

cohesion of AA systems is similar to that of cement-based concrete [164]. [165] suggested the

AA paste to the aggregate ratio of 0.33 for a homogeneous distribution of aggregate particles

and avoid segregation. Following this recommendation, [166] obtained a highly workable AA

concrete with a slump of 240 mm without segregation.

Bleed of the CLSM can be measured by monitoring the height reduction in an undisturbed

sample or measuring the amount of bleed water at the surface of the undisturbed sample ac-

cording to [167], or by measuring the visual stability index as specified in [168]. The test meth-

ods for assessing the likelihood of segregation are also include [169], [168], and the sieve stabil-

ity test [170].
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Subsidence

Subsidence or volume reduction of CLSM results from loss of water (through bleeding and ab-

sorption into surrounding soil) and/or loss of entrapped air. Due to the high water content of

CLSM, subsidence of up to approximately 20 mm/m [37] or 1 to 2 percent of the fill depth [171]

has been reported whereas CLSM with lower fluidity shows little or no subsidence [172, 173].

When considering the narrow-trench backfilling, even a small subsidence is noticeable by the

road users and reduces the quality of the road. Moreover, water and dirt accumulated in the

gap over the trench will damage the backfilling which eventually can end in a complete failure

of the backfilling after a few F-T cycles [19]. Subsidence mainly occurs during CLSM placement

and can take up until the fresh material sets [39]. Considerable subsidence in foamed CLSM

can occur if the foam stability is low, the mixing method is not appropriate, and if the material

is subjected to vibration. Therefore, it is recommended to insert the foamed CLSM in the NT

using a grout pump with a nozzle to avoid loss of entrained airs [174]. Regardless of the pro-

duction method, it has been reported that the ultra-low density (≤ 500kg/m3) foamed concrete

are greatly susceptible to instability and subsidence [132, 133, 175]. It has been previously no-

ticed that the average bubble size increases as the density decreases [124, 176, 177]. Increase in

buoyancy force of these bigger bubbles and reduce in confinement force of the paste because

of the increased air content, will float the entrained air bubbles out of the fresh mix and cause

complete separation of the gas and solid [178]. Accelerating admixtures or high early-strength

cement may decrease subsidence by reducing bleed water and avoid escaping the air bubbles

in foamed-CLSM. Currently, little information is available on subsidence.
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Hardening time

[151] defines hardening time as the approximate period of time required for CLSM to develop

from the plastic state to a hardened state, with sufficient strength to support the weight of

an average person. In the double backfilling method where CLSM will be placed inside the

narrow-trench up to the asphalt layer, the traffic is allowed over the trench right after placement

of the CLSM [19]. Even though the trench is not fully reinstated, the vehicles can pass the

narrow width of the trench without disturbing the filled CLSM. However, in single backfilling

setting time of the CLSM mainly controls the re-opening time of the road [18]. Therefore, rapid

hardening of CLSM is a desired characteristic that allow the road to be re-opened quickly [179].

Hardening time can be as short as one hour but is usually close to three to five hours under

normal conditions [180]. There are many factors affecting the hardening of CLSM, including

binder type and content, aggregate type, drainage conditions, proportioning of CLSM, temper-

ature, humidity, and depth of fill. Hardening time, as defined above, is approximate and likely

originated from the concept of “Standing-On Time” in concrete technology. The most common

and easy approach is to use penetration resistance as an index of hardening. The standard in

[181] has been frequently utilized for this purpose [41, 140, 142]. The soil pocket penetrome-

ter has also been used to study the hardening of CLSM. Terzhaghi’s bearing-capacity equation

of a circular footing is the theoretical basis of this method [141]. Resistance values from the

soil pocket penetrometer generally correlate well with those of [181]. Ball drop test [182] is

used preliminary in the field as a quality control test to evaluate the mixtures setting time [136].

However, the big size of the ball makes its application impractical for most of the narrow-trench
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projects. [183] have used the Vicat needle test to investigate the initial and final setting times

of foamed CLSMs, and has compared the results by the values of Ultrasonic Pulse Velocities

test. They concluded that while initial and the final setting times can be used to describe arbi-

trarily chosen stages of setting in practice, the ultrasonic method gives a more continuous and

complete picture of the setting process. It is also more suitable for micro-trench where the very

narrow width of the trench affects the reliability of other test methods.

Hydration reaction rate will increase with an increase in curing temperature, while the re-

verse phenomenon is observed when pre-foamed foam and fly ash are incorporated [183].

Based on [140], the setting time will reduce when higher cement or ponded ash contents are

used. The molarity of the NaOH solution, water glass, and especially, the curing temperature

are also inversely proportioned with the setting time of AA CLSM [139]. According to [138,

184], the setting time decreases with the increase in slag content in AA FA/slag CLSMs. The

proper slag content in the mixture was determined to be 15–20% considering the setting, slump,

and strength [139].

2.4.2 Hardened CLSM properties

Compressive strength

Like any other applications, compressive strength is one of the most important characteristics

of CLSM in narrow-trench backfilling because it determines the load carrying capacity of the re-

instatement. However, due to the narrow size of the trench, the existing pavement contributes
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to support the traffic load and therefore, only a portion of the service load will be transferred

to the CLSM. Numerical study of [38] showed maximum compressive stress of 1.12 MPa in the

NT under heavy traffic load. They concluded that the compressive strength of 2-2.5 MPa will

ensure stability and excavatability of the CLSM in NT. Nevertheless, there are also different

recommendations for compressive strength of CLSM in flexible pavements. For example, [37,

39, 107], specified the upper and lower limits for 28 days unconfined compressive strength of

CLSM as 8.3 MPa and 0.3 MPa respectively. [185] also recommended a 7−day compressive

strength of 4−10 MPa for foamed CLSM as a backfill material. Choosing a high compressive

strength for CLSM in NT will make the reinstatement "over designed" and will make the fu-

ture access to the buried utilities, for repair or development, impossible. Moreover, it might

cause trouble in regular maintenance of the road. Therefore, many municipalities require the

reinstatement to be stable under traffic load and advised contractors to design a proper com-

pressive strength with regard to the traffic load, pavement condition and future maintenance

or reconstruct of the road [8].

The strength of CLSM can be considered in terms of particulate and non-particulate com-

ponents [157]. The non-particulate component of strength results from the cementitious (and

pozzolanic) reaction of cement and fly ash with water. The particulate component of strength is

composed of pure friction and dilatancy, similar to granular soil. For unconfined compressive

strength, the non-particulate component is dominant, as granular soil has no shear strength

without confining pressure. Moreover, there is usually no coarse aggregate in CLSM, especially

for the purpose of NT backfill. Water−cement ratio is considered as the single, most important
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parameter that determines the unconfined compressive strength of CLSM mixtures [141]. Some

researchers have deemed cement content as a more convenient index of strength development,

possibly because of the insensitivity of strength to water-cement ratio variations at high levels

(≥3) [186].

Many mixture proportions have been studied in laboratory testing [137]. Because of the va-

riety of component materials in CLSM, it is difficult to develop a general model to predict the

strength development of CLSM mixtures. For a given density, a mix with fine sand resulted

in higher strength than another mix with coarse sand, and the variation is higher at higher

densities. This higher strength-to-density ratio is attributed to the comparatively uniform dis-

tribution of pore in foam concrete with fine sand, while the pores were larger and irregular for

mixes with coarse sand [71, 115]. Similar behavior was observed when sand was replaced with

fine fly ash [121]. The type and amount of fly ash (if used) also possess important effects on the

strength development of CLSM mixtures. [37] found that the use of Class C fly ash increases

the strength considerably (up to 78%) when compared with CLSM containing Class F fly ash,

mainly due to differences in chemical composition and reactivity. Study on the effect of replac-

ing large volumes of cement with fly ash on the strength of foam concrete reports that up to

67% replacement can be achieved without any significant reduction in strength [59]. When the

cement is replaced with silica fume, higher compressive strength is obtained in the long term,

due to their pozzolanic reaction and filler characteristics, with a more marked effect at high

foam concrete densities [97]. The compressive strength decreases exponentially with a reduc-

tion in the density of foam concrete [69]. [187] examined various cellular solids and concluded
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that the crushing strength is a function of the relative density and scales according to the power

of 1.5. The exponent is a measure of the sensitivity of cement-based foam to density. For dry

densities between 500 and 1000 kg/m3, the compressive strength decreases with an increase

in void diameter. For densities higher than 1000 kg/m3, as the air-voids are far apart to have

an influence on the compressive strength, the composition of the paste determines the com-

pressive strength [134]. It has also been reported that small changes in the water−cement ratio

do not affect the strength of foam concrete as in the case of normal weight concrete [133]. At

higher water−cement ratios (within the consistency and stability limit), an increase in strength

is observed with an increase in water−cement ratio [58, 188], just opposite to the trend usually

noted for conventional concrete/mortar, where the entrapped air content is only a few percent-

ages by volume. [189] found that the curing effects on the strengths of CLSM mixtures largely

depend on the constituent materials and mixture proportioning. However, in general, com-

pressive strength of water−cured foamed concrete is reported to be higher than that cured in

air [190]. However, higher strengths are reported for humid air curing at temperatures around

40 ◦C as compared to normal water-cured specimens [191].

AA systems have a considerably lower early strength than cement-based CLSM, which can

be a drawback in their application for narrow-trench backfilling. However, their long-term

strength can exceed that of cement-based CLSM and even after thermally curing, a compres-

sive strength of 60 MPa can be achieved [192, 193]. [194] reported that polypropylene micro

fibres can increase the early age strength of AA systems while decrease the 28 days strength

and improve compressive strength after 50 F-T cycles, which is beneficial for narrow-trench
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backfilling. It is reported that the concentration of NAOH solution has the most significant

effect on the strength of AA systems [195, 196]. However, there is an ideal concentration of ac-

tivator and beyond that, the presence of free OH− will change the AA structure and reduce the

strength [197]. [198] concluded that the elevated temperature curing considerably accelerates

the strength development of AA systems, but at later ages, the compressive strength of the ma-

terials is reduced compared with the room temperature cures samples. In practice, AA CLSM

in narrow-trench can be heat cured by running hot water into the conduits installed inside the

trench. The same method was used by [19] to prevent cement-based CLSM from freezing in a

micro-trenching project. Superplasticizer can also be used in AA CLSM to increase early and

long-term compressive strength as reported by [199–201].

The standard in [202] was adopted in 1995 and has gained acceptance with state agencies

and commercial testing laboratories. The relatively low strength of CLSM may cause potential

problems, such as damaging the test cylinder when stripping of CLSM cylinders from plastic

molds. Because large-capacity concrete compression machines typically offer poor accuracy in

the required low load ranges, the results often show significant variations [203]. The capacities

of many load frames used to test CLSM specimens in research laboratories are typically in the

range of 1,300 kN to 2,220 kN. To fail a 150 × 300-mm CLSM specimen with a compressive

strength of 1 MPa, a load of only about 18 kN is required. This load is only about one percent

of the load frame capacity in a typical concrete compression machine. According to one survey,

most state DOTs used concrete machines in the testing of CLSM compression specimens [203].

Researchers using a loading rate of 0.24 MPa/sec failed CLSM specimens in a few seconds, and
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could not satisfy the minimum requirement of two-minute failure time specified in the ASTM

standard [141].

Re-excavatability

Re-excavatability is one of the critical properties for backfilling utility trenches. Strength of the

reinstatement material should allow the future excavation with the purpose of maintenance of

the installed utilities or the road itself. Researchers often use unconfined compressive strength

of CLSM as the index of excavatability [204, 205]. Generally, CLSM with an unconfined com-

pressive strength of 0.35 to 0.69 MPa have similar bearing capacities as well-compacted gran-

ular soil [157], and can be excavated manually [39, 107]. On the other hand, the strength of

2 MPa in France [206] and 1.4 MPa in USA [151] is defined as a differentiator between excavat-

able and non-excavatable materials using a backhoe. However, those yield values appeared to

be insufficient in some cases [131, 207, 208], and too restrictive in others [209]. On the same sub-

ject, [205] tried to link the mix proportions of cementitious material to its excavatability using a

new punching test apparatus. Engineers in Hamilton County [210] also specify a Removability

Modulus (RE) to estimate future excavation of CLSM. According to Equation 2.2, RE is a func-

tion of both the thirty-day UCS and the dry unit weight [211]. RE is specified at a maximum one

and if the calculated value of the Removability Modulus is less than 1.0, the specific mixture is

deemed to be removable in the future.

RE =
W1.5 × 104× C0.5

106 (2.2)
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where:

W=in-situ unit weight (pcf) and C=28-day compressive strength

A more sophisticated formula, equation 2.3 , is proposed by [212] which considers the

strength of the backfill, equipment used and direction of excavation. CLSM with RF value

of 0-20 are considered not-removable, 20-60 difficult to remove and 60-100 are easy to remove.

RF =
5.27× T × J

(
1 +

(
I×P−D3
√

I×P×D

))
S× A

(2.3)

where:

RF = removeability factor; T = equipment type; J = cutting edge used on the excavating equip-

ment; I = Impact factor; P = power factor based on the equipment used; D = direction of exca-

vation; A = area under the stress-strain curve; and S= density.

A special concern is always needed when the CLSM mixtures are prepared with a high

volume of fly ash, as they can keep gaining strength even after a year [39, 107].

Stiffness

As noted earlier, it is critical for reinstatement materials to have a stiffness close to the sur-

rounding pavement to guarantee the compatible deformation of the composite structure under

the load. While there is no standard recommended range for modulus of elasticity and Pois-

son’s ratio of CLSM in the NT, they should be high enough to restrict the deformation of the
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backfill but not too high to cause micro-cracking due to the high stiffness. As the elastic modu-

lus of the CLSM increases, the stress in the backfilled section due to the traffic load increases and

compressive stress in the surrounding soil and pavement, stress in the buried utilities and the

displacement in the pavement decreases [38]. On the other hand, resilient modulus of asphalt

pavement changes from 700 MPa at 38 ◦C to 14,000 MPa at -1 ◦C [213]. In the pilot installation

by [18], an 800 kg/m3 foamed CLSM with 28−days modulus of elasticity of 700 MPa was used

to backfill a micro-trench and no visible distress was observed in the trench after a year. Ac-

cording to [38], this value results in a maximum deformation of 0.6 mm in the trench that can

barely be noticed by the traffic.

The static modulus of elasticity of CLSM is reported to be significantly lower than that of

normal- or light-weight concretes [122] so that the E-values of normal weight concrete is up

to four times larger than that of equivalent strength foam concrete. For brittle cellular solids,

[187] also showed that the modulus of elasticity scales according to the square of the relative

density. It has been reported that using fine aggregates in higher portions compared to that of

coarse aggregate increases the elastic modulus in 28 days [109]. Foamed CLSM with fly ash as

a fine aggregate is reported to exhibit lower E-value than that of foam concrete with fine sand,

due to the increased interaction between paste and the porous aggregates [122, 214]. [215] has

reviewed an empirical model for foamed concrete modulus of elasticity determination. These

empirical equations indicate that foamed concrete with high dry density results in higher com-

pressive strength as well as higher modulus of elasticity. In general, the prediction models of
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Table 2.4. The regression equations for predicting the modulus of elasticity of cel-
lular foams.

Model Reference Equation Comments

Cement-based
foam

[122]
E = 420× f 1

c .18 when sand is used as fine aggregate [97]
E = 990× f 0

c .6 when Fly-ash is used as fine aggregate [97]
[115] E = 33000× γ1.5 f 0

c .5 Pau’s equation [97]

Alkali-activated
based foam

[216]
E = 374.3× f 0.671

c R2 =0.95 and Correlation coefficient=0.98
E = 0.5× γ× f 0.561

c R2 =0.92 and Correlation coefficient=0.96
[217] E = 580.0× f 0.5

c -

Note: γ is the dry density (kg/m3), fc is the compressive strength (MPa) and E is the modulus of elasticity (MPa).

E-modulus can be expressed in one of the following forms:

E = a× f b
c (2.4)

E = a× γ× f b
c (2.5)

in which a and b are fitting constants, γ is the dry density (kg/m3) and fc is the compressive

strength (MPa).

Table 2.4 summarized some of the regression equations for predicting the E-modulus of

cement-based or alkali-activated based foams.

CBR is a penetration-type test developed by California State Highways Department to eval-

uate the strength of subbase and subgrade materials. Through years of development, [218],

is now a standard method to measure the California Bearing Ratio. Researchers have fre-

quently evaluated CLSM mixtures by measuring their CBR values [143], mainly as a subbase
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or subgrade material [219–221]. The resilient modulus is another measure of material stiff-

ness. This test was initially used to evaluate pavement subgrades. The work in [222] showed

that the resilient modulus of CLSM is usually higher than those of subgrade soils, which are

typically within the range of 30–60 MPa. The higher resilient modulus could reduce the post-

construction deflection, as well as the pressure exerted on the conduits or pipes by moving traf-

fic load [223], which is beneficial for the loading condition of the installed utilities or conduits.

They also found a good linear relationship between the resilient modulus and compressive

strength of CLSM. Currently, the method in [224] is commonly used to measure the resilient

modulus of CLSM. However, there have been very few studies on the resilient modulus of

CLSM mixtures.

Although the compressive strength and modulus of elasticity of conventional cellular con-

crete are well-established, there is very little data on their Poisson’s ratio. The latter is an im-

portant parameter in this application as there is considerable lateral stress developed due to the

traffic.

Bond strength

Narrow trenches are usually open to traffic right after the backfilling material is set and are thus

expected to meet their normal operational loads within a short time post backfilling. Therefore,

the bond strength of the CLSM with respect to the surrounding asphalt layer, especially at an

early age post filling becomes an important criterion in the mix design.
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Among all the tests available to characterize bond between two media, mainly three tests are

generally used to evaluate the bond between concrete and asphalt. The most commonly used

is the direct tensile test. Tensile failure stress, especially in a composite mix of two different

materials like CLSM and asphalt in this study, can be a measure of the bond failure. [225]

and [226]; have reported tensile bond strengths of 0.5 MPa and 0.8 MPa (tests performed after

28 days). However tensile tests do not correctly reproduce the stresses existing at the CLSM

interface with asphalt. Therefore, the direct shear test, based on the shear Iowa device is also

widely used. For instance, [227] and [228] obtained failure shear stresses around 1 MPa for site

cored, and laboratory manufactured samples respectively.

Lastly, the compressive slant shear test is also mainly used to characterize the bond between

repair material to the substrate. It submits the bond interface to a combined state of shear

and compression. [229] have worked on this aspect and have given a theoretical assessment

formula for the ratio of bond/compression strengths depending on the angle of the interface

between the materials. The Slant shear test (according to [230]) is claimed to provide a realistic

representation of stress state in the composite structure [231, 232]. The test is also sensitive to

variation in bond strength [231] and therefore, produces consistent results [233]. Nevertheless,

Failure is pre-eminently dependent on the angle of the interface plane, which is fixed in the

standard test, that is 30 ◦ in [230]. Therefore, the failure is not necessarily occurring on the

plane with the most critical combination of compressive and shear stresses [234]. Moreover, the

results are reported to be insensitive to surface roughness, especially at steeper interface angles

[229, 235]. The test is also sensitive to differences to the modulus of elasticity of the materials
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which can cause stress concentrations. Lastly, Slant shear test yields much higher values for

bond strength than the other tests [229, 234] and therefore, the combined state of shear and

compression in Slant shear test might overstate the actual bond strength.

Failures in the composite of the asphalt-concrete structure occur as delamination between

layers because of cracking in concrete layer. This phenomenon arises under the combined in-

fluence of normal and shear stresses. In flexible pavements, flexural bonding tests are used to

account for this combined stress [226]. The flexural bond test allows measurement of the ad-

hesion capacity, or resistance to tearing, of CLSM to the asphalt substrate. Flexural bond test

according to [230] is designed to measure the bonding strength the masonry by physical testing

of each joint of masonry prism. The small thickness of the CLSM joint between asphalt concrete

blocks can be a good representative of the CLSM in NT.

Permeability

The transportation of liquids into CLSM depends on its permeation characteristics, that is per-

meability, water absorption, and sorption [177]. The permeability is defined as a measure of

the water flow under pressure in a saturated porous medium [236]. Since the CLSM in an NT

could be in a saturated environment, especially after heavy rain, ingress of water in CLSM is

governed by its permeability. Therefore, drainage characteristics, F-T resistance, and leaching

potential of CLSM are influenced by its permeability. In NT application, CLSM must be also

permeable enough to comply with the natural drainage of the surrounding environment. Oth-

erwise, it will act as a wall in the middle of the road, diverting the flow and in turn lead to
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flooding at the end of the trench [28].

Many authors have investigated the relationship between porosity and permeability of mor-

tar and concrete. If the porosity is high and the pores are interconnected the permeability is

also high, but if the pores are discontinuous the permeability of the concrete is low although

the porosity is high [237]. In general, the water absorption of foamed CLSM is almost twice the

normal CLSM at a similar water-to-binder ratio [59]. However, it seems to be insensitive to the

volume of air entertainment [237]. Water absorption of foamed concrete is also relatively higher

than other types of concrete [238, 239]. Many parameters affect the permeability of CLSM in-

cluding air-void distribution [97, 240, 241] and mineral admixtures. It was investigated that

the increase in ash/cement ratio in foam concrete mixtures proportionally increased the water

vapor permeability, especially at the lower densities [237]. It also slightly increases sorptivity

[132]. However, it was also reported that when the fly ash was used as 75% of cement replace-

ment, the degree of permeability was demonstrated to be relying on the volume of foam agent

to a higher extent than that of mixes with no fly ash [237, 242].

The approach in [243] is often adopted for CLSM mixtures. In an experimental work by

[141], a back-pressure of around 550 kPa was applied and maintained to calculate the "B" value

as the ratio of pore water pressure to confining pressure change under undrained conditions.

However, it must be considered that the pore structure of CLSM specimens can be damaged by

such high pressure.
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Settlement and consolidation

CLSM may reduce its volume as it releases its free water and entraps air through consolidation

of the mixture. The consolidation of soil consists of primary and secondary consolidation. Pri-

mary consolidation is mainly caused by seeping of water. Secondary consolidation is caused

by rolling, slipping, sliding, crushing at the particle contact points to some extent, and elastic

distortions. Similarly, the initial settlement of CLSM mixture within several hours after place-

ment may be regarded as primary consolidation. The further reduction of CLSM volume due

to the applied load is similar to the secondary consolidation of soil. Because of the relatively

strong and rigid skeleton of CLSM after hardening, consolidation is expected to be very small,

and corresponding settlement of backfill will be negligible [157].

The method in [244] can be used to measure the consolidation of CLSM mixtures. The

above-mentioned test estimates both the rate and total amount of settlement of CLSM used in

various applications. For high-air-content CLSM, the coefficient of volume compressibility is

in the range of compacted dense gravel fill [159]. For non-air-modified CLSM mixtures, the

coefficients are expected to be significantly smaller [157]. Therefore, lightweight fill was used

by [245] to mitigate the settlement in buried utilities.

Drying shrinkage

High water-cement ratio and high water content are two factors known to cause excessive dry-

ing shrinkage in concrete. CLSM usually has higher water-to-cement ratios and higher water

contents than concrete, therefore shrinkage is one of the main concerns when using CLSM in the
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NT. Accordingly, shrinkage can result in the formation of micro-cracks in foamed concrete. Wa-

ter ingress into these micro-cracks can even result in the failure of trench backfilling, especially

under frequent F-T cycles in Canada.

Typical reported linear-shrinkage values of CLSM are in the range of 0.02 to 0.05 %, which

is similar to concrete with low drying shrinkage [151]. On the other hand, drying shrinkage

is reported as one of the main drawbacks of foamed CLSM in the absence of aggregates, and

usually levels off between 3rd and 10th weeks of casting time [246, 247]. Drying shrinkage typ-

ically ranges between 0.1% and 0.35% of the total volume of the hardened foamed CLSM [248].

Shrinkage of foamed CLSM is reported to be higher than regular concrete [249] and lower than

regular cementitious mortar [135]. The main factor that contributes to the higher shrinkage of

foamed-CLSM compared to normal concrete is reported as the use of little or no aggregate in

foamed-grout [249]. According to [250], it is the aggregate that restrains shrinkage. Therefore,

by increasing the sand-to-cement ratio from 1 to 3, the shrinkage of foam concrete considerably

decreases from 0.125% to 0.075% [135]. Drying shrinkage also depends on the curing condition.

Autoclaving is reported to reduce the drying shrinkage significantly (by 12–50%) compared to

that of moist-cured concrete, due to a change in mineralogical compositions [90, 251]. Moreover,

air storage at 70% relative humidity [252] or heat curing [198] significantly reduces the drying

shrinkage of AA concrete, making it comparable with shrinkage of cement-based concrete. In

relative humidity of 33 and 50%, the drying shrinkage is considerably higher [252, 253]. Fur-

thermore, the shrinkage of foam concrete reduces with density for a fixed solid content [97, 112,

254], which is attributed to the lower paste content affecting the shrinkage in low-density mixes.
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The drying shrinkage of AA foamed mortars is reported to be less than regular cementitious

mortar [255].

There are several studies on the effect of foamed concrete mix design on drying shrinkage.

Some researchers also suggested empirical equations to determine the value of drying shrink-

age theoretically based on the mix design constituents [135]. However, there is still a lack of

knowledge about the effect of each mix constituent on drying shrinkage of foamed-grout and

AA mortars [215]. The water-reducing property of fly-ash can be advantageously used for

achieving a considerable reduction in the drying shrinkage of concrete mixtures [256]. How-

ever, as reported by [135], using aggregate in the mix reduces drying shrinkage more than using

fly-ash. Moreover, using polypropylene microfibre also found to be more effective in reducing

drying shrinkage than fly-ash or sand alone [248].

The shrinkage and expansion of CLSM tend to continue varying throughout testing. [257]

has found that the maximum shrinkage and expansion values of CLSM were generally less than

the acceptable limit established for concrete. The work in [258] also showed that shrinkage of

CLSM was minimal when a shrinkage-ring method was used. A shrinkage ring is often used

to measure the cracking of concrete cast around a steel ring. This approach represents 100% re-

straint and can be used to assess different materials and mixtures. Most published studies have

used the conventional concrete method to measure the shrinkage of CLSM specimens [257].

This method specifies embedding gage studs at both ends of the prisms of sizes 25× 25× 160

(or 285) -mm in accordance with the recommended practice of [259], and measures the length

change. Careful handling of the shrinkage prisms is required during the form removal as well
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as subsequent measurements. CLSM specimens could be damaged when using this approach

because of the lower strengths of CLSM. Thus, this approach may not be appropriate for CLSM.

Therefore, [260] suggested using the 25× 25× 300 -mm bar specimens for measuring the dry-

ing shrinkage of foamed concrete in order to reduce the chance of the specimen damage when

demolding, and provide more reliable measurements. Other researchers like [258] have also

used the shrinkage ring method, which is not an adopted standard. Since the microstructure of

cement-based foam is very similar to that of autoclaved aerated concrete, the standard method

for measuring drying shrinkage of autoclaved aerated concrete, that is BS EN 680:2005 [261],

has been suggested for foamed CLSM [125].

Thermal expansion

Investigations about the deformation behavior of CLSMs are mostly focused on drying shrink-

age after curing [262, 263]. So far, thermal deformations (e.g. during heat curing) have barely

been investigated. Specifically, since alkali-activated CLSMs with low-calcium fly ash binders

harden slowly at ambient temperatures, they are normally heat cured to improve strength de-

velopment. Therefore, studying the thermal deformation properties of these materials is of

great importance [192].

The coefficient of thermal expansion (CTE) of asphalt concrete mixtures is reportedly be-

tween 20-63 µε/◦C [264, 265]. That for plain mature cement paste is about 11-20 µε/◦C [250,

266] and develops over a period as the hydration proceeds [267, 268]. While the CTE of lightweight
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concretes is between 7-13 µε/◦C [269, 270], there is very limited data on the CTE of cement-

based foams. As reported by [125, 271–273], the values range from 8.1 to 41.7 µε/◦C.

[274] has stated that the CTE of concrete is the resultant of the individual values for hy-

drated cement paste and aggregates, as they have dissimilar thermal expansion values. It was

reported that neat cement has a much higher CTE than concrete containing sand, with the ther-

mal expansion coefficient decreasing as the sand content increases. This is due to the inherently

lower CTE of aggregates than cement pastes [275]. Moreover, for 500 kg/m3 autoclaved aerated

CLSM containing fly ash, [276] reported the CTE as 9.4 µε/◦C. While there was no informa-

tion available about the influence of sand or fly−ash combinations on thermal expansion, [277]

stated that fly ash does not really affect the coefficient of thermal expansion. Therefore, it can

be concluded that the lower the aggregate content (to restrain the expansive strains), the higher

the coefficient of thermal expansion value. As there is a lower amount of aggregates (or no

aggregates) in lightweight CLSM than normal weight concrete, thermal expansion is expected

to be higher in lightweight CLSM. However among the foamed CLSM, it is generally to be

expected that the more porous the material, the lower the CTE. This is because porous solids

are inherently less conductive thermally. In contrast to the study of [277], [278] relate CTE to

porosity and portlandite (Ca(OH)2) content of the hardened cement paste. Portlandite has a

much higher CTE than that of normal cement paste and therefore, any reduction in portlandite

content will result in a reduction in CTE. Since replacing Portland cement with fly-ash reduces

the portlandite content and increase porosity, it reduces the coefficient of thermal expansion.



Chapter 2. Background 56

Principally, the methods for the determination of the CTE can be classified into two groups

[279]:

1. The “saw-tooth temperature” method, in which the sample is subjected to cycles of heating-

(holding)-cooling [280–284]. The CTE is calculated based on the change in the volume of

samples [280], or their length [281–284]. In this method, the autogenous deformation dur-

ing the temperature cycles is not considered, and is regarded as the consequence of the

change in temperature.

2. The “maturity concept” method in which two samples from the same mortar batch are

subjected to two temperature histories [285]. The maturity of the samples is expressed

by the equivalent time calculated using the Arrhenius equation. It is assumed that at

the same equivalent time (maturity), the autogenous deformation of both samples is the

same. The difference in total deformation between the samples is thus the difference in

thermal deformation caused by their temperature deviation. In the literature, this method

is much less used than the “saw-tooth temperature” method.

Many studies measure the CTE following the assumptions of the standard in [286]. This

standard covers the determination of the CTE of hydraulic cement concrete cores and cylinders

by measuring the length change of the specimen due to a specified temperature change. To

make the procedure more compatible for the lightweight CLSM specimens, few modifications

to [286] was suggested by [125]. Following this procedure, specimens will be kept saturated

for 24-hours in 20 ◦C water bath to reach the maximum expansion caused by water saturation.
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Any further expansion (during testing) can then be assumed to be solely caused by the increase

in temperature. Length of the specimens will be measured and immediately after, two of the

specimens will be put in a 50 ◦C water bath, and the other two specimens will be kept in a 20

◦C water tank as control specimens. Following a further 24-hours of submersion, the length

changes of the specimens will be measured in both 50 and 20 ◦C water tanks. Length changes

of the control specimens were then subtracted from the test specimens. CET is then calculated

as the ratio of the strain in test samples caused by temperature change, over the change in the

temperature.

Freeze-thaw resistance

Freezing-and-thawing resistance is an important durability parameter for construction materi-

als. There have been several laboratory and field studies on the freezing and thawing resistance

of CLSM [222, 287–290]. Low cement, high fly ash content CLSM broke into pieces about the

size of a hand when it was placed in a zone of total water saturation and subjected to severe

winter freezing and temperatures below –18 ◦C [287]. Without water saturation, this type of

CLSM appears to perform well under freeze-and-thaw conditions in the field [287]. [291] in-

vestigated the effect of the aggregate type and plastic density on the freeze–thaw resistance

behavior of foam CLSM. Results revealed that the Foamed CLSM with both sand and coarse fly

ash exhibits a good F-T resistance performance compare to the mixes with only sand or fly ash.

Lower densities also result in higher FT expansion. Although the large expansion, the strength

of specimens did not show a significant decrease. In narrow-trenching, this frost heave can
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push the top sealant layer out of the trench which can consequently be pilled off by the traf-

fic over the trench. In this regard, [289] proposed that the top 5 to 150 mm of CLSM mixture

fill be replaced by a frost heave-compatible material for a uniform heaving of pavement and

trench, after 24 hours of CLSM placement. Foamed CLSM with a high cement content (10%) is

recommended for construction applications where severe freezing is expected [157]. According

to [159], regular CLSM specimens failed in only five cycles during the testing process of [292]

while high air content CLSM mixtures with 21% and 30% air contents performed satisfactorily

in the test. [136] studied the effect of different replacement levels of cement by fly ash on F-T

resistance of ultra-low strength mixtures. Results revealed that CLSM with fly ash had a high

susceptibility to frost heave, which increased with an increase in fly ash content. These mix-

tures had low freeze–thaw durability, which was demonstrated by a significant reduction in

their stiffness modulus after repeated freeze–thaw cycles while Air-entrained CLSM without

fly ash had negligible frost heave.

F-T resistance of AA CLSM has not been fully studied yet [293, 294]. According to the lim-

ited studies available, AA concrete has a superior performance in F-T resistance over Portland

cement concrete [295]. [296] also reported that AA concrete withstands 2.2 times more F-T

cycles than cement concrete.

Conventional concrete test methods for freezing-and-thawing resistance have been found to

be severe for CLSM [157]. The low strength and the high permeability of CLSM make it suscep-

tible to damage under testing conditions for concrete. The high permeability allows water to

enter CLSM samples easily and ice lenses to form inside the specimens. As a result, the material
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is damaged internally. This phenomenon is very similar to the frost heave of soil. The inter-

nal hydraulic pressure generated during water freezing also damages the skeletal structure of

CLSM. [288] have modified existing concrete test methods by exposing CLSM specimens to less

severe environments to simulate field conditions. [292] is a method to measure the ability of

soil-cement mixtures to resist freezing-and-thawing cycles. Because of the similarity of CLSM

and soil-cement, the method is beginning to gain acceptance in the research community [74,

297]. This method is much less severe than those for concrete and requires only 12 freezing-

and-thawing cycles. A modification of [298] Method B, which comprised of freezing specimens

in the air and thawing them in the water, was also used as a representative freeze–thaw test due

to the absorption and failure characteristics of cellular concrete [136, 290, 291]. However, ASTM

C666 provides no provisions for normalizing the moisture content of specimens. Moisture con-

tent at the time of freezing is an important parameter governing cellular concrete freeze–thaw

behavior. A saturation procedure to normalize the moisture content is suggested by [290] to

account for natural absorption characteristics.

2.5 Specification of CLSM

Cement-based grouts have been used for utility trench backfilling over decades. Different spec-

ifications are available for flowable-fill or CLSM. Table 2.5 summarizes some of the require-

ments of the flowable-fill, shows the test methods (mainly from ASTM), and the acceptance

criteria of a quality CLSM mixture specified in the document. The [39] document is not only
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Table 2.5. Summary of requirements for CLSM materials

Source City of Winnipeg
National ready mixed
concrete association

City of Colorado
Springs

NCHRP report 597 ACI 229R FHWA-RD-97-148

Application Flowable-fill
General construction

backfills
Cellular flash-fill

General construction
backfills

General construction
backfills

Flowable-fill

Compressive Strength
(28 days)

1.5- 2.5 Mpa
(CSA A23.2-3C)

< 8 MPa
(ASTM D4832)

0.7- 2 Mpa
(ASTM D4832)

> [0.2 Mpa]
(AASHTO X1)

0.1-2.1 Mpa <2.1 Mpa

Slump/flow
(ASTM D6103)

> 200 mm > 150 mm > 200 mm > 200 mm - [150-250 mm]

Air-content
> 20%

(CW 2160.1)
-

(ASTM D6023)
> 15%

(ASTM C231)
> 6% - -

Removability
Modulus

- - <1.5 - - -

Permeability
Coefficient (k)

- - -
1× 10−4 mm/s
(AASHTO X7)

- -

the main guideline used in the USA but also has been widely referenced by many countries. To

the best of our knowledge, except the USA there is no specific standard and CLSM specifica-

tion published by other countries. It has clearly described the properties of CLSM in its fresh

and hardened state and provides useful advice to purchasers of ready-mixed and site mixed

concrete on how CLSM should be specified in relation to specific ASTM standards. However,

its recommendations might not be applied for the specific use of CLSM in narrow-trenching in

the flexible pavement. Due to the growing popularity of narrow-trenching in the urban area,

various recommendations are published by municipalities [8, 36, 185]. However, they only deal

with the general recommendations and lack specific advice for the properties of the reinstated

materials.

2.6 Conclusion

1. Rheology of CLSM, especially foamed CLSM, which is one of the most important param-

eter affecting the developing behaviour of the backfill and its performance in the practical
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applications, needs to be studied in detail.

2. In general, there is limited information on the behaviour of different cement substitute

blends. Therefore, analysis of the behaviour of such cement systems, including its effects

on CLSM properties (fresh, early age, hardened and insulation), needs to be carried out.

3. Composite performance of the CLSM with its surrounding materials in narrow-trench

requires more attention.

4. Durability properties of CLSM, especially F-T resistance and frost heave, over a range

of densities would value from further research. The analysis needs to be carried out in

respect to foamed concrete density, type of constituents, hardened properties like stiffness,

bubble size and microstructural properties such as porosity and tortuosity.

5. Full scale trials of CLSM in narrow-trench need to be designed and tested, specifically in

micro-trenching application which the width of the trench can be only 4 cm, to evaluate

the fresh and hardened properties along with excavatability of flowable fill and examine

the effects of surrounding environments and local climate conditions on these properties

compared to laboratory results.

6. Considering the advanced computer simulation tools available, a structural model should

be created using advanced software for different backfilling applications with CLSM to

computationally understand the behavior of material and structure as a whole compo-

nent. In absences of the standard recommendations for reinstatement materials based
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on experiment, simulation results can be useful for performance evaluation of different

narrow-trenching backfills.
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Chapter 3

Rutting Resistance and Moisture Damage

of Cold Asphalt Mixes

Cold mix asphalt (CMA) is considered a convenient and rapid solution for pavement pothole

repair as well as narrow-trenching reinstatement projects. Despite the wide use of CMAs, re-

liable procedures for quality control and screening of different types of these mixes are still

not available. This chapter studies and compares the engineering properties, permanent de-

formation and moisture resistance of nine types of CMAs. For this purpose, three different

well-known experiments, namely Marshall stability, indirect tensile strength, and the Hamburg

wheel tracker tests, were performed on each oven-cured and ambient-cured CMA sample. The

results mainly showed that the rutting resistance of densely-graded CMA samples is consider-

ably higher than the open-graded samples. However, moisture susceptibility of dense-graded

CMAs is commonly higher than open-graded CMAs. The dust-to-binder ratio seemed to have a

high correlation with the moisture susceptibility of dense-graded CMAs, while the percentage
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of coarse aggregates plays an important role in that of open-graded CMAs.

3.1 Introduction

Pavement repairs and trench reinstatement can be time- and cost-consuming, so the durabil-

ity and quality of asphalt repair materials are of great importance. One of the most common

and environmentally friendly approaches in constructing and rehabilitating pavements is the

use of cold mix asphalt (CMA). As explained in Chapter 2, CMA is also commonly used for

the purpose of narrow-trenching (NT) backfilling. CMA is produced by blending aggregates

with special bitumen emulsion or cutback, thereby eliminating the need to use a hot asphalt

binder. As a result, CMA aggregate does not require heating or drying, which saves a signif-

icant amount of energy [299]. It can also be stockpiled, and it has a longer working life [300].

CMA can also be used in the winter, a time when hot mix asphalt (HMA) is not practical [300,

301].

However, the performance of CMA is usually weaker than HMA, especially with rutting

and moisture-damage resistance. Rutting is an accumulation of permanent deformation caused

by repeated loads at high temperatures that mainly occurs in the asphalt layers. Rutting affects

the pavement’s ride quality and can lead to serious safety issues. Moisture damage is defined as

the progressive loss of mechanical characteristics of asphalt mixtures due to moisture exposure

under mechanical loading [302]. Moisture damage can also be accelerated after rutting or other

significant pavement defects as a later-stage distress [303].
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Various laboratory tests have been developed to mark the rutting resistance of asphalt mix-

tures, including Marshall stability and flow [304, 305], indirect tensile strength (ITS), and Ham-

burg wheel tracking (HWT) [306]. Both the ITS and HWT tests can be used as an indicator of

moisture damage in asphalt concrete surfaces by testing the specimens under wet conditions.

The HWT test could be a potential substitute for the widely used ITS test since it can simulate

the dynamic effect of vehicle load [307, 308]. While Maher et al. [309] reported that no sig-

nificant correlation could be made with the Marshall stability test, ITS, or field performance,

HWT test results have been proven to generally correlate with other wheel tracking tests, such

as the asphalt pavement analyzer [310], as well as field performance [311, 312]. The HWT de-

vice is designed for HMA; it can be harsh on CMA, resulting in premature failure of specimens

[313]. Nevertheless, different researchers have used it to determine engineering properties and

performances of CMA materials [314–316].

Despite the few specifications regarding the production and placement of CMAs [313, 317,

318], the evaluation methods and indicators related to CMA materials are not very clear. Gen-

erally, open-graded (OG) CMAs with a naturally higher void content allow a quick escape of

volatiles when fully compacted, but this results in reduced deformation resistance and stiffness.

Dense-graded (DG) CMAs may provide better durability and stability when installed, but have

reduced workability for stockpiling and handling [314, 315, 319, 320].

Based on the foregoing information, this chapter provides a direct comparative evaluation
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of nine ready-to-use CMAs to characterize their resistance to permanent deformation and mois-

ture damage. Toward this goal, materials are tested in two different curing conditions to sim-

ulate their early life and long-term behavior. The Marshall stability and flow test is used to

measure the cold mix samples’ resistance to permanent deformation, and the results are com-

pared to the HWT test results under dry conditions. The moisture-damage resistance of each of

these CMAs is also evaluated by ITS and HWT tests under wet conditions.

3.2 Materials and experimental procedures

For the purpose of this study, nine popular ready-to-use CMAs in the US and Canada were

collected. Among them, six were proprietary cold mixes available for purchase, and three were

conventional CMAs applied for local use. In this chapter, the CMAs tested were named as

CMA-1 to CMA-9, which CMA-1 to CMA-5 are DG and CMA-6 to CMA-9 are OG. The mix-

tures’ properties, based on the information provided by the manufacturers, are summarized as

below:

• CMA-1 is specifically formulated for pothole and crack repair over 25.4-mm wide in as-

phalt pavements. CMA-1 mixture consists of sand, stone, proprietary additives, and cut-

back bitumen (Generally 3.5% of PG64-22).

• CMA-2 is a special blend of cutback bitumen (4-6.5%) and graded limestone. It can be

used when surface temperatures are as low as -40 ◦C to as high as 76 ◦C. As claimed
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by the manufacturer, it is the only rapid-curing asphaltic concrete patching material in

existence.

• CMA-3 mixture is made by mixing mineral aggregate, filler, and emulsified bitumen. A

coating test, according to the ASTM D2489 standard, reported 90% of coated aggregates.

• CMA-4 is a high-float emulsion mixture used for pothole patching. It is a DG conventional

cold mix, and the design procedure is similar to the cutback asphalt mixture.

• CMA-5 is a mixture of cutback bitumen, graded aggregates, and polymer additives. The

bituminous material is a liquid asphalt blend prepared from a base asphalt stock of either

AC-5, AC-10, or AC-20 with an approved blending formula. The aggregates consist of

85% mainland sand and gravel and 15% washed sand.

• CMA-6 is produced from crushed aggregate and 5-6.5% of cutback bitumen binder. An

aggregate coating test reported more than 95% coated aggregates. The US federal gov-

ernment also named this mixture as one of its control materials in the Strategic Highway

Research Program [321].

• CMA-7’s modified cutback bitumen is formulated using liquid asphalt cement, cutter

stocks, binding adhesives, and anti-stripping agents. The mixture aggregates consist of

100% crushed stone. It has a stripping resistance of 95% retained coating. It is also usable

from -20 ◦C to 40 ◦C. CMA-7 is Department of Transportation (DOT) approved in all US

states and is being used throughout Canada.
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• CMA-8 is a proprietary formula composed of cutback bitumen, special aggregate, poly-

mer additive, and pressure-sensitive plastics. It sets up by compaction rather than by

evaporation.

• CMA-9 is another cutback asphalt. Aggregate consists of a minimum 80% crushed, washed,

or screened limestone or approved equivalent. The mix can be applied in sub-zero tem-

peratures and will adhere in wet conditions.

The testing procedure of this study is divided into three major steps. In the first step, the

physical properties of the CMA materials were determined by ignition testing, followed by

gradation analysis to further investigate the mixtures’ designs. In the second step, the rutting

and stripping performance of materials were examined through a series of laboratory tests.

In the third step, the results of each test were analyzed to quantify and compare rutting and

moisture susceptibility of CMA materials.

3.2.1 Binder content and gradation

Manufacturers present the gradation and binder content of the CMAs as an expected range.

In order to obtain accurate information about the mixtures’ compositions, the binder content

and gradation of each sample were tested according to AASHTO T308 [322] and T30 [323],

respectively. After determining the moisture content of the CMAs according to AASHTO T329

[324], two 1,200 g samples of each CMA were burned in an ignition furnace set to 587 ◦C. The

binder content was then calculated as the difference between the initial mass of the sample
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and the final mass of the residual aggregates after applying the correction factors. Then, the

gradation test can be run on the remaining aggregates.

Figure 3.1 shows the aggregate gradation curves and binder content of the DG and OG

asphalt samples. The average binder content of DG and OG CMAs are close (4.66% vs 4.39%),

while the highest binder content belongs to CMA-6 (6.71%) and the lowest to CMA-8 (2.44%),

both of which are OG mixes.

Gradation is noted as one of the main factors affecting load-bearing and rutting resistance

of asphalt mixtures [325]. The stone-to-stone contact of coarse aggregates is considered to be

the main source of internal resistance [326]. On the other hand, the dust content can affect the

properties of the asphalt concrete mixtures’ mastic (asphalt binder and dust) and will reduce the

percent of voids in aggregates. Hence, dust content is considered to be a remarkable mixtures

parameter that affects the workability and deformation resistance of asphalt concrete [327]. In

this study, the percentage of particles smaller than 0.08 mm is considered "dust content", and

"percent of coarse aggregates" is the cumulative percentage of retained particles on the 5-mm

sieve (Figure 3.1). The nominal maximum aggregate size is 12.5 mm for all CMAs except CMA-

7 and CMA-9, which are both 10 mm. CMA-4 and CMA-5 have the finest gradation, and CMA-2

has the coarsest gradation out of the DG CMAs with almost 34% coarse aggregates. Among the

OG aggregate particle size distribution curves, CMA-9 has the coarsest uniform distribution,

and CMA-6, CMA-7, and CMA-8 have almost the same distribution.
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(a)

1 Binder Content; 2 Dust Content (<0.08mm); 3 Percent of Coarse Aggregates (>5mm)

(b)

Fig. 3.1. Gradation curves, binder content and percent of dust and coarse aggregates
for the DG (a) and OG (b) samples
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3.2.2 Marshall stability and flow test

The stability of asphalt concrete determines performance. Asphalt concrete with low stabil-

ity can result in various types of pavement distress [328, 329], including rutting and shoving

[330]. Marshall flow is also defined as the vertical deformation of the sample, and high flow

value generally marks a plastic mix, which is susceptible to rutting under traffic load [331, 332].

The majority of the laboratory tests are designed for HMA, so CMA must be oven-cured to

add strength for further testing. The accelerated curing process is also proven to be a reliable

approach to forecast the ultimate strength of the CMAs at their mature states [316]. Accord-

ing to [333], materials were cured overnight at 135 ◦C. Then the specimens were prepared by

applying 75 blows on each side using a standard Marshall Hammer. This procedure follows

recommendations by the [334] and proposed test methods by [316].

A Marshall stability and flow test was conducted on cured specimens conforming to ASTM

D6927 [335]. After conditioning at 60 ◦C in a water bath, the peak load on the specimens was

observed at a loading rate of 50.8 mm/min. Load-deformation values are recorded over time

to determine specimen stability and flow.

The Marshall stability numbers of all CMA samples are reported in Table 3.1 and 3.2. As

Table 3.1 indicates, all DG specimens had high stability values. With the exception of CMA-1,

all DG CMAs had a higher stability value than the recommended stability of 11,500 N for HMA.

Among the OG mixes and according to Table 3.2, CMA-6 had a stability close to HMA. The rest

of the OG mixes had a low stability, which can be a result of their high air-void contents.

The Marshall Quotient (MQ) is defined as the ratio of stability to flow (rigidity ratio). Higher
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Table 3.1. Marshall Stability and Flow Test Results and MQ Values of DG CMAs

Laboratory Test Tested Parameter CMA-1 CMA-2 CMA-3 CMA-4 CMA-5

Marshall Stability and Flow
Stability (N) 6,800 18,950 16,600 15,000 13,700

MQ (N/mm) 3,886 12,633 8,300 7,500 6,850

Note: MQ= Marshall Quotient; these data are each the average of at least three test replicates.

Table 3.2. Marshall Stability and Flow Test Results and MQ Values of OG CMAs.

Laboratory Test Tested Parameter CMA-6 CMA-7 CMA-8 CMA-9

Marshall Stability and Flow
Stability (N) 10,100 5,450 5,400 3,400

MQ (N/mm) 8,080 4,360 4,320 2,720

Note: MQ= Marshall Quotient; these data are each the average of at least three test replicates.

MQ values portray higher mixture stiffness, which can be interpreted as a material’s higher

resistance to permanent deformation in service [305, 336] . The average MQ value of DG CMAs

is higher than that of OG mixes, which implies higher resistance to shear stress and rutting. The

MQ value of CMA-2 is almost twice the upper recommended range for HMA, which means it

has high stiffness and low workability.

3.2.3 Indirect tensile strength test

In this study, an ITS test was performed on all cured samples following the AASHTO T 283 [337]

guideline. According to the standard, the long-term stripping potential of an asphalt mixture

is determined by measuring the change in ITS of samples subjected to water saturation, then

compared with the same properties of dry samples.

Following the same curing process as the Marshall stability and flow test, two sets of sam-

ples consisting of three specimens each were prepared from each material. The first set was
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tested for ITS in dry conditions, and the second set was saturated in a 25 ◦C water bath to reach

a 70-80% degree of saturation before being tested for ITS. Cylindrical specimens were subjected

to compressive loading at 50 mm/min at a temperature of 25 ◦C. The load was applied along

the vertical diameter plane of the specimen, causing failure by splitting along the vertical diam-

eter. Peak load at failure was measured, and the tensile strength of the conditioned specimens

was compared to the dry specimens to determine the tensile strength ratio (TSR), which shows

the susceptibility of the material to moisture damage.

The results of the ITS testing are included in Table 3.3 and 3.4. Except for CMA-2, CMA-3,

and CMA-5, the ITS values of all other cold mix specimens were smaller than the minimum

specified value of 800 kPa for HMA [314]. The average ITS of the DG mixes is also considerably

higher than the OG asphalts. Nonetheless, to assess the performance of an asphalt mixture,

tensile strength should be considered along with the TSR value [338]. Despite the high ITS

value of CMA-3 in the dry test, its tensile strength reduced considerably in the wet test. CMA-

3’s TSR value of 0.66 marks its high moisture-damage susceptibility. On the other hand, CMA-2

assumedly has a high deformation and moisture-damage resistance based on its high tensile

strength and TSR value. Excluding CMA-9, the TSR of all OG CMAs was higher than the

minimum recommended value of 0.8 for HMA [338]. The tensile strength of CMA-9 was the

least among all studied CMAs, and its TSR value of 0.64 made this asphalt mixture the most

susceptible to moisture damage.
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Table 3.3. Indirect tensile strength test results for DG CMAs.

Laboratory Test Tested Parameter CMA-1 CMA-2 CMA-3 CMA-4 CMA-5

ITS
ITS (kPa), Dry 790 1,568 1,070 498 883

TSR (Saturation) 1.05 1.06 0.66 0.77 0.86

Note: These data are each the average of at least three test replicates.

Table 3.4. Indirect tensile strength test results for OG CMAs.

Laboratory Test Tested Parameter CMA-6 CMA-7 CMA-8 CMA-9

ITS
ITS (kPa), Dry 592 546 522 370

TSR (Saturation) 0.89 0.85 0.95 0.64

Note: These data are each the average of at least three test replicates.

3.2.4 Hamburg wheel tracking test

An HWT test measures the rutting and moisture susceptibility of asphalt mixtures by rolling

a steel wheel over the sample inside a temperature-controlled chamber according to AASHTO

T324-11 [339]. In this research, two CMA cylindrical samples fitted in a 60-mm deep high-

density polyethylene mold were inserted beneath the wheel. The wheel moved back and forth

at a rate of 52 passes/minute, boring on the CMA samples. The wheel moved along the surface

of the CMA specimens at a standard loading of 705± 4.5 N. The vertical deformation induced at

the middle of the sample versus the number of passes was recorded to characterize the rutting

resistance of the CMAs.

The number of passes should be adjusted appropriately so the moisture damage of the sam-

ples can be observed in immersed conditions. In a study by the City of Hamburg, it was ob-

served that when the samples were subjected to 19,200 passes, the effect of moisture damage

could be observed just after 10,000 passes [340]. Therefore, the literature suggested performing
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more than 10,000 wheel passes to reveal the effect of moisture damage [340, 341]. Hence, in

this research, the test was terminated after 20,000 passes or when vertical deformation of the

samples reached 12 mm.

Three variations of the wheel tracking test were used to evaluate CMA characteristics. The

first wheel tracking test was performed at 25 ◦C air temperature to evaluate the rutting charac-

teristics of CMA under dry conditions. The second wheel tracking test was conducted on CMA

samples submerged in 25 ◦C water to evaluate the effect of moisture on rutting performance.

The third test was performed on CMA samples submerged in 50 ◦C hot water to further in-

vestigate the moisture susceptibility of the samples, all of which performed well in the 25 ◦C

wet test. Even though previous researchers have used both 40 ◦C and 50 ◦C, 50 ◦C is the most

common test temperature [342, 343].

To prepare the HWT specimens, loose CMA was placed inside a cylindrical mold with a

diameter of 150 mm and loaded into a Superpave Gyratory Compactor (SGC). A compactor

arm was lowered into the mold, compressing the sample with an applied pressure of 600 kPa.

The specimens underwent 200 gyratory revolutions at this pressure, resulting in a height of 62

mm. For each wheel tracking test, two SGC cylindrical specimens were prepared and mounted

on a wheel tracker mold. To investigate the early-life rutting potential of asphalt samples, one

set of samples was compacted at ambient temperature and then cured at 25 ◦C for 24 hours.

To investigate the effect of curing on the rutting susceptibility, another set of samples was com-

pacted after curing for 18 hours at 135 ◦C [309, 333, 344]. In this study, the first sets are referred

to as ambient-cured and the second set as oven-cured samples. The curing procedure helps to
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Table 3.5. Summary of air voids measurement results

DG OG

CMA-1 CMA-2 CMA-3 CMA-4 CMA-5 CMA-6 CMA-7 CMA-8 CMA-9

ACa

Rep.1 4 4 10 6 5 NA NA NA NA

%AV2 6.8 10.7 7.3 6.5 6.5 NA NA NA NA

STD3 0.51 0.29 0.6 0.07 0.34 NA NA NA NA

OCb

Rep. 12 10 6 6 9 8 8 8 8

%AV 8.4 10.5 7.9 7.8 7.2 9.3 9.9 16.9 12.2

STD 0.51 0.58 0.99 0.45 0.36 0.23 0.6 0.67 0.3
a Ambient-cured samples; b Oven-cured samples.
1 Number of test replicates; 2 Average air voids; 3 Standard deviation.
NA: Not available.

add stability to the samples and simulates the field condition after several weeks of mix com-

paction. Physical properties of the tested samples are also calculated according to AASHTO

T209 [345] before each test, and the average values for ambient-cured and oven-cured samples

are included in Table 3.5.

HWT on ambient-cured samples

The HWT device was originally designed to test HMA samples and might be too intense for

ambient-cured CMA specimens. CMA samples that are compacted after a short curing time

or at a low temperature are reported to collapse right after compaction or under the HWT

device [346]. Based on Chatterjee et al. [347], the cold-mix specimens should have air voids

close to 10% to have enough density under the HWT test. Most of the CMAs tested had an air

void close to 10% excluding CMA-8, which had a higher value of 17%. After compaction, all

ambient-cured OG samples collapsed, but ambient-cured DG samples were stable enough to
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∗ Ambient-cured sample tested under dry condition; ∗∗ Ambient-cured sample tested under wet condition.
Note: Each curve represents an average of at least two test replicates.

Fig. 3.2. Rut-depth curves for ambient-cured-DG CMAs tested under dry (a) and
wet (b) conditions.

be tested in dry and wet conditions with an HWT device. Each test was repeated at least twice

to ensure the validity of the results. Figure 3.2 shows the average rut-depth curves of each DG

CMA studied in this research under dry (ACD) and wet (ACW) conditions.

As the ACD and ACW curves reveal, all samples failed prematurely except CMA-3 ACD.

The curve for CMA-3 ACD shows a rapid increase in rut depth in its first 2,000 passes and then

displays a slight increase at a constant rate until reaching the test termination of 20,000 passes.

Despite this strong performance of CMA-3 under dry conditions, it failed with a steep rate of

rutting under water. Presence of water also increased the rutting rate of CMA-2 and CMA-5 but
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did not have a considerable effect on the CMA-1 and CMA-4 samples. Based on the results of

the HWT test on wet ambient-cured samples, it can be concluded that the ambient-cured CMA

patching materials are highly susceptible to moisture damage in their early lives.

HWT test on oven-cured samples

The oven-cured CMA samples were first tested in dry conditions at 25 ◦C to evaluate their

rutting resistance. Solid-line curves in Figure 3.3a present the average rut-depth curves of

oven-cured DG CMAs tested under dry conditions (OCD). The deformation curves for CMA-1,

CMA-2, and CMA-5 remain almost constant after the primary consolidation. The rut-depth

curve for CMA-3 shows a superior performance until 15,000 passes, but then the rut depth

starts to increase with an accelerated rate. CMA-4 shows the least resistance to rutting among

the DG CMAs studied here. Considering the fact that the air void contents of CMA-1, CMA-3,

and CMA-4 are almost the same, the lower rutting resistance of CMA-4 could be a result of

the lower quality of its emulsified binder. The values of Table 3.3 also confirm that CMA-4 has

lower tensile strength compared to other DG mixes.

Among the oven-cured OG CMAs tested under dry conditions (dashed-line curves in Fig-

ure 3.3a), only CMA-9 withstood 20,000 passes with a rut depth of 9 mm. CMA-8, CMA-7, and

CMA-6 reached the ultimate 12-mm rut depth with almost similar rates of rutting.

With the second series of tests on oven-cured CMAs, the effect of moisture on rutting re-

sistance of CMAs was investigated by testing them under 25 ◦C water. Figure 3.4 shows the

rut-depth curves of DG and OG samples (OCW). As the solid-line curves for DG CMAs show,
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∗ Oven-cured sample tested under dry condition.
Note: Each curve represents an average of at least two test replicates.

Fig. 3.3. (a) Rut-depth curves for oven-cured CMAs tested under dry conditions.
(b) HWT results on one CMA-2 and CMA-8 specimen cuts.
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∗ Oven-cured sample tested under wet condition.
Note: Each curve represents an average of at least two test replicates.

Fig. 3.4. (a) Rut-depth curves for oven-cured CMAs tested under wet conditions.
(b) HWT results on one CMA-2 and CMA-8 specimen cuts.

the presence of water did not have any visible effect on the rut-depth curves for CMA-2 and

CMA-5. CMA-1 still had a strong resistance to rutting, but the final rut depth increased al-

most 90% compared to its OCD test result. CMA-4 OCW showed a similar trend as the dry

condition test, exhibiting good performance until 17,000 passes when it started to show a steep

rate of deformation. The test on CMA-3 stopped at 8,000 passes due to the complete failure

of the sample. CMA-3 OCW has a larger deformation than the CMA-3 OCD tested under dry

conditions, which clearly indicates high moisture susceptibility of CMA-3.

Based on Mehrara and Khodaii [348], coarse OG mixtures are less susceptible to moisture

damage than DG mixtures. Dashed-line curves in Figure 3.4(a) present the results of an HWD
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test on oven-cured OG CMAs. It can be observed from this figure that CMA-6 OCW, CMA-7

OCW, and CMA-8 OCW curves portray almost the same behavior compared to their OCD test

results. The total number of passes for these three CMAs before reaching 12-mm rut depth de-

creased by only 30% on average. However, CMA-9 displays an intense moisture susceptibility

that caused it to fail in less than 2,500 passes (an almost 90% decrease compared to the CMA-9

OCD curve).

In order to compare the stripping potential of DG-CMAs, CMA-1, CMA-3, and CMA-5 were

chosen to be tested under hot water. The first two performed well in dry and immersed (25

◦C water) tests. Figure 3.5(a) shows the average curves of the HWT test results under 50 ◦C

water (OCHW). The creep part of the CMA-5 OCHW curve has a relatively flat slope, but after

12,000 passes, it changed into a steep stripping slope. Despite the good performance of CMA-1

specimens under 25 ◦C water, the CMA-1 OCHW curve displays early stripping, which leads

to 12-mm rut depth after 2,840 passes. The CMA-3 OCHW curve also shows premature failure

with a much steeper rate of rutting than its OCW curve.

3.3 Discussion

3.3.1 Rutting resistance

The rutting resistance of samples tested with an HWT device can be expressed by their rutting

rate (RR). Here, RR is defined as rut depth (millimeters) divided by the logarithm of the total

number of passes. Figure 3.6 shows that the RR of DG samples under dry conditions was much
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∗ Oven-cured sample tested under 50 ◦C wet condition.
Note: Each curve represents an average of at least two test replicates.

Fig. 3.5. (a) Rut-depth curves for three CMAs tested under hot water. (b) HWT
results on one specimen cut of each sample.
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Fig. 3.6. Rutting rate vs Marshall quotient.

smaller than the RR of OG samples, which reflects a higher rutting resistance of DG CMAs

compared to OG samples. This is well matched with Marshall stability test results that showed

high MQ values for DG samples and a relatively low MQ of OG ones, except for CMA-1. The

low value of MQ induces a relatively lower rutting resistance for CMA-1, while based on HWT

test results, CMA-1 is the most resistant CMA to rutting in dry condition. The same disparity

can be seen comparing the RR and MQ values of CMA-6 and CMA-9.

3.3.2 Moisture damage resistance

The RR in the OCW test depicted in Figure 3.6 shows that only CMA-1, CMA-2, and CMA-5

had acceptable rutting resistance in the water. Despite the high rutting of CMA-6, CMA-7, and

CMA-8, their RRs in the OCD and OCW tests are roughly the same, which implies a very low

moisture susceptibility.
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In analyzing the results of the HWT test, the stripping inflection point (SIP) is mostly used

as a measure of the moisture-damage susceptibility of asphalt mixtures [349] and is defined as

the number of passes at the intersection of the creep and stripping slope of the rut-depth graph.

Since CMAs can have an early failure, it is not meaningful to distinguish between the creep and

stripping portions of the graph. Hence, the SIP measurement could be subjective and difficult

to scale. In this study, moisture-susceptibility index (MSI) is defined as the ratio of the wet

test RR to the dry test RR. An MSI close to one shows approximately the same performance of

the cold mix in dry and wet conditions and is therefore an indication of less susceptibility to

moisture damage.

Figure 3.7 depicts the values of MSI vs TSR of CMAs. Despite the fact that DG CMAs have

much better rutting performances than the OG mixes, their MSI is higher than OG samples on

average, so they are more susceptible to moisture damage. Results of the TSR test also show

that the specimens that had an MSI value close to one have an acceptable TSR (TSR > 0.8) by

the AASHTO T 283 [337] method as well.

3.3.3 Statistical analysis

To investigate the significance of different variables, such as bitumen content and aggregate

gradation on rutting and moisture susceptibility, an analysis of variance (ANOVA) with a sig-

nificance level of 0.05 was performed on the test results. Considering a level of confidence of

95%, the ANOVA null hypothesis (H0) is that all population means are equal. H0 is rejected

if the P-value obtained from the analysis is lower than 0.05, which indicates that the sample
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Fig. 3.7. Moisture-susceptibility index vs tensile strength ratio.

means between different groups are not equal. Mixes were divided into two OG and DG groups

to analyze the effect of aggregate grain size distribution on the results. To evaluate the effect of

bitumen content, mixes were separated into low bitumen content (less than 4.1%) and high bi-

tumen content (more than 4.1%) groups. The ANOVA results are summarized in Table 3.6 and

Table 3.7. As concluded from Table 3.6, rutting potential can be significantly affected by grain

size distribution of the mixes; however, bitumen content alone does not have a significant effect

on the rutting (Table 3.7). DG mixes with different bitumen contents always showed lower rut-

ting values compared with OG ones. It is also revealed in Table 3.6 and Table 3.7 that none of

the bitumen content and aggregate grain size distribution parameters affected the mixes’ mois-

ture sensitivity results. Other influential variables could be bitumen type, additives, and their

compatibility with mix aggregates. For the studied CMA mixes, no information was available

on these parameters.

Previous studies also indicated that the wheel tracking tests seem to be more sensitive to
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Table 3.6. Summary of the ANOVA of the effect of grain size distribution on rut
depth and moisture susceptibility of CMAs

Independent variable: Grain size distribution

Dependent variable SS df MS F P-value F crit

Final rut depth 203.4848276 1 203.4848276 157.9718268 4.65734 E-06 5.591447851

MSI 4.326905 1 4.326905 1.6991 0.233637 5.591448

Table 3.7. Summary of the ANOVA of the effect of bitumen content on rut depth
and moisture susceptibility of CMAs

Independent variable: Bitumen content

Dependent variable SS df MS F P-value F crit

Final rut depth 0.002508053 1 0.002508053 8.26186 E-5 0.993001368 5.591447851

MSI 3.239169 1 3.239169 1.198814 0.309796 5.591448

the effects of dust-to-binder ratio than either asphalt binder content or dust content alone [350].

As realized from Figure 3.8, moisture susceptibility of DG CMAs seems to be highly related

to dust-to-binder ratio with a 0.95 coefficient of correlation. CMA-3 has the highest amount of

particles smaller than 0.08 mm (3.23%) and is the most susceptible mix to moisture damage. On

the other hand, CMA-1, CMA-2, and CMA-5, with less than 1% dust, have a strong resistance to

moisture damage. Contrarily, MSI values of OG CMAs are positively correlated to the amount

of coarse aggregates (with a coefficient of correlation equal to 0.98). This means mixes with a

higher percentage of coarse aggregate are more susceptible to moisture damage. Another per-

fect correlation on OG cold mixes can be observed between the percentage of coarse aggregates

and slope of the stripping part of the rut-depth graph. It denotes that the higher percentage of

coarse aggregates would cause a higher stripping rate.

Previous studies stated that HWT test results are not very sensitive to air void contents
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(a) (b)

Fig. 3.8. Correlation between (a) MSI of DG CMAs and dust-to-binder ratio of
CMAs; (b) MSI of OG CMAs and percentage of coarse aggregates of the mix.

of samples [308, 351, 352]. Similarly, no significant correlation between air void contents and

rutting or moisture susceptibility of samples was observed in this research.

3.4 Conclusion

This chapter presents a laboratory evaluation on the engineering properties and performance

of nine ready-to-use CMA patching materials in North America. The most important results

obtained from this study can be summarized as follows:

1. The Marshall stability and flow test is effective in distinguishing rigidity of CMA ma-

terials. The average MQ value of DG CMAs is higher than OG mixtures, reflecting DG

mixtures’ higher stiffness and lower workability.

2. Rutting resistance of ambient-cured cold mix samples is low, and a wheel tracking test

was found to be too harsh to test deformation resistance in the early life of cold mixtures.
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On the other hand, the accelerated curing process at 135 ◦C for 18 hours appears suitable

to predict the eventual strength of the CMAs.

3. Despite few disparities observed, the MQ value can reflect the rutting resistance of cold

mix materials. Cold mixtures with higher MQs are expected to show higher rutting resis-

tance when tested under dry conditions in an HWT device.

4. MSI seemed to be a better indicator for moisture damage susceptibility in CMAs than

SIP. CMA-3 and CMA-9 had the highest MSI and lowest TSR among DG and OG CMAs,

respectively, which mark them as the most susceptible cold mixtures to moisture.

5. Statistical analysis indicated that the aggregate grain size distribution has a significant

effect on rutting resistance of CMAs. However, moisture susceptibility is not a function

of bitumen content or grain size distribution alone; and

6. Moisture susceptibility of DG CMAs is found to be strongly correlated to the percentage

of fine particles, while in OG mixtures, the amount of coarse aggregates in the mix shows

significant correlation with rutting and moisture susceptibility.
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Chapter 4

Application of Cement-Based Foams for

Narrow-Trench Backfilling

In modern urban traffic scene, it has become a necessity to cut the trenches for carrying service

lines, especially cables for various uses, as narrow as possible in order to keep the disturbance

to the traffic to the minimum. The rising cost of construction also demands that the time for,

and cost of, such service line laying be kept to the minimum. These demands are well met by

resorting to narrow trench cutting alongside the roads in use. However, the backfilling of such

very narrow trenches requires that the backfilling material must satisfy certain engineering

properties as opposed to the traditional earthfills.

Cement based foams are considered to be a good backfill material. This study characterises

their mechanical performance, thermal shrinkage, and bonding with the bituminous substrate.

Nine different mixtures ranging in density from 600-1100 kg/m3 were considered here. The

hardened cement-based foam mixtures were tested first to ascertain their strength, modulus
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of elasticity and Poisson’s ratio. This was followed by evaluating their drying shrinkage and

coefficient of thermal expansion (CTE). Lastly, these mixtures were assessed for their bond per-

formance with the asphalt concrete. Aside from showing immense promise as a backfill ma-

terial for narrow trenches, the results now constitute a valuable database to be used by future

researchers for simulating and designing the back fills of narrow trenches as a composite struc-

ture.

4.1 Introduction

The practice of laying service lines ˘ especially cables ˘ alongside existing roads is an increas-

ingly common feature in modern urban areas. Owing to the need for quick restoration of roads

to regular traffic after such an operation, narrow-trenching (NT) has become a popular method

to accommodate the laying of cables and conduits. It involves creating a narrow trench in or

alongside the road pavement. Micro-trenching (MT) is a variation of NT in urban areas wherein

the cut is often as low as only 25 to 40 mm wide and up to 250 mm deep [8, 9]. The process

of narrow trenching involves three main steps. Firstly, a narrow trench is cut in the pavement.

The trench dimension is usually dictated by the size of conduits, pavement thickness, and any

climate considerations (usually deeper when exposed to freeze/thaw cycles). Secondly, this

trench is cleaned, and the cable or conduit is placed inside. Finally, the trench is backfilled with

a suitable material that has requisite strength, and bonds well with the asphalt of the pave-

ment. This backfilling material must have good thermal insulation to prevent any damage due
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Fig. 4.1. Narrow-trenching using a micro-trencher. First a narrow-trench is cut (a),
then the cables are laid at the bottom of the trench and secured in place by metallic
clamps (b), and lastly, the cut is reinstated using a flowable fill (c). (d) shows the

final reinstated trench. A cored section is also shown in (e).

to freeze-thaw cycles in the Canadian climate. Given the small dimensions of the trench, it is

extremely critical that the backfill material flows easily and fills the trench thoroughly, penetrat-

ing even small voids in the cut (see Figure 4.1). Real-life performance of different backfilling

options was investigated earlier by a series of pilot installations in Alberta, Canada by the first

author [19]. Different types of distress were observed in the reinstated trenches within these

pilot installations after a few freeze-thaw cycles. Such distress includes the erosion of granu-

lar fill and raveling, settlement, lack of cohesion and adhesion in cold-mix asphalt or sealant

backfill. The results concluded that using traditional backfilling material such as plain sand

was not adequate for the Canadian cold regions [1]. Accordingly, this demands a flowable,

self-compacting material that can bond well with asphalt concrete.

Since the trench albeit narrow is yet quite long in length, the volume of such a flowable
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filling material is relatively high so as to warrant an inexpensive material. Using resins or

special cement is seen to make the cost prohibitive. As an illustration, a commercial non-shrink

cement grout, when used to partially backfill a micro-trench in a real-life project in Alberta,

Canada led to the material cost alone to be as high as 20% of the total project cost, [18]. Between

a desire for economy, ease of process and the necessary performance criteria, cement based

foam presents itself as a viable alternative to conventional fillers. Besides, cement based foams

are easily excavated and possess adequate permeability to allow water to flow through. The

latter is important for otherwise, it will act as a wall in the middle of the road, diverting the

flow and in turn lead to flooding [28].

Cement-based foams are prepared using a cementitious binder, water, and a pre-formed

foam. The foam is obtained by agitating either a liquid surfactant or through the production

of gas [175]. While the lower densities are essentially aerated paste, the higher densities do

sometimes incorporate fine aggregate. The higher densities (> 800 kg/m3) are intended for

applications that are mainly structural ( fc
′ > 8 MPa). On the other hand, the lower densities

(300− 800 kg/m3) are attractive for their self-consolidation, good thermal and sound resistance,

controlled low-strength, and ease of re-excavation [175]. The spherical air-void network pro-

vides superior thermal and acoustic insulation values, but strengths lower than that for normal-

weight concrete [353]. Therefore, this suite of properties makes cement-based foam uniquely

suitable for backfilling narrow trenches.
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4.2 Research significance

Although eminently suited for narrow-trench backfill, there is a lack of information to describe

properties of cement-based foams in the context of this application. The composite behavior

of the bituminous substrate and the backfilling material is required information to facilitate

trench design and execution. Lessons were learned from a recently completed pilot project by

the first author, illustrating the importance of the adequate bond between the backfill and the

existing pavement, dimensional changes and hygro-thermal effects. Therefore, this study was

undertaken to experimentally evaluate these aforesaid parameters and their variations due to

the composition. It is expected that the findings shall provide guidance for future backfilling of

narrow-trenches.

4.3 Experimental program

4.3.1 Materials

A Type GU (General Use) Portland cement, conforming to [354] was used as the principle

binder. Its chemical composition is shown in Table 4.1. Additionally, a subset of the mixtures

incorporated fly ash. It is particularly useful to improve strength, reduce thermal conductiv-

ity [355] and the autogenous shrinkage [356] in cement based foams. This was a Class C fly

ash, sourced from the Genesee Power Generating Station in Warburg, Alberta, Canada and

conforms to [354, 357]. The oxide composition is presented in Table 4.2. The particles, mostly



Chapter 4. Application of Cement-Based Foams for Narrow-Trench Backfilling 94

Table 4.1. Chemical composition of cement type GU

Major element SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O LOI
Mass% 20.65 5.6 4.13 61.87 2.6 0.14 0.83 1.39

Table 4.2. Chemical composition of class C fly-ash.

Major element SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 LOI
Mass% 55.53 23.24 3.62 10.97 1.22 0.24 2.83 0.76 0.68 0.1 0.54

spherical in shape, ranged in size between 10 to 100 microns. Upon wet-sieving, about 20.5%

was retained on the 45 µm (#325) mesh sieve and the moisture content was 0.05%.

A synthetic foaming agent was used, which conformed to [101] and [102], with composition

as per Table 4.3 below. It leads to a predominantly closed-cell structure. A pre-formed foam

was prepared at a 3% dilution (by volume) of the foaming agent mixed with water which was

then aerated to a density of 40 kg/m3. This stable foam was later added to the cementitious

slurry in increments until the target cast density was achieved. The foaming capacity ratio (the

ratio of final foam volume to the volume of the foaming solution before air entrainment) and

bleeding rate (water seeping from the aerated foam per hour) [100] were calculated as 30 and 5

kg/hr respectively.

In the case of cement-based foams, it is well known that microfibres provide resistance to

shrinkage cracking at early age and fracture resistance to the hardened composite [61, 358].

Table 4.3. Composition of the foaming agent provided by the local manufacturer.

Ingredient Fatty alcohol Alcohol Fatty acid

Weight (%) 1-10 6.5-35 10-65
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Accordingly, polypropylene microfibres were introduced at a volume fraction of 0.2% to select

mixtures to form a companion series of fibre reinforced cement-based foams. This amount has

been successfully used in the studies of Kearsley and Mostert [359] and Mamun and Bindi-

ganavile [360]. Laboratory experiments on different fibre fractions confirm that higher fibre

fractions (than the selected 0.2%) adversely affect the flowability of the mixtures. Physical and

mechanical properties of these microfibres are shown in Table 4.4. The reinforcement efficiency

of fibres increases with fibre length. However, at a certain fibre volume fraction, an increase in

the fibre length will result in fewer number of fibres in the mix and reduce the uniformity of

fibre distribution in the mixture [361]. As discussed in Chapter 2, the trench width can be as

narrow as 25 mm. Using longer fibres than the trench width will increase the chance of fibres

clumping inside the mix. This reduces the effective bond area between fibre and cement paste

[362]. As well, it makes the placement of the fibre reinforced CBF inside the narrow trench dif-

ficult. Considering the reasons above and based on prior research [360], the fibre length of 20

mm was found practical (for ease of application) and effective. Denier is also a direct measure

of linear density of fibres. In textile industry, denier is defined as the mass (grams) of 9,000 m

of a single strand of fibre [363]. Smaller denier translates into finer fibres, more fibre per unit

weight of the material, and higher total fibre surface area. Similarly, Tex is defined as the gram

per kilometer of a single strand of fibre in SI unit.

While some mixtures were prepared with regular concrete sand, others were made with

expanded perlite, as fine aggregate. Figure 4.2 shows the gradation of the various aggregates

used in this study. It can be seen that this gradation was identical for both the natural sand and
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Table 4.4. Properties of polypropylene microfibre.

properties Value

Length 20 mm
Tex (Denier) 0.33 (3)
Specific gravity 0.91
Elastic modulus 3500 MPa
Ultimate tensile strength 550 MPa

Fig. 4.2. Gradation of aggregates used in this study.

the fine expanded perlite.

4.3.2 Mixture design and sample preparation

The composition and proportion are summarized in Table 4.5. A test plan was designed to

explore the effect of different mixtures on the strength, modulus of elasticity, Poisson’s ratio,

shrinkage, coefficient of thermal expansion and bonding with the asphalt concrete. Accord-

ingly, the mixtures in this study were divided into two groups, designated herein as Group I
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(Low Density) and Group II (High Density) such that the cast densities were held nearly con-

stant within each group. Within Group I, the measured dry densities for mixtures designated

as PA, PB, PD, PE, and PI lay between 644 to 666 kg/m3. Mixture PC was significantly lighter

at 502 kg/m3. Within Group II the mixtures designated as PF, PG, and PH ranged in dry den-

sity from 921 to 980 kg/m3. The mixtures so designed were intended to allow for multiple

comparisons to illustrate the following:

(i) Effect of fly ash, between mixture PA and PB and again, between mixtures PF and PH.

(ii) Effect of perlite as fine aggregate, between mixtures PA and PD and/or PI.

(iii) Effect of aggregate gradation, between mixtures PD and PI.

(iv) Effect of polypropylene microfibre, between mixtures PA and PE.

(v) Effect of using natural sand as fine aggregate by comparing mixture PG with the reference

mixture PF.

(vi) Effect of density, between mixtures PA, PC and PF.

A minimum water-to-binder ratio is suggested at 0.35, below which the binder tends to

draw water from the foam leading to its instability [364]. Guidelines for flowable fill [103, 151]

specifies an efflux time of (30 ± 5 seconds) in flow cone tests done as per [146]. Therefore, and

in order to ensure the self-flowable characteristic of cement-based foams for easy placement
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Table 4.5. Mixture proportions (kg/m3).

Mix code
Target

density1
Cast

density2 Cement Water Fly-ash Aggregate Microfibre
Dry

density3
Test

density4

Group I-Low density

PA 800 850 706 353 0 0 0 650 810
PB 800 852 424 328 283 0 0 666 832
PD 800 840 462 360 0 96a 0 648 760
PE 800 840 563 333 0 0 21.3 652 801
PI 800 831 531 279 0 155b 0 644 798
PC 600 649 450 225 0 0 0 502 615

Group II-High density

PF 1100 1163 871 435 0 0 0 926 1031
PG 1100 1135 355 257 0 710c 0 980 1069
PH 1100 1135 261 365 610 0 0 921 1068

1Target cast density; 2cast density of fresh CBF; 3oven dried density; 424 hours air-dried
density at test.
aPerlite coarse; bperlite fine; cnatural sand.

inside the narrow-trench, water to solid ratio was chosen by trial-and-error to fulfill the afore-

mentioned requirements as tabulated above. [19] also confirmed the good performance of the

selected water to cement ratio of mixture PA in a real-life MT project.

To prepare the cement-based slurries, first the solids were mixed in an electric barrow con-

crete mixer and then water was added, and the mixing continued until a smooth paste was ob-

tained.The pre-formed foam was then added to the mix until the target cast density is achieved.

A total of 12 cylindrical specimens, each 75 mm in diameter and 150 mm in height were

cast for each of the nine mixtures. They were examined in compression at 3 days, 7, 28 and 90

days. Drying shrinkage and the co-efficient of thermal expansion (CTE) were measured using

six prisms of 50× 50× 300 mm per mixture. An asphalt-concrete mixture, commonly employed

by the City of Edmonton, was used to prepare the concrete substrate used to examine the bond
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Table 4.6. Design properties and gradation of asphalt concrete (AC) specimens.

Design properties Value Sieve size (mm) Combined gradation (%)

A.C. (% of total mix) 5.83 12.5 100.0
Gmm (kg/m3) 2423 10.0 98.1
Gmb (kg/m3) 2350 8.0 88.3
Air voids (%) 3.0 6.3 75.5
V.M.A. (%) 15.0 5.0 64.7
V.F.A (%) 80.0 2.5 48.2
Dust/AC (%) 1.1 1.25 38.3
TSR (%) 89.5 0.63 31.5
Combined aggeregate Gsb 2.603 0.315 20.3
Asphalt absorption (%) 0.61 0.16 11.2
AC grade PG 58-28 0.08 5.7
AC specific gravity 1.032 - -
Mixing temperature (◦C) 150 - -
Compaction temperature (◦C) 140 - -

strength. Its mixture design is shown in Table 4.6. Cylinders were cast at 75 mm in diameter

and 150 mm in height, compacted by 25 blows in 3 layers using a 24.5 N rammer dropped from

a height of 305 mm. The compacted specimens were left for at least 24 hours to cool down to

room temperature. Then, the cylinder was cut at a slant angle of 30 degrees to the vertical. Each

such half-cylinder was completed by casting a cement-based foam mixture onto it, resulting in

a composite cylinder specimen as shown in Figure 4.3a.

While the cylindrical specimens served as a substrate in the shear-bond test, a separate set

of prismatic specimens was cast using the same asphalt concrete mixture towards the flexural-

bond test. Each prism was 105 mm× 250 mm× 300 mm in dimension and was roller-compacted.
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Note: I and II are views of cut asphalt cylinders to the angle of 30 ◦ to vertical. III is the final slant shear test
specimen which is made by casting CBF on top of the II. IV shows the cut surface of an asphalt block used in
flexural bond test. V shows the asphalt blocks structure sealed with shrink wrap and ready for introduction of
cement foam. Before pouring the foam cement into the two 25 mm gap between blocks in order to form the final
specimen in VI, the spacer will be removed.

Fig. 4.3. (a) Specimen preparation for slant shear test and (b) flexural bonding test.
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The asphalt concrete (AC) blocks were allowed to cool to room temperature and then 100 mm

thick blocks were cut from the 300 mm thick block, using the same saw blade as used for cutting

the cylindrical samples. These smaller blocks spaced at 25 mm apart as shown in Figure 4.3b.

Afterward, the blocks were held in place and sealed using plastic stretch wrap. Next, the spac-

ers were removed, and the 25 mm trenches were filled variously with one of the nine mixtures

of CBF to form a composite unit.

4.3.3 Test details

Mechanical testing

The compressive strength was determined per ASTM C495 [365] in a universal testing machine.

A displacement rate of 0.8 mm/min was chosen for all tests. Three specimen replicates were

tested at the age of 3, 7, 28 and 90 days. Further, for those specimens tested at 28 and 90 days,

they were fitted with a digital compressometer prior to the test, which allowed the measure-

ment of the modulus of elasticity and the Poisson’s ratio per ASTM C469 [366].

Drying shrinkage

The drying shrinkage in these cement-based foam mixtures was determined in accordance with

BS EN 680 [261], in a manner described therein addressing autoclaved aerated concrete (AAC).

Note that the microstructure of cement-based foam is very similar to that of AAC [125]. As

mentioned earlier, 4 prismatic bars, each 50 mm × 50 mm × 300 mm, were cast and sealed

for 28 days. At which point, ball bearings were fixed onto the ends using an epoxy adhesive.



Chapter 4. Application of Cement-Based Foams for Narrow-Trench Backfilling 102

After recording the mass of the samples, both with and without the ball bearings, the specimens

were then conditioned in a bath of water for 72 hours as shown in Figure 4.4a. During the first

24-hour period of conditioning, only one-third of the thickness was immersed. In the second

24-hour period, 2/3rd of the thickness was submerged in water. Finally, during the last 24-hour

period, the entire bar was submerged in water. Following this "conditioning", the specimens

were kept sealed for a further 24 hours in order to maintain an even distribution of moisture.

The initial length measurements were taken by a length comparator, capable of measurements

to 0.001 mm accuracy in accordance with ASTM C490 [367]. As shown in Figure 4.4d and e, the

specimens were then left to dry in a controlled environment (20 ◦C, 10 ± 5% RH). The length

and corresponding mass measurements (to the nearest 0.1 gram) were made on a weekly basis

from the foregoing instrumentation. Equation 4.1 is then used to calculate the drying shrinkage

strain.

ε =
(ln − l1)

ld
× 106 (4.1)

Where :

ε is drying shrinkage strain (µ − strain), l1 is the first reading of length, ln is the length

reading after nth days of test, and ld is the original length of the specimen.

Coefficient of thermal expansion (CTE)

The coefficient of thermal expansion (CTE) was evaluated per a modification to AASHTO T336

[286] suggested by [125]. Considering the unavailability of the apparatus required, the test
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Fig. 4.4. Drying shrinkage and CTE testing apparatus. a) conditioning in 20 ◦C
water bath; c) conditioning in 50 ◦C water (for CTE test); b) length comparator; d

and e) drying shrinkage chamber.
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method could not be followed strictly, however, the assumptions made in the standard are

obeyed. In this instance, six prisms were cast and cured for 28 days in the same process as that

of the drying shrinkage specimens. Once again, ball bearings were secured to both ends of the

specimens as was done for specimens tested for drying shrinkage. The specimens were then

placed in a 20 ◦C water tank for 24 hours in order to allow expansion due to water absorption

and saturation (see Figure 4.4a). Using the length comparator (Figure 4.4b), the specimens were

monitored for any change in length. After which any further expansion is assumed to be wholly

due to the thermal effect. Immediately after taking these initial length measurements, three of

the specimens were put in a separate 50 ◦C water bath (see Figure 4.4c) whilst the other three

specimens remained in the bath at 20 ◦C to serve as reference specimens. Following a further

24-hour of submersion in their respective water baths, the change in the length of the specimens

was measured once again. After subtracting the change in length as measured for the reference

specimens, from those seen in the prisms left in the hot bath, one arrives at the change in length

due to the temperature alone. The coefficient of thermal expansion was calculated per AASHTO

T336 using Equation 4.2.

α =
∆L

L0∆T
(4.2)

Where:

α is coefficient of linear thermal expansion, µ-strains/◦C; ∆L is change in length after soak-

ing in hot water, mm; L0 is the initial length of specimens at temperature T1, mm, and ∆T is the
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change in temperature from temperature T1 to T2, ◦C.

Bond strength evaluation

Narrow trenches are usually open to traffic right after the backfilling material is set and are thus

expected to meet their normal operational loads within a short time post backfilling. Therefore,

the bond strength of the cement-based foam with respect to the surrounding asphalt layer,

especially at an early age post filling becomes an important criterion in mix design.

Among all the tests available to characterize bond between two media, mainly three tests

are generally used to evaluate the bond between concrete and asphalt. The most commonly

used is the direct tensile test. Tensile failure stress, especially in a composite mix of two different

materials like CBF and asphalt in this study, can be a measure of the bond failure. [225, 226]

have reported tensile bond strengths of 0.5 MPa and 0.8 MPa (tests performed after 28 days).

However tensile tests do not correctly reproduce the stresses existing at the CBF interface with

asphalt. Therefore, the direct shear test, based on the shear Iowa device is also widely used.

For instance, [227] and [228] obtained failure shear stresses around 1 MPa for site cored, and

laboratory manufactured samples respectively.

Lastly, the compressive slant shear test is also mainly used to characterize the bond between

repair material to substrate. It submits the bond interface to a combined state of shear and com-

pression. [229] have worked on this aspect and have given a theoretical assessment formula for

this ratio bond/compression strengths depending on the angle of the interface between the ma-

terials. The slant shear test is claimed to provide a realistic representation of stress state in the
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composite structure [231, 232]. The test is also sensitive to variation in bond strength [231] and

therefore, produces consistent results [233]. Nevertheless, failure is pre-eminently dependent

on the angle of the interfacial plane, which is fixed in the standard test. Therefore, the fail-

ure is not necessarily occurring on the plane with the most critical combination of compressive

and shear stresses [234]. Moreover, the results are reported to be insensitive to surface rough-

ness, especially at steeper interface angles [229, 235]. The test is also sensitive to differences in

the modulus of elasticity of the materials which can cause stress concentrations. Lastly, slant

shear test yields much higher values for bond strength than the other tests [229, 234, 368] and

therefore, the combined state of shear and compression in SST might overstate the actual bond

strength.

Failures in the composite of the asphalt-concrete structure occur as delamination between

layers because of cracking in concrete layer. This phenomenon arises under the combined in-

fluence of normal and shear stresses. In flexible pavements, flexural bonding tests are used to

account for this combined stress [226]. Flexural bond test allows measurement of the adhesion

capacity, or resistance to tearing, of CBFs to the asphalt substrate.

Considering the above, in this study, the flexural bond strength and the slant shear tests

were both chosen to measure the bond strength between CBFs and asphalt concrete substrate.

Flexural bond strength To this end, three-asphalt concrete blocks were prepared and ar-

ranged with a 25 mm spacing. The gaps then filled with cement-based foam to form a com-

posite unit. After 7 days of curing, the unit was subjected to bending test as per ASTM C1072
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Fig. 4.5. Flexural bond (a) and slant shear (b) test setup.

[230] at 20 ± 5 ◦C. The test setup is shown in Figure 4.5a. The prism was supported on a rigid

bottom and clamped firmly into a locked position using the lower clamping bracket. The load

was applied to the top-most brick of the prism by the loading arm at a uniform rate so that the

entire test took between 1-3 minutes [230]. After the failure happened, the rigid support will

be raised and this time, the load will be applied to the middle asphalt prism in order to test

the bond strength of the CBF in the bottom joint to the asphalt concrete. As the load causes a

moment in the masonry unit, a flexure failure results between the asphalt concrete block and

the cement-based foam. Accordingly, the flexural bond strength was calculated using Equation

4.3 as specified in [230]:

Fg =
6(PL + Pl Ll)

bd2 − (P + Pl)

bd
(4.3)
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Where:

Fg is flexural tensile strength, MPa; P is the maximum applied load, N; Pl is the weight of

loading arm, N; L is the distance from centre of prism to loading point, mm; Ll = distance from

centre of prism to centroid of loading arm, mm; b is the cross-sectional width of the mortar-

bedded area measured perpendicular to the loading arm of the upper clamping bracket, mm; d

is the cross-sectional depth of the mortar-bedded area, mm. The latter is measured parallel to

the loading arm of the upper clamping bracket (see Figure 4.5a).

Slant shear test for bonding As with the flexural bond test, here too the specimens were

tested at 7 days with emphasis on the early age resistance to debonding. The test was performed

at 20 ± 5 ◦C and according to ASTM C882 [369] whereby the composite cylinder is subject to

compression as illustrated in Figure 4.5b. The shear bond strength of the specimen was then

calculated as:

τn =
1
2

σ0 sin(2θ) (4.4)

Where:

τn is the shear stress acting on the bond plane, σ0 is the applied vertical stress required to

produce a failure along the bond plane, and θ is the bond plane angle, i.e. 30 ◦.
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4.4 Results and discussions

4.4.1 Compressive strength and elastic properties

The mechanical properties of cement-based foams examined in this study were characterized

by means of their compressive strength, modulus of elasticity and Poisson’s ratio. Although

the compressive strength and modulus of elasticity of conventional cellular concrete are well-

established, there is very little data on their Poisson’s ratio. The latter is an important parameter

in this application as there is considerable lateral stress developed due to the traffic.

Figure 4.6 illustrates the evolution in compressive strength with time up to 90 days of curing.

As expected, the higher the porosity, the lower the strength of the cement-based foam [274].

This was in line with a decrease in the plastic density, as reported by prior research [61, 97,

353]. Note that as early as at 3 days, the plain foam mixtures, i.e. PC, PA, and PF, gained a

strength that is 50% of their strength at 90 days. Among them, PC gains most of its 90 days

strength (almost 99%) during the first 28 days. The strength of PF, on the other hand, increases

considerably (almost 46%) after 28 days while that of PA increases approximately linearly with

age.

The mechanical properties of CBFs are generally modeled as a function of relative density

(ρ f /ρs), defined as the ratio of the density of cement foam, ρ f , to density of solid cement, ρs

which was found to equal 1900 kg/m3 for plain CBFs (i.e. PA, PC and PF). [187] examined

various cellular solids and concluded that the crushing strength is a function of the relative

density and scales according to the power of 1.5. The exponent is a measure of the sensitivity
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Fig. 4.6. Effect of age on compressive strength of CBFs.

of CBFs to the density. A similar relationship was plotted in Figure 4.7 for 28 and 90 days

compressive strength and compared to the results of other studies. Note that, while the results

of all the CBFs in this study are presented in Figure 4.7, only those mixtures without any filler,

i.e. PA, PC, PE and, PF, were considered in presenting the trendline.

While there is no standard specification as yet for controlled low strength materials used in

narrow trench backfill, the numerical study of a narrow-trench by [38] shows a maximum com-

pressive strength of 1.12 MPa in the backfilling under a heavy traffic loading. They confirmed

that the strength of 2 MPa would ensure stability and excavatability. Since the trench is open

to traffic at early ages, the minimum strength requirement for CBFs is set as 1.5 and 2 MPa at 3

and 7 days respectively. On the other hand, maximum strength of 8.3 MPa is recommended to

ensure ease of re-excavatability [221]. Also, if the backfilling material possesses high strength,
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Note 1: The solid lines show the power trendlines of mix PA, PC, PE, and PF.
Note 2: Mamun et al. [370]; Nambiar et al. [71]; Ozlutas [125]; Gibson and Ashby [187].

Fig. 4.7. Effect of relative density on compressive strength of CBFs.

there is every possibility that it could effectively become a beam in the road; i.e. the cementi-

tious fill could be stronger and stiffer than the surrounding road surface, and over a period of

time, this inflexibility could break up the road. According to Figure 4.6, compressive strength

of PA, PB, PE, PI, and PF fits in the aforementioned acceptable range.

The elastic modulus, E, and the Poisson’s ratio of the 9 cement-based foams are presented in

Figure 4.8. The elastic moduli measured in this study were found to be mostly similar to values

as reported in the literature [125, 371]. So that, for densities ranging from 300 to 1000 kg/m3,

the modulus varied from 200 to 1100 MPa. As with compressive strength, the elastic modulus

is proportional to the density [61, 371]. Modulus of elasticity of these three plain CBFs, PA,

PC, and PF, is found to be well correlated to their 28-and 90-days compressive strength with
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Fig. 4.8. Modulus of Elasticity and Poisson Ratio of cement-based foams.

correlation coefficients of 0.96 and 0.99, respectively. In higher density foams, that contain

sand, the elastic modulus is higher than a companion mixture without sand. This is due to

the interlocking between the sand particle and the paste [109]. The same is seen here with

adding perlite to the reference mixture (see mixtures PD and PI). However, at higher sand-to-

cement ratios, as witnessed in mixture PG, the modulus of elasticity was lower by 18% when

compared to mixture PF. Thus, the results underline the fact that there is an optimum sand-to-

cement ratio for maximum E. It is well known that micro-fibres improve the tensile strength

and elastic modulus in cement-based systems [372]. Incorporating them into mixture PE led to

a 65% increase in E over that in mixture PA.

The modulus of elasticity of CBFs is plotted against relative density in Figure 4.9. For the

sake of comparison, only plain foams, PA, PC, and PF, are considered to fit the power curve.

As suggested by [187] and supported by other studies, modulus of elasticity of brittle cellular



Chapter 4. Application of Cement-Based Foams for Narrow-Trench Backfilling 113

Note 1: The solid lines show the power trendlines of mix PA, PC, and PF.
Note 2: Mamun [370]; Valore et al. [373]; Gibson and Ashby [187]; Ozlutas [125].

Fig. 4.9. Effect of relative density on modulus of elasticity of CBFs.

solids scales according to the square of the relative density.

Prior studies have shown that the Poisson’s ratio of cement-based foams containing no sand

ranges from 0.13 to 0.16 at 1000 kg/m3 and rising up to 0.18-0.19 for 1400 kg/m3 [374]. Normal

weight concrete depicts a Poisson’s ratio between 0.15 - 0.22 [274]. For lower densities, the

values range from 0.14, 0.19, and 0.08 for 300, 600 and 1000 kg/m3 foamed concretes respectively

[125]. In the current study, Poisson’s ratios evaluated are also in the same range or slightly

lower. This variation in the value of Poisson’s ration is due to possible localized crushing of the

contact points between the test frame and the specimen during testing, Therefore, taking into

the above possibility the Poisson’s ratio of foamed concretes in this study can be said to be 0.05
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to 0.28 at the age of 28 days and 0.1 to 0.21 at 90 days for mixes with densities ranging from 600

to 1100 kg/m3.

While there is no standard recommended range for modulus of elasticity and Poisson’s ra-

tio of CBFs in the narrow trench, they should be high enough to restrict the deformation of the

backfill but not too high to prevent micro-cracking due to the high stiffness. As the elastic mod-

ulus of the CBFs increases, the stress in the backfilled section due to the traffic load increases

and compressive stress in the surrounding soil and pavement, stress in the buried utilities and

the displacement in the pavement decreases [38]. On the other hand, the resilient modulus of

asphalt pavement changes from 700 MPa at 38 ◦C to 14,000 MPa at -1 ◦C [375]. As mentioned

before, mix PA has been previously tested in a field project and after a year, no visible distress

was observed in the trench. Considering all the above, the minimum required 28 days modulus

was set to 700 MPa. According to [38], this value results in a maximum deformation of 0.6 mm

in the trench that can barely be noticed by the traffic. All the CBFs except PC and PG meet this

requirement (See Figure 4.8).

4.4.2 Drying shrinkage

Cement-based foams are known to undergo high drying shrinkage strains, up to 10 times

greater than those observed in normal weight concrete [90, 112]. This is mainly due to the

absence of coarse aggregates that otherwise restrain the volumetric changes [97]. High water

contents of the mixtures and the high paste-to-fine aggregate concentration further contribute to

this high shrinkage strains in cement-based foams [247]. On the one hand, [97] and [376] have
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reported lower drying shrinkage strains in lightweight cement-based foams. They attribute

this to the lower paste content. On the other hand, [247] and [371] report that the shrinkage

increases with a drop in the density. In the absence of aggregates, lightweight cement-based

foams are highly prone to drying shrinkage strains and corresponding crack growth. In a nar-

row trench, such cracks can let water in and rapidly lead to failure after only a few freeze-thaw

cycles. Besides, letting water in can seriously damage the service cables.

Figure 4.10 shows the drying shrinkage profiles of the nine cement-based foams. Consider-

ing the reference mixture at each density range, the drying shrinkage strains vary widely from

67 to 3995 µ-strain for PC, 434 to 4171 µ-strain for PA and 431 to 4515 µ-strain for PF. The varia-

tion of the reported shrinkage strains of CBFs in the literature is high. For instance, µ-strains as

low as 250 [125] and as high as 4000 [254, 358], 5000 [248] or even 62000 [87] have been observed

for densities between 300-1000 kg/m3 across different mix designs. The values measured in the

present study falls closer to the upper bound of the range. This high variation can be attributed

mainly to the difference in the test methods and specimen size used by different researchers, er-

ror in calibration and reading of the length comparator and emergence of drying micro-cracks

during the test.

At lower density, cement-based foams develop an open-cell structure, while those cast to

higher densities tend towards a closed-cell structure. [377] concluded that the shrinkage of

cellular concrete is a function of volume and specific surface of micropores. However, [378] re-

ported that the removal of water from comparatively bigger pores will not contribute to shrink-

age. Since large entrained air voids do not change the structure of the fine pores [379], it can
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Fig. 4.10. Drying shrinkage versus test age.

be concluded that the micro-pores that control the shrinkage are related to the paste content in

the CBF in such a way that the lower paste content will result in lower shrinkage [135]. This

explains the current observation that the shrinkage strains increased proportionally with an in-

crease in density of mixtures PC, PA and PF. Further, [246] and [247] point out that the drying

shrinkage levels off between the 3rd and 10th week.

In order to investigate the relative effect of different mixture compositions on shrinkage

as compared to the reference mixtures, i.e. PA and PF, the shrinkage ratio (SR) of the different

mixtures was plotted against the age at test and the relative density in Figure 4.11. SR is defined

as the shrinkage strain of the mixture to that of the corresponding reference mixture in that

particular density group. Foams that contain aggregates are expected to depict lower shrinkage

strains [380, 381]. It was so with mixtures PD and PI that contain coarse perlite and fine perlite,

respectively. Both depict lower shrinkage strains with respect to the reference mixture PA after
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130 days (82% and 74% of the strain in the reference mix, PA; see Figure 4.11c). One notes from

Figure 4.10 that between the two gradations, fine perlite led to consistently lower shrinkage

strains. Again, fine sand had the same effect in reducing the shrinkage strain in the high-density

cement-based foam mixture, PG. Being stiffer than perlite, sand was seen more effective in

reducing the shrinkage strain by 53%, as opposed to the fine and coarse perlite, which resulted

in 37% and 28%, respective drop in the shrinkage strain when compared with the reference

mixture PA. Although all the mixtures show a shrinkage strain less than the reference mixtures

after 25 days (see Figure 4.11b), at early ages, their shrinkage is higher than the reference except

for mixture PD which shows only 57% of the shrinkage of the reference mixture, PA. This is due

to the coarse gradation of perlite in the mixture PD, which provides relatively bigger voids to

facilitate the escape of water at early ages without causing much shrinkage strains.

Clearly, the water-reducing property of fly-ash can be advantageously used for achieving

a considerable reduction in the drying shrinkage of concrete mixtures [256]. Drying shrinkage

relatively reduces in PB to 89% and in PH to 62% of the reference mixes (Figure 4.11b). This

improvement in reduction of shrinkage strains is much stronger in PH which contains a higher

percentage of fly-ash than PB (70% in PH vs 40% in PB). However, as reported by [135] and can

be seen in Figure 4.11b, using aggregate in the mix reduces drying shrinkage more than using

fly-ash.

Polypropylene microfibre in PE also reduced the drying shrinkage to 68% of the reference

mix, PA (see Figure 4.11b). Microfibre also found to be more effective in reducing drying shrink-

age than fly-ash or sand which is in line with the result of [248]. Another observation from the
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Fig. 4.11. Influence of test age and relative density on shrinkage. The dotted line in
(c) connects the values of shrinkage ratio at the age of 130 days.

Figure 4.11c is that at the later ages, SR reduces almost linearly with the slope of -3.54 as the

relative density increases (R2=0.89).

Figure 4.12 shows the variation of shrinkage with moisture content. Based on the plateau

achieved by the age of 130 days, the specimens are considered 100% dry at that age. Accord-

ing to [135], the air-voids inherent in the cementitious cell-wall do not contribute to a loss in

moisture. So that, only the cellular voids as resulting from the foaming agent are responsible

for moisture sorption. In ultra-low density CBF, PC (600 kg/m3), there is very little shrinkage

as the moisture loss occurs from the cells and not from the hydrated cementitious paste in the

walls. For very low moisture contents (< 4%), all mixtures exhibited a steep increase in shrink-

age, consistent with the literature [135, 251]. Note that the autogenous shrinkage, associated
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Fig. 4.12. Effect of moisture content on drying shrinkage of cement-based foams.

with a moisture conservative system occurs as a result of self-desiccation during cement hy-

dration [250]. It is significant even when the water-binder ratio is low. However, at higher

water-to-binder ratios, the autogenous shrinkage is negligible [382].

4.4.3 Thermal expansion

The CTE of asphalt concrete mixtures is reportedly between 20-63 µε/◦C [264, 265]. That for

plain mature cement paste is about 11-20 µε/◦C [250, 266] and develops over a period as the hy-

dration proceeds [267, 268]. While the CTE of lightweight concretes is between 7-13 µε/◦C [269,

270], there is very limited data on the coefficient of thermal expansion of cement-based foams.

As reported by [125], the values range from 8.1 to 41.7 µε/◦C. It is seen from Table 4.7 that the

CTE of the cement-based foams in this study were between 5.21 to 9.88 µε/◦C. Although lower
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Table 4.7. CTE values of CBFs. Values in parentheses are standard errors.

Mix
code

PA-
800/C

PB-
800/C/FA

PD-
800/C/cP

PE-
800/C/MF

PI-
800/C/fP

PC-
600/C

PF-
1100/C

PG-
1100/C/fS

PH-
1100/C/FA

CTE
µε/◦C

9.43
(0.89)

8.36
(1.18)

7.27
(0.91)

8.84
(1.19)

6.98
(0.89)

5.21
(1.02)

9.84
(0.51)

7.03
(1.11)

5.46
(0.98)

in value, the CTE obtained here follow identical trends as reported in the literature.

It is generally to be expected that the more porous the material, the lower the CTE. This is be-

cause porous solids are inherently less conductive thermally. The CTE of the ultra-lightweight

reference mixture, PC, is 81% lower than that of the medium-lightweight mixture, PA. Although

the CTE of PA is smaller than that of the high-density mixture, PF, the difference is not appre-

ciable. Adding fly ash is known to reduce the thermal expansion, particularly at early age [268,

278]. [278] relate CTE to porosity and portlandite, Ca(OH)2, content of the hardened cement

paste. It is known that CTE reduces when porosity increases. Portlandite also has a much

higher CTE than that of normal cement paste and therefore, any reduction in portlandite con-

tent will result in reduction in CTE. Since replacing Portland cement with fly-ash reduces the

portlandite content and increase porosity, it reduces the coefficient of thermal expansion. In the

present study, 40% cement replacement by fly-ash in PB and 70% in PH resulted in 11% and

44% reduction in CTE when compared to reference mixes PA and PF respectively.

Aggregates have inherently lower CTE than cement pastes [275]. As reported by [383],

concrete mixtures containing a higher volume fraction of aggregates will, therefore, have lower

CTE. For cement-based foams, the CTE of the aggregate appears to significantly decide the

CTE of the foamed composite. In this study, it was found that adding sand, reduced the CTE

substantially by 29%, while fine perlite and coarse perlite caused a reduction in CTE by 26%
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Fig. 4.13. Types of failure: adhesive, in (a), (d) and (e-bottom); cohesive, partially in
(b), (c) and in (e-top). Arrows in (e) point to the debonded surface.

and 23%, respectively. Adding microfibres saw only a marginal drop in CTE by 6%.

4.4.4 Bonding characteristics

As seen from Figure 4.13, the typical failure during debonding was part cohesive and part ad-

hesive. All the mixtures tested failed predominantly in adhesion, while in the mixture PF, cohe-

sive failure was considerable. However, it did not account for more than 30% of the debonded

surface.

As seen in Figure 4.14, the flexural bond strength was predominantly lower than the bond

strength obtained from the slant shear test. The bond strength in flexure varied from 0.15−0.35

MPa while the shear bond strength varied from 0.33 to 0.63 MPa.

The present study shows that the bond strength regardless of the test method was higher
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Fig. 4.14. Bond strength of cement-based foams after 7 days of curing.

with an increase in the density of the cement-based foam. However, contrary to expectation,

the flexural bond strength was more sensitive and records a 56% increase for a change in the

density from 600 to 800 kg/m3. On the other hand, the shear bond strength registered a mere

10% increase over this change in density. Adding fly ash at 40% replacement of cement results in

a 20% increase in the shear bond strength, but only a mere 4% in the flexural bond strength. This

may directly be attributed to the pozzolanic outcome that results in superior overall strength

[384, 385]. Very high cement replacements, however, cause a drop in the early compressive and

tensile strength of the foam and this, in turn, reflect in a drop in the bond strength by 38% in

mixture PH compared to mixture PF, for shear bond strength and 46% as obtained via flexural

bond strength. Bond strength of PB and PH is yet expected to increase over time due to the age-

hardening characteristic of fly-ash. In regard to the aggregates, adding coarse perlite led to a

slightly higher bond strength whereas, both fine sand and fine perlite led to a drop in the bond

strength. Despite the benefits of microfibres in crack growth resistance and reducing shrinkage,

it is reported not to affect the compressive strength of CBFs considerably at a lower dosage [359,
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370]. Accordingly, low dosage of polypropylene microfibre in this study did not significantly

alter the bond strength of the cement-based foam with asphalt concrete.

Unfortunately, there is no recommendation for the required bond strength of CBF to the

asphalt pavement. In the pilot project by [19], no bonding defect was observed in narrow-

trenches filled with mixture PA after a year while debonding occurred in the trench that was

reinstated by cold-mix asphalt. Interlayer shear strength of the freshly placed CBF against

the old hot-mix asphalt was reported to be 0.24-0.4 MPa while this strength is expected to be

considerably lower when cold-mix asphalt is used inside a narrow trench with smooth cut faces.

Considering this, a threshold of 0.4 MPa in SST or 0.25 MPa in flexural bond strength test can

be set. In this case, PA, PB, PD, PE, and PF could be considered to meet this threshold. It must

be noted that the values reported here are 7 days strength and the long term bond strength of

these mixtures are expected to be higher.

4.5 Selecting the best CBF mixture for narrow-trench reinstate-

ment

Given the lack of a universally accepted recommendation or standard for materials that enable

narrow-trench reinstatement, the authors employed the analytic hierarchy process (AHP) [386],

which is a powerful and flexible decision-making process to help the user set priorities and

arrive at the best decision after taking into account both tangible and nontangible aspects of

the activity. The hierarchy of the proposed AHP model is shown in Figure 4.15. The ranking
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*Abbreviations: CBF, cement-based foam; NT, narow-trenching; CS, compressive strength; E, modulus of
elasticity; v, Poisson’s ratio; CTE, coefficient of thermal expansion.
Note: Numbers on arrows represent the average importance of each criterion towards the higher level criterion
or the goal, by experts.

Fig. 4.15. Hierarchy of the decision support system.

was based on three criteria namely, load carrying capacity, compatibility of the CBF with an

asphalt substrate, and its durability as defined by resistance to cracks in this study. Each of the

criteria in the two levels namely, level 1 and level 2 were selected and ranked by a series of

one-on-one comparison. This exercise aims to build a decision support system that will help

future designers of narrow-trenches in ranking different mixture compositions on the basis of

their performance. Note that the criteria mentioned above were defined only qualitatively in

the present study. It is hoped that municipalities when using the findings from this study shall

define quantitative limits to these criteria according to the specific needs of the reinstatement.

Figure 4.16 shows the benefit, in the form of the AHP score for the performance of the CBF

mixtures in the trench, versus the material cost per cubic meter. As seen therein, mixtures PC
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Fig. 4.16. Cost-benefit of nine CBFs in this study. Ranking of the CBFs based on their
benefit and cost per benefit is also included at the top right corner of the figure.

and PB are the "Pareto-frontiers", which means that no other mixture composition can super-

sede them. Note that although mixture PB depicts a marginal improvement in performance

over mixture PC, it is also costlier by 26%. Therefore, one with a limited budget might select

the mixture PC, which delivers the best performance on cost. On the other hand, if the per-

formance of the CBF, especially its strength be the priority, the mixture PB, which contains fly

ash in lieu of Portland cement, emerges as the best option. Mixtures PA, PD and PH are on

the second Pareto front, which means that except for mixtures PB and PC, no other option can

better them. This exercise shows that the mixture PF was the least favourable option, since it

delivers the lowest benefit-cost ratio.
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4.6 Concluding remarks

This study was undertaken to investigate the suitability of cement-based foams for narrow-

trench backfilling. They were cast to achieve a density between 600 kg/m3 − 1100 kg/m3 and

were examined for mechanical performance, shrinkage, and coefficient of thermal expansion.

Further, their bond strength with an asphalt concrete substrate was studied using the slant

shear and the flexural bonding tests. The mixtures designed in this study were ranked per their

benefit-cost ratio, based on their load-carrying capacity, compatibility with asphalt concrete

and durability. The results show that the lightest mixtures perform best, and also that fly ash

substitution of Portland cement is favourable. Based on the findings, the following specific

conclusions may be drawn:

• The compressive strength of cement-based foams is affected by the aggregate. Whereas

fine perlite resulted in higher compressive strength than coarse perlite, a higher percent-

age of sand to cement ratio reduces the compressive strength. Both fly ash and fibre

reinforcement led to an increase in the compressive strength. As expected, the modulus

of elasticity followed closely the trends for the compressive strength above.

• The drying shrinkage of cement-based foams was seen to drop with a decrease in the

density. As expected, replacing the cement with fly ash and the addition of aggregates or

fibres led to a substantial drop in the drying shrinkage strain.
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• The coefficient of thermal expansion (CTE) was seen to drop with a decrease in the den-

sity. A higher percentage replacement of Portland cement with fly ash reduced the CTE

significantly. Adding aggregates and fibres also led to a reduction in this coefficient.

• Between them, the slant shear test yielded a higher bond strength than the flexural bond

test. The bond strength was seen to improve for an increase in the density. At early ages

of curing, a smaller dosage of fly ash raised the bond strength, while a higher dosage led

to its drop. This may be attributed to the rate of pozzolanic reaction. Whereas coarse

perlite led to a higher bond strength, fine perlite led to a drop. No perceptible change was

observed as a result of fibre addition.
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Chapter 5

Alkali-Activated Fly Ash Foams for

Narrow-Trench Reinstatement

This chapter identifies eight mixtures using Fly Ash to prepare alkali-activated foams, cast to

densities between 600-1100 kg/m3. These systems were examined for their mechanical perfor-

mance, dimensional stability, and bond with the asphalt substrate. The hardened foams were

first tested for their strength, modulus of elasticity, and Poisson’s ratio. This was followed by

evaluating their drying shrinkage and the coefficient of thermal expansion. Lastly, these mix-

tures were cast against asphalt concrete to assess both slant shear and flexural bond strength.

The results show such alkali-activated foams have immense promise as a backfill material for

narrow trench reinstatement.
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5.1 Introduction

In modern urban areas, the major consideration while placing service lines alongside existing

roads is how to restore functionality and keep the disturbance to traffic at a minimum. The first

part of this problem is largely achieved by cutting very narrow trenches that are only 25−40

mm in width and no more than 250 mm deep [8]. The second part to this solution requires

a suitable material that has satisfactory engineering properties, including adequate strength,

water tightness, flowability, bond with the asphalt concrete (AC) substrate and dimensional

stability [9].

In a recent report, the on-field performance of different backfilling options was investigated

through a series of pilot installations in Alberta, Canada by the first author [19]. Different

types of distress were observed in the reinstated trenches within these pilot installations after

a few freeze-thaw cycles. The most significant distress among them include (i) the erosion of

granular fill or raveling, (ii) settlement, and (iii) a lack of cohesion and adhesion with the cold-

mix asphalt or sealant backfill. These findings point out that traditional backfilling materials

such as plain sand was not adequate for the Canadian climate [1]. Instead, the colder regions

of North America demand a flowable, self-compacting material that is compatible with the AC

pavement.

The present authors showed that foamed cementitious systems are aptly suitable as a strong

and dimensionally stable backfill that adheres well with the AC substrate [18, 387, 388]. Such

foams can be prepared using combustion ash as a precursor for alkali-activation and, in the
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process, eliminate the Portland cement altogether [80]. Based on the alumino-silicate used as

the precursor, alkali-activated systems have significantly lower production cost [294], improved

resistance against frost [389] and chemical attack [390]. Besides, cementitious foams are easily

excavated and allow water transpiration. The latter is important to avoid the backfill from

behaving like a wall in the middle of the pavement, which otherwise could divert water flow

and result in flooding where the trench ends [28].

Alkali-activated foams are composed of three components namely, a precursor, an activa-

tor, and a preformed foam. The precursor is a finely dispersed amorphous powder, rich in

alumino-silicates and/or calcium silicates [80, 391]. They are commonly sourced as industrial

waste or combustion ash including, Fly Ash (FA), Ground Granulated Blast Furnace Slag and

Metakaolin. The activators are commonly either Sodium or Potassium Hydroxide and Sodium

Silicate solutions [80]. The challenge is to keep the alkaline concentration as low as possible, to

promote user safety. The foam is obtained by agitating either a liquid surfactant or through the

production of gas [175]. While the lower densities are essentially aerated paste, the higher den-

sities do sometimes incorporate fine aggregate. The higher densities (800 kg/m3) are intended

for applications that are mainly structural ( f ′c > 8 MPa). On the other hand, the lower densities

(300−800 kg/m3) are attractive for their self-consolidation, good thermal and sound resistance,

controlled low-strength, dimensional stability, and ease of re-excavation [175]. The spherical

air-void network provides superior thermal and acoustic insulation values, but strengths lower

than that for normal- weight concrete [353]. Therefore, this suite of properties makes alkali-

activated foam uniquely suitable for backfilling narrow trenches.



Chapter 5. Alkali-Activated Fly Ash Foams for Narrow-Trench Reinstatement 131

5.2 Research significance

Flowable fills are proven to be both fast and cost effective to reinstate narrow trenches after cuts

made to install service-utility lines. While there is ample evidence to support alkali-activated

foamed systems for insulation, their suitability for narrow-trench backfill is yet to be ascer-

tained. Aside from examining their mechanical performance, it is equally important to charac-

terize the bond behavior against the AC substrate. Therefore, this study was undertaken to pre-

pare a series of alkali-activated FA based foams and to experimentally evaluate their strength,

stiffness, dimensional stability, as well as adhesion with the AC. It is expected that the findings

reported here shall provide guidance for future reinstatement of narrow-trenches especially in

flexible pavement.

5.3 Experimental program

5.3.1 Materials

A same class C Fly-Ash [354, 357] as described in section 4.3.1 was used as the alkali-activated

binder. Using X-ray fluorescence, the chemical composition of this FA was determined as re-

ported in Table 4.2.

Sodium hydroxide (NaOH) and sodium silicate (Na2O3Si) were used as the alkaline acti-

vators. The sodium hydroxide solution was prepared by dissolving solid sodium hydroxide

pellets in distilled water to achieve 8M concentration [80].This lower concentration of NaOH
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Table 5.1. Composition of Sodium Silicate solution used in this study.

Water (%) Sodium silicate (%) Molar ratio Density (g/cm3) Si (g/lit) Na (g/lit)
60a 40a 3.2a 1.4a 58.65b 2.38b

aAccording to the supplier safety data sheet (SDS); bdetermined by atomic spectroscopy by [392].

has been previousely used by Stolz et al. [80], which benefit the on-site production of the ma-

terial by making it safer to produce. A commercially available sodium silicate solution was

acquired with a composition as shown in Table 5.1. The method of mixing the activators and

FA is explained in following section.

In order to produce the aerated foam, a synthetic foaming agent conformed to [101] and

[102] and with the composition as per Table4.3 was used. The foaming method is explained in

section 4.3.1.

Similar to cement-based foams, polypropylene microfibres were introduced at a volume

fraction of 0.2% to selected mixtures to form a companion series of fibre-reinforced alkali-

activated FA based foams. The physical and mechanical properties of these microfibres are

shown in Table 4.4.

In order to evaluate the effect of aggregates, two types of fine aggregates, (i) a natural sand

and (ii) expanded Perlite, were used to prepare additional alkali-activated foam (AAF) mix-

tures. Figure 4.2 shows the gradation of the various aggregates used in this study. Note that

the gradation of natural sand and that for the fine expanded perlite are nearly identical.
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Table 5.2. Mixture proportions (kg/m3).

Mix code
Target

density1
Cast

density2 Fly ash Sodium silicate Sodium hydroxide Water Aggregate Microfibre
Dry

density3
Test

density4

GA 800 814 600 133 67 20 - - 680 730
GC 800 807 500 111 56 35 113a - 674 700
GD 800 810 470 104 52 40 70b - 679 705
GE 800 775 510 113 57 50 - 26 645 685
GH 800 780 600 133 67 20 - - 654 750
GB 600 627 460 102 51 15 - - 510 590

Group II-High density

GF 1100 1144 890 198 99 30 - - 960 1070
GG 1100 1095 350 78 39 65 700c - 980 1045

1Target cast density; 2cast density of fresh AAF; 3oven dried density; 424 hours air-dried density at test.
aPerlite coarse; bperlite fine; cnatural sand.

5.3.2 Mixture design and sample preparation

The components and their proportions employed for the mixtures in this study are summarized

in Table 5.2. Based on their cast density, the mixtures were grouped into categories namely,

Group I (Low Density) and Group II (High Density) such that the cast densities were held nearly

constant within each group. Within Group I, the measured oven-dry densities for mixtures

designated as GA, GC, GD, GE, and GH lay between 645 to 680 kg/m3. Here, the mixture GB

was significantly lighter at 510 kg/m3. Within Group II, the mixtures designated as GF and GG

had oven-dry densities of 960 and 980 kg/m3, respectively. Mix GH had a similar composition

to GA but was cured at an elevated temperature of 50 ◦C instead of the room temperature (20

◦C). The mixtures so designed were intended to allow for multiple comparisons to illustrate

the following:

(i) Effect of perlite as fine aggregate, comparing mixtures GA and GC and/or GD.

(ii) Effect of aggregate gradation, comparing mixtures GC and GD.
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(iii) Effect of polypropylene microfibre, comparing mixtures GA and GE.

(iv) Effect of curing temperature, comparing GA and GH.

(v) Effect of using natural sand as fine aggregate by comparing mixture GG with the reference

mixture GF.

(vi) Effect of density, comparing mixtures GA, GB and GF.

Mindess [364] suggested a minimum water-to-binder ratio of 0.35 in cellular concretes, be-

low which the binder tends to draw water from the foam leading to its instability. Guidelines

for flowable fill, [39, 103], specifies an efflux time of (30±5 seconds) in flow cone tests done

as per [146]. In order to ensure self-compaction for easy placement of these foams inside the

narrow-trench, the water-to-solid ratio was determined through trial-and-error to fulfill the

aforementioned requirements as tabulated in Table 5.2. Rezaei [18] also confirmed the good

performance of the selected efflux time in a real-life MT project backfilled with cement-based

foam.

The process of composing the alkali-activated slurries started with mixing two parts sodium

silicate and one part sodium hydroxide solutions (by mass) in an electric barrow concrete mixer.

Then, the mix was left to cool down to the room temperature. Next, FA was gradually added

to and mixed with this solution. Based on the results of Stolz et. al. [80], the FA to activator

ratio was selected as 3:1. After a smooth paste was formed, any additional water was added to

the paste. Finally, the aggregates or microfibres were introduced to the paste until a homoge-

neous slurry was produced. The pre-formed foam is added now to the mix. The density of the
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mixtures was checked periodically by means of a small sample and more foam was added to

the mixture until the desired target cast density was reached. It is a common practice in man-

ufacturing the alkali-activated concrete to cure them in an elevated temperature environment

to accelerate the alkali-activation and improve early mechanical properties of the material. It

is also practical in NT application by running hot water through conduits inside the narrow-

trench as experienced by Rezaei [18]. However, this practice will increase the time and cost

of the project. Therefore, all the alkali-activated specimens were ambient cured for the ease of

practical use except for GH. This mixture was immediately moved to an oven set to 50 ◦C and

cured for 4 hours. The specimens were left to cool down to the room temperature for 24 hours

and then unmolded and stored in a humidity room for the rest of the curing period as will be

explained in the test procedure

A total of 12 cylindrical specimens, each 75 mm in diameter and 150 mm in height were

cast for each of the eight mixtures. They were examined in compression at 3, 7, 28, and 90

days. Drying shrinkage and the coefficient of thermal expansion (CTE) were measured using six

separately cast prisms of 50×50×300 mm per mixture. An asphalt-concrete mixture, commonly

used for pavements by the City of Edmonton, was used to prepare the AC substrate to test the

bond strength. Its composition and proportions are shown in Table 4.6. The AC cylinders, 75

mm in diameter and 150 mm in height, were compacted, cured and cut as explained in section

4.3.2. Each such half-cylinder was completed by casting an AAF mixture onto it, resulting in a

composite specimen as shown in Figure 4.3a.
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A separate set of prismatic specimens was cast using the same AC mixture by following the

same procedure as described in section 4.3.2. The final composite unit is shown in Figure 4.3b.

5.3.3 Test procedure

Mechanical testing

The compressive strength (CS), modulus of elasticity (E-modulus) and the Poisson’s ratio (ν) of

the samples were obtained as explained in section 4.3.3.

Drying shrinkage

The drying shrinkage for the foamed systems was examined as per the method described in

section 4.3.3 and illustrated in Figure 4.4. The drying shrinkage strain coefficient of the samples

was also calculated using Equation 4.1.

Coefficient of thermal expansion (CTE)

The procedure of the coefficient of thermal expansion test is explained in section 4.3.3 and

shown in Figure 4.4. The CTE was also calculated using Equation 4.2.

Bond strength evaluation

Among the available test methods to evaluate the bond strength between a backfill and the

substrate (discussed in section 4.3.3), the slant shear and the flexural bond strength tests were

employed in this chapter in order to measure the bond strength between AAFs and the AC
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substrate. The Flexural bond strength test was performed on the prismatic assembly of AAF

and AC following the test procedure of section 4.3.3. The slant shear test was also performed as

per the instructions explained in section 4.3.3. The flexural bond strength Fg and the shear bond

strength in slant shear test were then calculated by using equations 4.3 and 4.4, respectively.

5.4 Results and discussion

5.4.1 Compressive strength and elastic properties

In this study, the CS, E-modulus and ν of AAFs were measured first. Unlike the cement-based

foams, there is very little data on the elastic constants of AAFs. The latter is an important

parameter in designing backfill materials for narrow trench reinstatement, as there is a consid-

erable lateral stress developed due to the traffic [393].

Figure 5.1 illustrates the effect of curing time on compressive strength of AAFs. Prior re-

search reports a compressive strength between 1-10 MPa, for AAF designed to achieve a density

between 360-1400 kg/m3 [249, 394]. In the present study, the 28-day compressive strength of

AAFs was between 0.35 MPa in mixture GG to 5.74 MPa in mixture GF. Some studies have re-

ported an increase in the strength beyond 28 days of curing [79, 395] while others have reported

a plateau [396–399]. This contradiction is clearly due to variation in the alumino-silicate pre-

cursor or the alkali activator. This study saw a linear increase in strength with age, regardless

of mixture compostion (Figure 5.1), also found by Goncalves et al. [79].
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Fig. 5.1. Effect of age on compressive strength of AAFs.

As expected, the higher the porosity, the lower the strength [274, 400, 401]. This is in line

with the relationship between the relative density and the compressive strength as seen not only

for cementitious foams, but also for cellular solids in general (Figure 5.2). The relative density

(ρ f /ρs), is defined as the ratio of the dry density of the AAF, ρ f , to the dry density of the solid

phase,ρs. The latter was found experimentally as 1370 kg/m3 for plain AAFs (specifically, mix-

tures GA, GB and GF). Gibson et al. [187] examined various cellular cement-based solids and

concluded that the crushing strength is a function of the relative density and scales according

to the power of 1.5. This exponent is a measure of parametric sensitivity to the change in den-

sity of the foamed composite. A similar relationship was found in Figure 5.2 for 28 and 90

days. Note that, while the results of all the AAFs in this study are presented in Figure 5.2, only
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Note 1: The solid lines show the power trendlines of mix GA, GB, GE, GH, and GF.
Note 2: Stolz et al. [80]; Zhang et al. [402]; Liu et al. [403]; Yang et al. [404]; Gibson and Ashby [187].

Fig. 5.2. Effect of relative density on compressive strength of AAFs.

those mixtures without any filler, i.e. GA, GB, GE, GH and, GF, were considered in obtaining

the trendline. The exponent for the fitted plots was much higher than that suggested by [187]

which suggests the higher sensitivity of the AAFs to the change in density than cement-based

foams. Note that the strength of AAFs in this study was expectedly lower than the results of

[402, 403], as the latter used a higher concentration of NaOH along with curing at elevated

temperatures.

While there is no standard specification as yet for controlled low strength materials used in

narrow trench backfill, a numerical analysis of a narrow-trench shows a maximum compres-

sive stress of 1.12 MPa in the backfilling under a heavy traffic loading [38]. A compressive

strength of 2 MPa should ensure both stability and excavatability. Since the narrow-trench is
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open to traffic at early ages, the minimum strength requirement for AAFs is set as 1.5 at 3 days.

Also, a maximum strength of 8 MPa is recommended to ensure ease of re-excavatability [221].

Note from Figure 5.1 that the compressive strength of GH and GF fits in the aforementioned

acceptable range.

The elastic modulus, E, and the Poisson’s ratio of the 7 AAF mixtures are presented in Figure

5.3. Keeping with the trend reported in prior studies [80, 125, 255, 405, 406], the modulus of

elasticity of alkali-activated systems is about 15-30% lower than that of cement based concrete.

The elastic moduli measured in this study were found to be mostly similar to values reported

by Stolz et al. [80] for AAFs and lower than modulus of elasticity of cement-based foams [125,

387]. So that, for densities ranging from 600 to 1100 kg/m3, the modulus varied from 205 to 1260

MPa and 310 to 2000 MPa for 28 and 90 days, respectively. As with CS, the elastic modulus is

proportional to the relative density [216]. Again, Figure 5.4 compares the results of the present

study with those from other reports. Note that in general, the modulus of elasticity in cellular

solids varies as the square of the relative density. Once again, the present study reveals a higher

sensitivity.

For the sake of comparison, regression equations are fitted for the E-modulus of AAFs in

this study and results are tabulated in Table 5.3. Comparing this results with the regression

models in the literature (Table 2.4) reveals that the CS regression equation in Table 5.3, complies

best to the regression model of the reference [216].

While the density of the AAFs has a significant influence on the modulus of elasticity, there

was limited significance to the type of fine aggregate. In the low-density group, the elastic
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Fig. 5.3. Modulus of Elasticity and Poisson Ratio of AAFs.

Note 1: The solid lines show the power trendlines of mix GA, GB, GE, and GF.
Note 2: Stolz et al. [80]; Liu et al. [407]; Nguyen et al. [408] Mamun et al. [370]; Gibson and Ashby [187].

Fig. 5.4. Effect of relative density on compressive strength of AAFs.
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Table 5.3. The regression equations for predicting the modulus of elasticity of AAFs.

Model Equation R2 Correlation
coefficient

CS
E28 = 445.9× f 0.607

c 0.87 0.93
E90 = 492.5× f 0.776

c 0.93 0.96

CS-γ
E28 = 0.726× γ× f 0.355

c 0.87 0.93
E90 = 0.832× γ× f 0.511

c 0.93 0.96
Note: γ is the dry density (kg/m3), fc is the compressive strength (MPa) and E is the modulus of elasticity (MPa).

modulus of the mixtures that contain fine perlite was slightly higher than that of the mixture

with the same density but without perlite. This increase may be credited to the aggregate par-

ticle interlocking with the paste [109]. However, at higher sand-to-binder ratios, as witnessed

in mixture GG, the E-modulus was lower by 70% when compared to the mixture GF. Thus,

the results underline the fact that there is an optimum sand-to-binder ratio for maximum E.

Adding discrete randomly oriented fibre reinforcement into the mix is known to improve the

post-peak response of concrete after cracking [409–411]. The polypropylene fibres have a low

modulus of elasticity compared to the cementitious materials and so, easily deform. A decrease

in compressive strength [412–414] and modulus of elasticity [194, 409, 415] is expected as a re-

sult of incorporating polypropylene fibres. Here too, while the 28 days modulus of elasticity of

mixture GE is almost the same as that for the reference mixture, GA, it was 25% lower by the

90th day. The mixture, GH, was cured at higher temperatures, which expectedly promotes the

alkali-activation process and resulted in an 85% increase in the modulus of elasticity over the

reference mixture, GA.

Prior studies have shown that the Poisson’s ratio of AAFs containing no sand ranges from



Chapter 5. Alkali-Activated Fly Ash Foams for Narrow-Trench Reinstatement 143

0.13 to 0.16 at 1000 kg/m3 that rises up to 0.18 to 0.19 for 1400 kg/m3 [374]. For lower densi-

ties, the values range from 0.14, 0.19, and 0.08 for 300, 600 and 1000 kg/m3 foamed concretes

respectively [125]. Normal weight concrete depicts a Poisson’s ratio between 0.15 to 0.22 [274].

As against this, alkali-activated concrete is reported to have a wider range, from 0.08-0.22 [217].

The Poisson’s ratios evaluated in this study were in the same range. In foamed concrete, there is

likely some localized crushing of the cells during testing, which causes the instantaneous den-

sity to change over the course of this test. Based on the specimen density, the Poisson’s ratio at

28 days for the alkali-activated foams in this study was between 0.06 to 0.20, which rose only

slightly at 90 days to between 0.08 to 0.22.

There is as yet no standard recommended range for either the modulus of elasticity or the

Poisson’s ratio for backfill in narrow trenches. However, it is clear that the modulus should

be high enough to limit deformation in the backfill and at the same time, not so high that the

material turns too stiff. According to the numerical model of the reference [38], the stress in

the backfilled section for a given traffic load increases with an increase in the elastic modu-

lus. However, this will translate into lower compressive stress in the surrounding soil and

pavement. Also, the corresponding stress in the buried utilities and the displacement in the

pavement decreases. Note that the E-modulus of asphalt pavement varies with the ambient

temperature, reportedly from 700 MPa at 38 ◦C to 14,000 MPa at -1 ◦C [416]. This is signifi-

cant to the Canadian climate. In a recent field examination [18], cement-based foam cast at 800

kg/m3 was used as the backfill. It had a modulus of elasticity of 700 MPa at 90 days. After one
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year of temperature cycles, no visible distress was observed in the trench. For this elastic mod-

ulus, the maximum deformation is noted to be 0.6 mm in the trench (according to [38]), a value

that can barely be noticed by the traffic. Therefore, the minimum required 90 days modulus

was set to 700 MPa. Of the alkali-activated foams examined in this study, the following three

mixtures, namely GA, GH, and GF, met this criterion while the E-modulus of GC and GD was

very close to 700 MPa (see Figure 5.3).

5.4.2 Drying shrinkage

The presence of coarse aggregates will restrain the volumetric changes in normal weight con-

crete [97, 417]. By virtue of their absence in foam concrete, the drying shrinkage strains are

up to 10 times greater than those observed in normal weight concrete [112, 271, 418]. Besides,

the water content is usually higher in the foams as is the paste-to-fine aggregate ratio. They

contribute further to high shrinkage strains in foamed concrete [247]. On the other hand, a

higher volume of foam results in lower shrinkage, as the leaner mix is better able to withstand

drying shrinkage despite the lower strength [97, 135, 376]. which attributes to the lower paste

content. Whereas, shrinkage cracks shall let water in and rapidly lead to failure after only a few

freeze-thaw cycles, letting water into a narrow trench is detrimental to the service cables.

Figure 5.5 shows the drying shrinkage profiles for the various mixtures examined in this

chapter. Considering only the reference mixtures within each range of target density, the drying

shrinkage strains vary widely from 213 to 4246 µ-strain in mixture GB, 594 to 4731 µ-strain

with mixture GA, and 601 to 5353 µ-strain for mixture GF. There is a wide variation in the
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Fig. 5.5. Drying shrinkage versus test age.

shrinkage strains of cement-based systems, as reported in the available literature. And it was

noted to be as low as 250 µ-strain [125] and as high as 4000 [254, 358], 5000 [248] or even 62000

[87]µ-strain over a range of cast densities lying between 300 to 1000 kg/m3 across different

mixture compositions. The limited reports on alkali-activated foams note a similar variation

in shrinkage strain. For plain alkali-activated foams, Hajmohammadi et al. [418] reported

shrinkage strain of 3000 µ-strain. Abdollahinejad et al. [417] observed a µ-strain of 1300 in

an alkali-activated foam with sand-to-binder ratio of one. When cured at room temperarure,

alkali-activated systems undergo substantially higher drying shrinkage than Portland cement

systems [419]. The values measured in the present study lie closer to the upper bound of those

reported in the literature.

24 hr curing the alkali-activated concrete at elevated temperature is known to reduce the
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drying shrinkage considerably compared to the ambient cured samples [419–421]. This is at-

tributed to the fact that the elevated temperature will accelerate drying of the alkali-activated

concrete and therefore, there will be less pore water to cause shrinkage [154].

With cellular concrete, the lower cast density promotes an open-cell structure, while those

cast to higher densities tend towards a closed-cell structure [249]. Ziembicka [377] noted that

shrinkage in cellular concrete is a function of volume and specific surface of micro-pores. How-

ever, Georgiades [378] reports that the removal of water from comparatively bigger pores will

not contribute to shrinkage. Since large entrained air voids do not change the structure of the

fine pores [379], it can be concluded that the micro-pores that control the shrinkage are related

to the paste content in the hardened paste in such a way that the lower paste content will result

in lower shrinkage [135]. As noted with Portland cement foams, the shrinkage strains increase

proportionally with an increase in the density of mixtures GB, GA and GF. Also, the drying

shrinkage levels off between the 3rd and 10th week, as noted elsewhere with alkali-activated

systems [419, 421].

The shrinkage strain was normalized against that observed for the reference mixtures at

a particular density, i.e. GA and GF, as the shrinkage ratio (SR). It is plotted against the age

at test in Figure 5.6. As expected, those foams that contain aggregates, mixtures GC and GD,

depict lower shrinkage strains. Between the two gradations, fine perlite led to consistently

lower shrinkage strains than coarse perlite. Sand being stiffer than perlite, the former was

twice as effective in reducing the shrinkage strain than fine and coarse perlite. As expected, the

polypropylene microfibres reduced the drying shrinkage in alkali-activated foams.
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Fig. 5.6. Shrinkage ratio versus test age.

Table 5.4. CTE values of AAFs. Values in parentheses are standard errors.

Mix
code

GA-
800

GC-
800/fP

GD-
800/cP

GE-
800/MF

GH-
800*

GB-
600

GF-
1100

GG-
1100/fS

CTE 14.4 7.39 7.89 12.38 8.46 5.46 16.24 7.67
µ− strain/◦C (0.64) (0.65) (0.71) (1.11) (0.75) (0.39) (0.69) (0.91)

5.4.3 Thermal expansion

The CTE for asphalt concrete mixtures is between 20-63 µ − strain/◦C , while that for plain

cement mortar is about 11-20 µ − strain/◦C [250, 264–266]. In Portland cement systems, this

develops over time as the hydration proceeds [267, 268]. While the CTE of lightweight concrete

lies between 7-13 µ − strain/◦C [269, 270], that for Portland cement foams varies from 8.1 to

41.7 µ− strain/◦C. As listed in Table 5.4, the CTE for the various alkali-activated foams in this

study was somewhat lower, lying between 5.46 to 16.24 µ− strain/◦C.

It is generally to be expected that the more porous the material, the lower the CTE, since

porous solids are inherently less thermally conducting. Between the foams examined here, the

CTE of the lightest mixture, GB, was 60% lower than that of mixture, GA. The CTE of mixture
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Fig. 5.7. Types of failure in Slant shear test (a) and flexural bonding test (b and c);
adhesive failure in a-I and b; cohesive failure in a-II and c.

GA was in turn 10% lower than that of the densest mixture, GF. Given that aggregates have

inherently lower CTE than the bulk cement paste [422], their presence significantly decides the

CTE of the foamed composite. In comparison with the plain reference foam, sand reduced the

CTE by nearly 55%, while the fine and coarse perlite led to a respective drop by 50% and 45%.

Note that mixture GH was cured at an elevated temperature, which led to a drop in the CTE by

35% over the reference mixture GA.

5.4.4 Bonding characteristics

The representative failure surface after debonding between the AAFs and the asphalt substrate

is shown in Figure 5.7. Whereas mixtures GH and GF display cohesive failure, all others dis-

played adhesive failure.
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Fig. 5.8. Bond strength of AAFs after 7 days of curing.

It is clear from Figure 5.8, that the flexural bond strength was considerably lower than the

bond strength obtained from the slant shear test. The bond strength in flexure varied from

0.07 to 0.35 MPa while the shear bond strength varied from 0.11 to 0.73 MPa. As expected, the

higher the density, the higher the bond strength. Also, the flexural bond was about 3 times

more sensitive to the density of the AAF, compared to the shear bond strength.

A study by Shuguang et al. [423] concluded that compared to Portland cement mortar,

alkali-activated mortar bonds stronger with a concrete substrate. In a prior study, the present

authors had examined Portland cement foams as potential backfill [387]. Despite being weaker

in compression, the alkali-activated foams described here achieved stronger bond with the as-

phalt substrate than the Portland cement foams at similar density, aggregate type, and content.

Whereas coarse perlite led to a slightly higher bond strength, both fine sand and fine perlite

led to a drop in the bond strength. This follows the trend observed among cement-based
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foams. Similar to cement-based foams, the addition of polymer microfibres did not alter the

bond strength in this study. As found elsewhere [424], the present study confirms that curing

the alkali-activated system at elevated temperatures improves the bond strength at early ages

(7-days), but according to [424] the effect is not appreciable at 28-days.

There is as yet, no recommendation available for the bond strength required of backfill with

asphalt pavement to serve in narrow trench reinstatement. In a pilot project conducted by the

first author [18], no bond related defect was observed after 1 year in narrow-trenches filled with

a cement based foam that possessed a 7-day slant shear bond of 0.42 MPa (flexural bond of 0.25

MPa). On the other hand, a companion backfill using cold mix asphalt saw debonding in that

same period. If a similar threshold were set for the mixtures in the present study, (i.e. 0.4 MPa

in shear and 0.25 MPa in flexure), then mixtures GA, GC, GD, GE, and GF are seen to exceed

this threshold. It must be noted that the values reported here are 7 days strength and the long

term bond strength of these mixtures are expected to be higher.

5.5 Selecting the best AAF mixture for narrow-trench reinstate-

ment

Considering the lack of a comprehensive standard for materials used for narrow-trench re-

instatement, an Analytic Hierarchy Process (AHP), was established to rank the mixtures for

backfilling, on the basis of the present laboratory test results. AHP [386] is a structured deci-

sion support technique, which can help designers to decompose the problem into a set of more
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*Abbreviations: AAF, alkali-activated based foam; NT, narow-trenching; CS, compressive strength; E, modulus of
elasticity; v, Poisson’s ratio; CTE, coefficient of thermal expansion.
Note: numbers on arrows represent the expert’s opinion on the average importance of each criterion towards the
higher level criterion or the goal.

Fig. 5.9. Hierarchy of the decision support system.

easily comprehensible sub-problems. It assigns priorities to each decision criterion, consider-

ing both tangible and intangible aspects of the project, which in turn lead to the best decision

towards the overall goal.

The structure of the problem as regards the AHP in this chapter is shown in Figure 5.9. This

hierarchy is structured by questioning the experts in narrow-trenching as explained in Section

4.5. The final score or benefit as found through AHP for each AAF mixture in this chapter also

calculated following the same steps as discussed in Section 4.5. It is hoped that this decision

support model can help narrow-trench designers in ranking different mixture design options,

which shall in turn allow for innovative materials in backfilling narrow trenches worldwide.

In Figure 5.10, the performance of each AAF mixture in this study is presented against the
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Fig. 5.10. Cost-benefit of AAFs in this study. Ranking of the AAFs based on their
benefit and cost per benefit is also included at the bottom right corner of the figure.

cost-per-cubic-meter of the material. These results were compared further with three plain

cement-based foams, namely PA, PC, and PF. Recall that these mixtures were cast to densities

of 800, 600 and 1100 kg/m3, respectively. In comparison, the present study confirms that AAFs

deliver a higher benefit-to-material cost ratio. As depicted in Figure 5.10, mixtures GB, GA, GD,

and GE are "Pareto frontiers" meaning that no other mixture composition can dominate them

if both the benefit and material cost be considered. When the performance of the reinstatement

material is the first priority, mixture GE should be selected. However, it comes at a greater cost.

So that, one with a limited budget might select mixture GA, which offers an average benefit

and material cost.
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5.6 Concluding remarks

A series of alkali-activated foams was characterized for their suitability as backfill in narrow-

trench reinstatement in Canadian climes. Eight mixtures were cast to achieve a target density

between 600-1100 kg/m3. These mixtures were examined to evaluate their mechanical perfor-

mance, drying shrinkage, coefficient of thermal expansion, and their bond with an asphalt con-

crete substrate. The bond was evaluated using both a slant shear test and a flexural test. Using

these experimental results, the mixtures were ranked on the basis of their performance param-

eters for deployment as backfill, by means of an Analytic Hierarchy Process (AHP). Based on

the findings, the following specific conclusions may be drawn:

• The compressive strength of alkali-activated foams is sensitive to cast density, curing

temperature and aggregate type. While higher densities result in higher compressive

strength, heat curing improves the strength at early ages. However, no appreciable ef-

fect was observed beyond 90 days. Among the aggregates examined here, coarse perlite

outperformed fine perlite or ordinary sand. An improvement to the compressive strength

resulted in an expected rise in the modulus of elasticity.

• There was a drop in drying shrinkage of AAFs with a decrease in cast density. Adding

aggregates and polypropylene microfibres uniformly reduced the shrinkage strain. As

well, curing at elevated temperatures resulted in lower shrinkage strain.
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• The coefficient of thermal expansion drops with a decrease in the cast density. At the same

time, adding aggregates and polypropylene microfibres and curing at elevated tempera-

tures also reduced the CTE.

• The slant shear test witnessed higher bond strength than the flexural bond test. An in-

crease in the cast density of the AAF and heat curing further increased the bond strength.

Whereas adding sand to the AAF resulted in a weaker bond, neither perlite nor microfi-

bres appear to affect the bond strength either way.
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Chapter 6

Freeze-Thaw Resistance of Cement- and

Alkali-Activated-Based Foams Used for

Narrow-Trench Backfilling in Cold Regions

Cement-based slurries have shown promising results in narrow trench reinstatement. As have

alkali-activated-based foams, in a recent study. Further, alkali-activated-based foams offer a

more environmentally friendly alternative by using industrial by-products/waste and thus,

reducing the CO2 emission. However, the performance of these foams in cold regions with

frequent freeze-thaw cycles is a concern. The study reported here assessed the performance

of cement- and alkali-activated-based foams for reinstating narrow-trenches in cold climates.

Accordingly, foam samples with densities ranging from 600-1100 kg/m3 and different admix-

tures were prepared in the laboratory and their mechanical performance was assessed after

several freeze-thaw cycles following a test procedure, closely based on ASTM C666. Based
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on the findings, recommendations are made regarding the production of freeze-thaw resis-

tant reinstatement for narrow-trenching application. The results of this study revealed a better

resistance of the cement-based foams to freeze-thaw cycles than alkali-activated foams. The

durability of cement-based foams was found to be negatively correlated to their relative den-

sity, while this correlation was positive for alkali-activated foams. That said, the low-density

cement based foam delivered the highest resistance to freeze-thaw cycles among cement- and

alkali-activated-based foams.

6.1 Introduction

Considering the necessary performance criteria of cement-based foam (CBF) for NT application,

their low cost, and ease of the process, they have been used as an alternative to conventional

fillers [19, 388]. Alternatively, the environmental and performance benefits of alkali-activated

binders made them a good candidate for replacing Portland cement. They are sourced from

the industrial and agricultural waste and have a significantly lower production cost [294], im-

proved frost [389] and chemical attack [390] resistance, and lower CO2 emission and there-

fore, lower environmental impact [294] when compared to Portland cement. Cement- or alkali-

activated based foams are also easily excavated and are permeable enough to let the water to

flow through. The latter is important since it prevents the backfilling to act as a wall in the

middle of the road and interfere with the natural drainage of the pavement and in turn, lead to

flooding [28].
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CBFs are prepared by mixing a cementitious binder, water, and preformed-foam. The foam

is produced by agitating either a liquid surfactant or through the production of gas [175]. Sim-

ilarly, alkali-activated foams (AAFs) are generally composed of an alkali-activated binder, ac-

tivator, and preformed-foam. The alkaline binder is finely dispersed amorphous and rich in

aluminosilicates or calcium silicates [80]. Alkaline activators are relatively costly and are re-

sponsible for about 80% of the cost of the alkali-activated concrete [425]. Therefore, the cost

of alkali-activated concrete is slightly higher than Portland cement concrete but lower than the

high-performance concrete [293]. The density of the CBF or AAF is typically controlled by the

volume of the foam in the mix. Lower densities (300-800 kg/m3) are essentially aerated paste

while higher densities (≥ 800kg/m3) can incorporate fine aggregates. Higher strength in higher

densities makes the structural applications possible while the self-consolidation, good thermal

and sound resistance, controlled low-strength, ease of re-excavation, and the superior thermal

insulation [175, 353] have made the lower density foams an outstanding option for backfilling

the narrow-trench.

6.2 Research significance

Even though foamed, flowable fills are recognized as a quick and cost-effective material for

backfilling utility cuts, they have not been used in practice for narrow-trench backfilling, citing

durability concern. This is particularly so in regard to the Canadian climate. Examination of

some options in a recent pilot study by the first author highlighted distress attributed mainly to
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freeze-thaw activity. Prior studies on cementitious foams provide assurance as to their thermo-

mechanical performance as well as their bond with the asphalt concrete substrate. Therefore,

this study was undertaken to experimentally evaluate the freeze-thaw durability of foamed fills

made with Portland cement and alkali-activated binders. It is expected that the present findings

shall provide guidance for the design and test of a durable reinstatement for narrow-trenches

in cold climates.

6.3 Experimental program

6.3.1 Materials

The properties of the materials used to prepare the CBF and AAF samples are explained in

Section 4.3.1 and 5.3.1, respectively.

6.3.2 Mixture design

The composition and proportion of CBFs and AAFs studied here are summarized in Table 4.5

and 5.2, respectively. A test plan was designed to explore the effect of different densities and

mix compositions on freeze-thaw resistance of cement and alkali-activated foams. Accordingly,

the different mixtures in this study divided into two groups, namely low-density (LD) and

high-density (HD) groups. For the LD group, a target cast density of 800 kg/m3 was selected

except for the ultra-low-density mixtures, PC and GB, which targeted for a cast density of 600

kg/m3. Within HD group, the mixtures were designed with a considerably higher cast density
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of 1100 kg/m3. The mixture design was intended to allow for the following parametric effects

upon the freeze-thaw resistance of the foams:

• Effect of incorporating FA in CBFs, between mixture PA and PB and again, between mix-

tures PF and PH.

• Effect of perlite as fine aggregate between mixtures PA and PD and/or PI in CBFs and

between GA and GC and/or GD in AAFs.

• Effect of aggregate gradation between mixtures PD and PI and between GC and GD.

• Effect of fibre reinforcement, between mixtures PA and PE and between GA and GE.

• Effect of using natural sand as fine aggregate by comparing mixtures PF and PG and

between GF and GG.

• Effect of density between plain foams, i.e PA, PC and PF among CBFs and GA, GB and

GF among AAFs.

Moreover, a direct comparison between cement- and alkali-activated foams is also made by

comparing the performance of mixtures in Table 4.5 and 5.2.

The procedure of production of CBF and AAF is explained in Sections 4.3.2 and 5.3.2, re-

spectively.
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6.3.3 Test method

Background

While there are a few studies on the freeze-thaw performance of AAFs, three general test meth-

ods have been used by Senbu and Kamada [426] and other researchers to evaluate that of ce-

ment foams. In the first test method, namely the critical degree of saturation [427, 428], the

specimens are brought to different levels of saturation before being subjected to a certain num-

ber of freeze-thaw cycles. The level of saturation which caused the deterioration is then called

the critical level and is compared to the expected level of saturation in the practical application

of the material. The second method is called the top surface freezing test [429, 430] in which

the cylindrical specimens are subjected to a temperature gradient varying from below to above

freezing temperature, similar to the real-life gradient. The time required for the specimens

to crack under this temperature gradient is then considered as a measure of freeze-thaw per-

formance. Last and the most commonly implemented test method in literature is a modified

version of ASTM C666 [298]. This test is originally designed for normal-weight concrete and its

procedure involves freezing and thawing the specimens in water (method A) or freezing in air

and thawing under water (method B).

The difference between the microstructure of cellular and normal-weight concrete leads to

a two-phase deterioration [290, 431]: one is the tensile forces caused by the restrained freezing

water [432] which results in progressive cracks and the other is surface scaling which happens

because of different freeze-thaw induced forces in the saturated surface and unsaturated inner
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zones [429]. Unlike the top surface freezing and the critical degree of saturation method, ASTM

C666 can provide a full measure of freeze-thaw durability and account for both deterioration

phases, i.e. micro-cracking and surface scaling [290, 426, 429, 433].

Modified ASTM C666

Freeze-thaw failure in cellular concrete occurs in larger air voids than the capillary voids in

case of normal weight concrete and hence, the failure is not possible if the air voids are not

saturated enough [290, 433]. Since ASTM C666 does not account for normalizing the moisture

content of the specimens, a modification to the standard is required to be suited for cellular

concrete. Therefore, a modified ASTM C666 method B procedure, suggested by Tikalsky et al.

[290] based on the results of Senbu and Kamada [433] and Roulet [428], was selected in this

study.

Following the recommended specimen size by ASTM C666, prisms of 50 × 50 × 300 mm

were first tried in the freeze-thaw test. Since the testing procedure involved frequent displace-

ment and conditioning of the samples, micro-cracks emerged on the slender lightweight foam

prisms as a result of this frequent handling. This was more critical in the case of more fragile

AAFs, which even led to their premature failure. Therefore, cylindrical specimens, each 75 mm

in diameter and 150 mm in height, were used instead of the fragile prisms. For each mix design

in Table 4.5 and 5.2, 24 cylindrical specimens were cast, unmolded after 24 hours, and cured in

a humidity room with the temperature of 21 ◦C and relative humidity of 95% for a period of 28

days. Then, 18 out of a total of 24 specimens were weighted and then submerged under 2 cm
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of water at the room temperature. The saturated surface dry (SSD) weight of specimens was

measured at 24 hours intervals. The saturation process continued until the weight gain was less

than 1% of the previous reading for a maximum of 28 days.

Following the curing and saturation process, the specimens were sealed immediately after

weighing and moved to an industrial walk-in freezer for freeze-thaw cycling. The freeze-thaw

cycle consisted of air freezing at the temperature of −18± 4◦C, un-sealing, and thawing un-

der water at room temperature (Figure 6.1). This higher thawing temperature than the recom-

mended temperature of ASTM C666 (i.e. 4◦C) was selected because of the bigger size of the

specimens in this study and the lower thermal conductivity of foam concrete compared to reg-

ular concrete. A thermocouple was inserted into a control specimen to allow the continuous

monitoring of the internal temperature of specimens. It was observed that the internal tem-

perature reaches below and above zero temperature after about 8 hours after the start of the

freezing and thawing process. This allows for one freeze and thaw cycle per day and the test

terminated after 150 cycles.

To quantitatively measure the freeze-thaw resistance of the mixtures, four parameters were

measured. First mass loss was monitored every 10 cycles by measuring the SSD weight of

the cylinders after the thawing process. The remaining three parameters, compressive strength,

modulus of elasticity and Poisson’s ratio, were measured after 10, 30, 60, 90, 120, and 150 cycles.

The compressive strength of the specimens was obtained using a universal testing machine

according to ASTM C495 [365]. As reported elsewhere [434, 435], the static modulus of elasticity

and dynamic elastic moduli, acquired from the resonance frequency test, are well correlated.
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Fig. 6.1. Freeze-thaw test procedure: a) sealed specimens are freezing inside a walk-
in freezer; b) thawing in temperature controlled water bath; and c) uniaxial com-

pression test apparatus.

Due to the unavailability of the resonance frequency test setup, the static modulus of elasticity

of the specimens was measured instead of the dynamic modulus, as is suggested by ASTM

C666 [298]. For this purpose, the compressive strength test specimens were fitted to a digital

compressometer before the test to record their longitudinal and lateral strains for calculation

of static modulus of elasticity and Poisson’s ratio as per ASTM C469 [366]. Each test was done

on three randomly selected specimens. Accordingly, the remaining 6 specimens were kept in

the moist room to be tested at the age of 28 and 90 days in order to serve as the reference,

unconditioned specimens.
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6.4 Results and discussions

The physical and mechanical properties of the unconditioned CBFs and AAFs in this study

are shown in Table 6.1. Saturated moisture content shows the percentage of the volume of the

samples that was filled with water after the saturation process. As inferred from the table, the

absorption of AAFs is marginally higher than their companion CBFs. On the other hand, the

compressive strength of CBFs is higher than their corresponding AAFs. This is mainly due

to the low concentration of sodium-hydroxide and ambient curing of AAFs in this study. The

strength of the foam samples also decreases with density. Adding Perlite slightly improved

the strength of CBFs while reduced that of AAFs. This reduction is more pronounced when

fine perlite is used. An increase in E modulus was also observed when perlite is introduced

to the mix. A higher percentage of natural sand in high-density groups drastically reduced

the strength and elastic response of both cement and alkali-activated foams. The fibrous CBFs

showed an improvement in compressive strength, modulus of elasticity and Poisson’s ratio

while in AAFs, no appreciable change was observed. Replacing cement with FA in CBFs also

increased the strength and E modulus.

Following the calculation method of ASTM C666 and in order to quantitatively compare the

freeze-thaw deterioration of different mixtures, relative value (PRc) and durability factor (DF)

are defined as per Equations 6.1 and 6.2, respectively.

PRc =
n2

c

n2
0
× 100 (6.1)
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Table 6.1. Properties of unconditioned cement- and alkali-activated-based foams.

Mix code
Dry

density1
Saturated
density2

Saturated
moisture
content3

Compressive
strength4

Modulus of
elasticity4

Poisson’s
ratio

28d 90d 28d 90d 28d 90d

Cement-based foams-LD

PA-800/C 647 1008 36% 2.53 3.20 733 1367 -0.09 -0.11

PB-800/C/FA 668 961 29% 3.03 4.45 1396 1582 -0.11 -0.10

PD-800/C/cP 588 892 30% 2.65 3.22 785 2573 -0.05 -0.20

PE-800/C/GF 642 989 35% 3.43 3.84 1777 2255 -0.28 -0.16

PI-800/C/fP 644 964 32% 2.74 3.65 2183 2693 -0.20 -0.18

PC-600/C 520 985 47% 2.17 2.18 427 1344 -0.16 -0.11

Cement-based foams-HD

PF-1100/C 857 1153 30% 4.44 7.93 1156 3279 -0.06 -0.21

PG-1100/C/fS 982 1179 20% 1.73 2.65 551 2686 -0.05 -0.17

PH-1100/C/FA 881 1161 28% 3.29 10.26 2076 3179 -0.09 -0.19

alkali-activated-based foams-LD

GA-800 680 1065 39% 1.33 1.70 473 701 -0.08 -0.15

GC-800/fP 674 1003 33% 1.11 1.07 525 713 -0.12 -0.14

GD-800/cP 679 1060 38% 1.50 1.54 589 767 -0.11 -0.14

GE-800/MF 645 1072 42% 1.32 1.43 440 531 -0.17 -0.23

GH-800* 654 1019 37% 1.78 1.87 880 1044 -0.18 -0.20

GB-600 510 1094 59% 0.62 0.71 205 311 -0.08 -0.08

alkali-activated-based foams-HD

GF-1100 960 1311 35% 5.74 6.13 1262 1999 -0.20 -0.20

GG-1100/Fs 980 1399 42% 0.35 0.42 397 411 -0.06 -0.08

1Oven dried density (kg/m3); 2saturated surface dry density (kg/m3); 3percent volume; 4MPa
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DF = PRc ×
C

150
(6.2)

In which n0 and nc are the measured values before the start of the freeze-thaw conditioning and

after cth freeze-thaw cycles, respectively; and C is the number of cycles at which the measured

value reaches its minimum, or 150 cycles, whichever occurs first.

The freeze-thaw resistance of alkali-activated concrete is reportedly higher than Portland

cement concrete [160, 293, 436–439]. Accordingly, as reported by Yunsheng and Wei [296],

alkali-activated FA concrete can withstand 2.2 more freeze-thaw cycles than concrete made

with Portland cement. Surface scaling due to freeze-thaw cycles is considerably high in plain

cement concrete. As with conventional concrete, it is reported that air entraining agent (0.25-

2.5% by mass of FA) improves substantially the freeze-thaw resistance in alkali-activated fly ash

concrete [440]. Still, the limited studies on their freeze-thaw performance indicate that alkali-

activated systems suffer more damage than CBFs [82, 154, 438, 441]. According to Brooks et

al. [438], this is mainly due to the reduced compressive strength and a lack of stable, uniform

porous network in the former.

6.4.1 Surface scaling

Relative mass of the cement- and alkali-activated-based foams are calculated using Equation 6.1

and presented in Figure 6.2. It can be inferred that surface scaling and deterioration are more

substantial in AAFs than in the CBFs. This may directly be attributed to the lower compressive
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Fig. 6.2. Relative mass versus freeze-thaw cycles. Values in parenthesis represent
the durability factor.

strength and higher absorption of AAFs compared to CBFs (See Table 6.1). Among CBFs, the

ultra-light mix PC sustained the 150 cycles of freeze-thaw without any considerable mass loss.

Mixture PA, on the other hand, underwent a 4% mass loss after 40 cycles and beyond that,

its mass stayed almost constant (Figure 6.3). Contrarily, the high-density mix, PF, started to

deteriorate after about 100 cycles. Figure 6.2b shows a progressive deterioration for AAFs. In

contrast to cement-based foams, the lower density mixtures deteriorated faster. The ultra-light

mix GB with durability factor of 18% lost 50% of its original mass after 110 cycles which can be

a result of its low 28- and 90-days strength. The 800 kg/m3 Mixture GA showed only a marginal

improvement over GB with a DF equals to 20%. Whilst the deterioration of the high-density

mixture GF accelerated after 110 cycles of freeze-thaw conditioning, its DF was the highest

among the AAFs (76%).

Surface scaling was higher in mixtures with aggregate than the plain foams in both cement-

and alkali-activated-based foams. This might be attributed to the fact that the frost damage
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Fig. 6.3. Surface scaling of cement- and alkali-activated-based foams at different
cycles of freezing and thawing.

made the surface aggregates loose and later conditioning of specimens in water, during the

thawing process, washed these loose aggregate out which results in a progressive mass loss (See

mix PD in Figure 6.3). Mixtures that incorporate coarse perlite (PD and GD) also had relatively

better resistance to cycles of freezing and thawing when compared to mixture PI and GC with

fine perlite. The higher percentage of natural sand in mixture PG and GG made them the least

durable mixtures among cement- and alkali-activated-foams in this study with DF of 63% and

5% respectively. Despite being the least durable CBF, PG sustained its integrity through the

150 cycles while the low compressive strength of GG (28 days strength of 0.35 MPa) resulted in

sharp deterioration and 50% mass loss in only 30 cycles.

Fibre reinforcement is known to improve the post-elastic properties of concrete after crack-

ing [409–411]. Accordingly introducing polypropylene fibre to mixture GE resulted in DF of

44%, which is an improvement over the plain AAF, GA in the same density group with DF of
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20%. Likewise, cement-based, fibre-reinforced foam PE presented a superior frost resistance

(DF of 91%) compared to mix PA (DF of 88%).

As presented in Figure 6.2a, replacing cement with FA will increase scaling in CBFs. In the

low-density group, mixture PB with with 40% FA replacement resulted in 14.8% reduction in

DF when compared to the plain mix, PA. Similarly, in high-density group, PH (cement to FA

ratio of 2.3) reduced the DF of plain mix PF by 12.3%. The same trend was observed by Tikalsky

et al. [290].

6.4.2 Internal cracking

Compressive strength

Superior freeze-thaw resistance of CBFs over AAFs can also be deduced from the values of

relative strength presented in Figure 6.4. While the AAFs experienced a progressive strength

reduction as a result of freeze-thaw conditioning, some of CBFs ended with higher compres-

sive strength than their 28 days strength. The same improvement in concrete properties has

been reported in literature [194, 290, 388]. This is mainly due to the activation of cement and

FA in CBFs during the wet curing (while thawing), leading to the formation of binding prod-

ucts which counteract the effect of freeze-thaw cycling [154]. On the other hand, low kinetics

of the reaction of FA in AAFs, their low 28 days strength, and higher absorption are mainly

responsible for their progressive freeze-thaw deterioration.
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Fig. 6.4. Relative strength versus freeze-thaw cycles. Values in parenthesis represent
the durability factor.

In order to consider the change in the microstructure of samples due to hydration or alkali-

activation during freeze-thaw cycles, properties of conditioned freeze-thaw specimens after 60

and 150 freeze-thaw cycles are compared to that of 90 days unconditioned reference specimens.

Using Equations 6.1 and 6.2, durability factors were calculated, as shown in Table 6.2. While

the DF150c
28d suggests the better durability of higher density foams, DF60c

90d indicates otherwise.

In order to calculate DF60c
90d , the strength of specimens after 60 freeze-thaw cycles is compared

to the 90-days strength of the unconditioned reference specimens. Since the freeze-thaw speci-

mens were cured for 28 days before the start of the test, this comparison could evince the real

durability of the mix. Referring to the values of DF60c
90d reported in Table 6.2, the durability of

the lightest CBF, PC, is 42% more than the lightweight mix, PA, and 157% more than the high-

density mix, PF. Therefore, the heavier cement-based foams are more prone to strength loss as

a result of the freeze-thaw cycling. Accordingly, a negative correlation was found between the

DF150c
90d of plain cement foams in different density groups and their relative density (correlation
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coefficient of -0.82). The correlation coefficient of DF60c
90d and relative density was also calculated

as -0.99. On the contrary, the durability of AAFs is observed to reduce with density. Regard-

ing the values of DF60c
90d , the durability of high-density AAF, GF, is 46% and 131% more than

the low-density mix GA and ultra-low-density mix, GB. This is mainly due to the low 28 days

compressive strength and high absorption of GA and GB (Table 6.1).

Coarse perlite also performed better than fine perlite in both CBFs and AAFs in frost resis-

tance. Among cement foams, PD underwent the 150 cycles of freezing and thawing with DF150c
28d

and DF150c
90d of 90% and 61% respectively. Despite this high resistance to strength loss, the PD’s

durability factor is 24% less than the plain cement foam, PA, in the low-density group. On the

other hand, the strength of mixture PI which contains fine perlite, increased in the first 30 cycles

of conditioning, however, it started to decrease afterward and resulted in a DF150c
28d of 59%. The

freeze-thaw test on AAFs GC and GD stopped after 60 and 90 cycles respectively due to the

lack of required integrity of the specimens for the compression test. However, the DF150c
28d of

GD with coarse perlite was 50% higher than the plain AAF, GA. Therefore, introducing coarse

perlite improved the resistance to strength loss in AAFs. The cement and alkali-activated foam

samples containing a higher percentage of natural sand were the most resistant to freeze-thaw

cycling. The alkali-activated mixture GG lost its integrity after only 10 cycles of freezing and

thawing. This is mainly because of the low 28 days compressive strength of GG (0.35 MPa).

Cavdar [442] studied the effect of freeze-thaw cycles on high density (≥ 1900kg/m3) fibre-

reinforced aerated cement mortars. After 100 cycles, the DF100c
28d of the control specimen was

equal to 87% while that of mixtures with 0.4%, 0.8%, and 1.2% polypropylene microfibre was
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measured as 88%, 89%, and 91% respectively. This shows a marginal improvement in frost

resistance of fibrous ones. However, fibre reinforcement in the lightweight mixture, PE, in this

study resulted in DF150c
28d of 76% which is 38% less than PA. This is mainly because of the faster

hydration of PA in wet conditioning than PE with less cement content. While the plain AAF,

GA lost its integrity after 90 cycles of freezing and thawing, the fibrous mixture, GE withstood

120 cycles. It resulted in a DF90c
28d of 35% which is a 250% improvement over that of GA. Clearly,

reinforcing with microfibres does improve the freeze-thaw resistance of AAFs.

A 40% substitution of cement with FA resulting in the lightweight mixture, PB, yielded in

DF150c
90d of only 23%. This shows a 68% reduction in durability when compared to mixture PA.

A 70% cement replacement with FA in high-density mixture PH resulted in a higher DF150c
28d

of 126%. However, when considering the increase in strength during the test, one will notice

that the DF150c
90d of PH is 72% less than that for plain cement foam PF in the same density group

and 43% less than PB. Tikalsky et al. [290] have also noticed the marginal performance of the

FA incorporated mortars in freeze-thaw test because of their less cement content, low early-age

strength, and high absorption.

It is found that the durability of heat-cured specimens is slightly lower than that of moist-

cured ones [443]. Moist curing produces higher air content levels with closely spaced and finely

divided bubbles. This improved air-void parameters resulted in marginally higher durability

factor of GA than the heat-cured mix, GH.

As discussed before, there is no standard specification as yet for controlled low strength ma-

terials used in narrow trench backfill. Following the same argument as Sections 4.4.1 and 5.4.1,
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the higher and lower limits for compressive strength were selected as 8.3 and 2, respectively.

After 150 cycles of freezing and thawing, all the CBFs, except PC and PG, display a strength

greater than 2 and less than the maximum of 8.3 MPa. Among the AAFs, only mixture GF

endure 150 cycles of conditioning with a compressive strength equals to 2.99 MPa.

Elastic behavior

The change in elastic behavior of cement- and alkali-activated-based foams during the miltiple

cycles of freezing and thawing was studied by measuring their modulus of elasticity and the

Poisson’s ratio. The relative modulus and Poisson’s ratio of CBFs and AAFs are presented in

Figures 6.5 and 6.6, respectively. According to these figures and the values of durability factor

in Table 6.2, inferior durability of higher density cement foams can be concluded. The only

contradiction is the trend of the Poisson’s ratio of mix PA which resulted in higher DF150c
28d than

that of high-density mix PF. Accordingly, relative modulus of the plain cement foams, PC, PA,

and PF are found to be negatively correlated to their relative density (correlation coefficient

of -0.92). DF150c
90d in the Poisson’s ratio test is also reversely correlated to the relative density

with a correlation coefficient of -0.98. Similar to compressive strength, the elastic behavior of

high-density AAF, GF was relatively better than the lightweight mixtures GA and GB.

Among the mixtures that incorporate aggregates and based on the values of DF150c
90d , fine

perlites in mix PI resulted in a higher increase in modulus of elasticity than coarse perlite in PD

or natural sand in PG. However, higher DF150c
90d of the Poisson’s ratio in PI suggests its higher

lateral strains. Contrarily, and similar to the result of the compressive strength, coarse perlite
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Fig. 6.5. Relative elasticity modulus versus freeze-thaw cycles. Values in parenthe-
sis represent the durability factor.

in AAF, GD, resulted in a marginally higher DF150c
90d than the fine perlite in GC. The fibrous

mixtures PE and GE displayed an average 65% reduction in DF150c
90d of modulus and reduced

the lateral strains by 50% when compared to their corresponding plain foams, i.e PA and GA.

Similar to the relative strength, DF150c
90d of modulus in cement foams containing FA reduced

compared to the plain foam, PA. Heat curing in mix GH increased the rigidity and DF150c
90d when

compared to GA.

Figure 6.6 depicts the relative Poisson’s ratio of CBFs and AAFs, respectively.

6.4.3 Cost-benefit analysis

Given the lack of a universally accepted recommendation or standard for acceptable perfor-

mance of materials that enable narrow-trench reinstatement under potential freeze-thaw cy-

cling, the durability of the different mixtures in this study was studied considering the material
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Table 6.2. Durability factors of cement- and alkali-activated-based mixes.

Mix code
Compressive strength (%) Modulus of elasticity (%) Poisson’s ratio (%)

DF150c1
28d DF60c2

90d DF150c3
90d DF150c

28d DF60c
90d DF150c

90d DF150c
28d DF60c

90d DF150c
90d

Cement-based foams-LD

PA-800/C 114 83 72 227 72 65 264 108 173

PB-800/C/FA 50 38 23 26 40 20 140 181 163

PD-800/C/cP 90 59 61 134 16 12 498 19 31

PE-800/C/MF 76 67 61 39 39 24 30 139 92

PI-800/C/fP 59 43 33 41 35 27 168 127 216

PC-600/C 69 118 68 373 38 38 114 114 237

Cement-based foams-HD

PF-1100/C 147 46 46 194 22 24 124 13 10

PG-1100/C/fS 32 35 14 117 7 5 225 25 22

PH-1100/C/FA 126 18 13 43 27 18 244 31 55

alkali-activated-based foams-LD

GA-800 10 46 6 22 49 10 23 14 7

GC-800/fP 8 21 8 12 16 7 10 20 8

GD-800/cP 15 56 14 14 27 8 16 27 10

GE-800/MF 8 48 7 4 12 3 6 43 3

GH-800* 6 51 6 23 53 17 67 84 53

GB-600 15 29 11 11 12 5 20 43 17

alkali-activated-based foams-HD

GF-1100 27 67 24 107 42 43 102 60 100

GG-1100/fS 4 3 3 1 1 1 8 5 5

1Calculated by comparing the strength of the freeze-thaw conditioned sample after 150 cycles to the 28 days
strength of the unconditioned specimen; 2Calculated by comparing the strength of the freeze-thaw conditioned
sample after 60 cycles to the 90 days strength of the unconditioned specimen; 3Calculated by comparing the
strength of the freeze-thaw conditioned sample after 150 cycles to the 90 days strength of the unconditioned
specimen.
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Fig. 6.6. Relative Poisson’s ratio versus freeze-thaw cycles. Values in parenthesis
represent the durability factor.

cost. The benefit of different CBFs and AAFs in this study is calculated as their weighted aver-

age durability in the freeze-thaw test. Similarly, the material cost of these mixtures is calculated

based on the average cost quotations from the local suppliers in Alberta, Canada, and plotted

against their benefit in Figure 9. This exercise aims to build a decision support system that will

help select a mixture composition for future narrow-trench designers by ranking the different

mixture compositions examined here, on the basis of their freeze-thaw resistance. However, it

must be noted that this exercise does not consider any limits for the minimum required per-

formance of the mixes. It is hoped that municipalities or approval authorities when using the

findings from this study shall define quantitative limits for strength or elastic properties ac-

cording to the specific needs of the project.

As depicted in Figure 6.7, the ultra-lightweight CBF, PC has the highest benefit and cost per

benefit. However, by choosing GH over PC a 29% saving in material cost can be attained while

surrendering 70% of the benefit. One with even a more limited budget might choose GB over
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Fig. 6.7. Cost versus benefit of cement-and alkali-activated-based foams. Rankings
of different mixtures based on their benefit and cost per benefit are also included in

the bottom right corner of the figure.

PC which reduces the material cost by 45% but delivers 86% less benefit. While PC, GH, and

GB are the “Pareto-frontiers”, which means that no other mixture composition can dominate

them, GG and PF seem to be the least favorable alternatives. GG delivers the minimum benefit

while costing an average material cost and PF provides an average benefit with the maximum

material cost.
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6.5 Concluding remarks

This study was undertaken to investigate the freeze-thaw durability of cement- and alkali-

activated-based foams for narrow-trench backfilling. The mixtures were cast to achieve a den-

sity between 600− 1100 kg/m3 and were examined for mass loss, compressive strength, modu-

lus of elasticity and the Poisson’s ratio at 30 cycle steps over 150 cycles of freezing and thawing.

The mixtures designed in this study were ranked per their benefit-cost ratio, based on their

durability factor. The results show that the low-density CBF, PC, delivers the highest bene-

fit against its material cost that was an average. Based on the findings, the following specific

conclusions may be drawn:

• Cement-based foams withstood 150 cycles of conditioning with little or no visible damage.

On the other hand, the only AAF that holds its integrity during the 150 freeze and thaw

cycles was the high-density mixture, GF.

• The properties of conditioned specimens were compared to those of the reference, un-

conditioned ones, at the age of 28 and 90 days. The results revealed that the average

durability of CBFs reduces with an increase in the density. Accordingly, the durability

factor, DF150c
90d of the ultra-low-density mix PC is 11% more than for the low-density mix

PA and 76% higher than for the high-density mix PF. On the other hand, the low early

strength of low-density AAFs, GA and GB resulted in a progressive deterioration.

• Introducing aggregate to the foams reduced the durability when compared to the plain

foams in each density group. Further, coarse perlite resulted in higher DF than fine perlite
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in both cement- and alkali-activated-based foams. The higher percentage of natural sand

in mixtures PG and GG reduced the 28 days compressive strength and subsequently, re-

duced the durability of these mixes considerably when compared to the plain foams, PF

and GF.

• Although the DF150c
90d of GE is marginally higher than GA, fibrous mixtures displayed

lower durability than the plain foams in the same density group. The durability factor

in mixtures incorporating FA was lower than that in the plain foams within the same

density group. Additionally, curing the AAF at elevated temperature, as in mixture GH,

improved the durability over the mixture GA, which was cured at room temperature.
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Chapter 7

Performance Evaluation of Reinstatement

Materials Inside the Narrow-Trench

This chapter aims to evaluate the performance of controlled low strength materials for narrow-

trench reinstatement under the simulated traffic load and subjected to different environmental

conditions. In order to fulfill this purpose, firstly, laboratory sized physical models of MT were

fabricated and tested under hamburg wheel tracking device underwater and after freeze-thaw

cycles. secondly, a 3D FE model was created and the effect of different traffic loading, pavement

designs, temperature, trench dimensions, and reinstatement method on the stress state in the

trench was investigated. Lastly, the failure potential of the reinstatement materials was eval-

uated by the Mohr-Coulomb failure criterion and comparing the materials’ stress-to-strength

ratio. This chapter concluded that double-backfilling the trench with CMA and plain grout

results in higher stability in the reinstated area than the trench with CMA and sand or single
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backfilling with macadam. However, the results of the numerical model revealed that the ten-

sile failure at the bottom of the CMA layer is a concern. Moreover, debonding of the cement- or

alkali-activated-based foam and AC is anticipated when backfilling the trench with CLSM.

7.1 Introduction

Cutting the pavement to install the new utility lines, like power or telecommunication cables, is

a frequent activity in modern cities. However, in urban areas, the traditional open-cut method

becomes time-consuming, uneconomical and disruptive to the local traffic and businesses. In

contrast, narrow-trenching (NT) is known as a time- and cost-effective and environmentally

friendly alternative to the traditional methods [11]. Micro-trenching (MT) is a variation of NT

in urban areas wherein the cut is as narrow as 25 to 40 mm wide. The depth of the trench is

usually governed by many factors including the size of the conduit, type of the pavement, frost

depth and etc. Micro-trenches are normally up to 250 mm deep which makes them shallower

than NT [8, 9]. MT is found to be up to 75% cheaper and 50% faster than open-cut method [11,

51]. Despite these many benefits of NT over other installation methods of infrastructures, mu-

nicipalities are reluctant to accept the risks of the NT method, including the potential pavement

damage. On the other hand, the shallow depth of the trench also concerns the utility owners

about the stability of the installed cables and conduits.

The factors affecting the performance of the narrow-trench and its response to the traffic
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or environmental loads have not been investigated. These factors include the trench dimen-

sion (width and depth), backfilling method and materials, location of the trench in the road,

loading or environmental condition, pavement design of the road and etc. Due to this lack of

knowledge, the current practices of narrow-trenching involve selecting the trench dimension

and reinstatement materials mainly based on the availability of the equipment and materials

instead of engineering the narrow-trench for the desired performance [1, 18]. Therefore, many

distress was observed in the reinstated trench in different MT pilot projects in Alberta, Canada

after a few months. These distress include raveling, de-bonding, settlement, damage to the

asphalt pavement, and cables movement inside the trench [1, 18, 19].

In order to investigate the performance of the reinstatement materials in the narrow-trench

as well as understanding their response to the traffic load, physical and numerical models of

the narrow-trench were simulated and studied in this chapter. For this purpose, first, labora-

tory size models of the narrow-trench are manufactured and tested under a Hamburg Wheel

Tracking Device (HWTD) in different environmental conditions. In order to better understand

the stress distribution inside the reinstated trench and investigate the effect of different trench

designs in the stress states of the trench, numerical models of the trench were developed and

analyzed in the second part of this chapter.
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7.2 Physical models

In order to compare the performance of the common narrow-trench backfilling methods, laboratory-

scale micro-trench samples were prepared using different backfilling materials and were loaded

using a wheel tracker after conditioning.

7.2.1 Specimen preparation

In order to prepare the test specimens, small physical models of the trench with dimensions

of 400 × 300 × 120 mm were fabricated and tested under Hamburg Wheel Tracking Device

(HWTD). The first 80 mm out of the total 120 mm height of the slab molds was filed with regular

base material compacted in optimum moisture content using a laboratory roller compactor

machine (Figure 7.1a). The same roller compactor was used to compact hot-mix-asphalt (HMA)

layer to the thickness of 40 mm. The mix design of the HMA is presented in Table 4.6. HMA

slabs were left for at least 24 hours to cool down to the room temperature and then each slab

was cut into two 300 × 187.5 mm smaller slabs. A thin layer of tack coat was then applied on

top of the compacted soil as shown in Figure 7.1b. Afterward, the cut HMA slabs were placed

on top of the tack-coat covered soil in a way to form a 25 mm trench at the middle length of the

slab as illustrated in Figure 7.1c. In the next steps, the soil was hand-dug to form an 80 mm deep

trench (Figure 7.1d). Then a conduit (outer diameter of 20 mm) was laid at the bottom of the

trench and secured in place by metallic clips (Figure 7.1e). The reinstatement process started by

partially filling the trench up to the asphalt layer using sand or regular/foamed cement grout
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Fig. 7.1. Preparation of narrow-trench physical models.

(Figure 7.1f and h). The gradation of the sand is shown in Figure 4.2. The plain Portland cement

grout had a water content of 25% which resulted in setting time of 45 min at room temperature

and 28-days compressive strength of 30 MPa. The foamed-grout also had the same composition

and properties as mixture PA-800/C in Chapter 4. The narrow trenches were then leveled to

the top by compacting CMA-1 (introduced in Chapter 3). The final reinstated trench is shown

in Figure 7.1g, i, and j.
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7.2.2 Testing procedure

The performance of the trench backfilling was evaluated by measuring the rut depth at the

center of the trench in the HWT test as explained in section 3.2.4. Except for one reference slab

without a trench, which was tested dry without conditioning, all other tests were done in a

wet condition. For this purpose, the HWT device was filled with 25 ± 1 ◦C water. The slabs

were then placed into the device and soaked for 12 hours. Afterward, the test was started on

the submerged sample and stopped after 20,000 of wheel track passes or when the rut depth

reached the maximum of 12 mm (Figure 7.2a).

In order to condition the narrow-trench slabs for FT test, they were first submerged under

the 25 ± 1 ◦C water bath, for 48 hours (Figure 7.2a) in the first cycle of freezing and thawing

and 12 hours in the next cycles. Immediately after, they were put in a freezer set at -20 ± 3 ◦C

for 24 hours (Figure 7.2b) followed by thawing at room temperature for another 24 hours. After

that, the wheel tracking test was performed on the thawed samples (Figure 7.2c).

7.2.3 Results and discussion

The result of the HWT test on the physical models of narrow-trenches is presented in Figure

7.3. A rut depth of 3.1 and 5.16 mm was observed after 20,000 passes in reference slabs without

trenches tested in dry and wet condition. The higher rut depth in the wet test is mainly due to

the consolidation of the base soil layer. Backfilling the trench with plain cement grout and CMA

on top resulted in 5.79 mm rut depth which shows a 12% increase compared to the reference slab
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Fig. 7.2. HWT test on a physical model of narrow-trench.

without a trench. the rut depth curve of the trench reinstated with CBF and CMA follows the

curve of the plain cement grout and CMA closely. So that even after 20,000 passes, the resultant

rut depth was 5.98 mm, which is only 3% higher than that for plain cement grout and CMA.

This confirms the applicability of CBF for replacing plain cement grout in double-backfilling of

narrow-trenches. The trench with sand in the base layer and CMA on top followed the curve

of the trench with plain cement grout closely up to 10,000 passes. However, the presence of

water accelerated the consolidation and escape of sand particles from the trench after that point

which resulted in a rut depth of 7.14 mm which is 38% higher than the reference slab without a

trench. The steep rutting curve of this trench after 18,000 passes also suggests the progressive

deterioration of this method of composite backfilling and confirms the observations of a real-

life reinstatement with this method [1, 18]. Lastly, The single backfilling of the trench with
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Fig. 7.3. Rut depth at the center of narrow-trench versus the number of wheel
passes. The test result on the trench filled with macadam is shown in (a). (b) il-
lustrates the HWT test result on the trench backfilled with plain cement grout and

CMA.

macadam resulted in a rut depth of 11 mm at the end of the test which shows a 113% increase

when compared to the rut depth of reference slab. As illustrated in Figure 7.3a, the wheel load

pushed the aggregates out of the trench. In a real-life condition, the moving traffic over the

trench can remove these loose aggregates from the trench and cause a progressive degradation

of the reinstatement.

The performance of double-backfilling of narrow-trench with cement grout or sand at the

base layer and CMA on top was also investigated by HWT test on FT conditioned samples and

the results are illustrated in Figure 7.4. The test started by exposing the slabs to one cycle of

freezing and thawing according to section 7.2.2 and measuring the rut depth at the center of the

narrow-trench after 20,000 passes. Rut depth in the trench backfilled with plain cement grout

and CMA was measured as 5.43 mm. Therefore, the effect of one FT conditioning on the rut

depth of reinstated trench compared to the non-conditioned slab is negligible. Nevertheless,
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Fig. 7.4. Rut depth at the center of FT conditioned narrow-trench versus the number
of wheel passes.

longitudinal micro-cracks alongside the trench was observed as depicted in Figure 7.5. More-

over, because of the pressure of the wheel as well as the frost heave in the base layer, CMA was

pushed out of the trench. Rut depth after one cycle of freezing and thawing and after 20,000

passes in the trench backfilled with sand and CMA was 9.22 mm, which is 30% higher than the

result of the non-conditioned trench. This proves the high FT susceptibility of backfilling with

sand.

To further investigate the effect of FT cycles on the narrow-trench, a physical model of the

trench filled with plain cement grout and CMA was subjected to one cycle of freezing and

thawing at every 2,000 passes in HWT test and tested for a total number of 36,000 passes. As

illustrated in Figure 7.4 the permanent deformation at the center of the trench after the 18th

cycle of freezing, thawing, and HWT testing was 9.95 mm. The test stopped at the 19th cycle
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Fig. 7.5. Effect of freeze-thaw (FT) cycles on the reinstated narrow-trenches with
plain cement grout and CMA.

since the rut depth reached the stop limit of 12 mm. As it can be seen in Figure 7.5, microcracks

emerged alongside the trench only after 4 FT cycles and 8,000 passes. Raveling of the CMA was

also observed at the 10the FT cycle, which accelerated after the 15th cycle.

Therefore, it can be concluded that using a regular or foamed cement grout could enhance

the trench stability and prevent conduit movement inside the trench.
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7.3 Numerical simulation

7.3.1 Model development

The commercial finite element (FE) software ABAQUS version 2018 was employed for model-

ing the narrow trench. Three-dimensional (3D) FE models were developed to better simulate

the loading patterns of single and dual tire configurations on the narrow trench. 3D analysis of

pavement systems also better reflects the complex behavior of the composite pavement system

under different loading configurations [444, 445]. In order to reduce the boundary effect on the

calculation, the dimensions of the FE model were selected as 1000 × 1000 × 995 mm for the

single tire and 1000 × 1500 × 995 mm for dual-tire assembly as depicted in Figure 7.6.

An eight-node, linear brick element type has been successfully utilized before for analyzing

the pavement response [446, 447]. To improve the rate of convergence, the eight-node linear

brick reduced integration elements (C3D8R) with variable thicknesses, depending on the pave-

ment layers, were used in this study. The generated 3D mesh was selected by trial-and-error to

deliver optimal accuracy. The mesh was designed fine around the loading area and inside the

narrow-trench but relatively coarse far from that, as shown in Figure 7.6.

In order to set the boundary conditions, the recommendation of Blanco et al. [38] was fol-

lowed. Accordingly, the fixed boundary condition was set along the z-axis while elastic sup-

port, with the spring constant (k) of 109 was considered along the x- and y-axis.

At this stage of the research, it is assumed that the interfacial bond between layers never

fails. Therefore, the interfaces of layers are tied together which enforces displacement and
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Fig. 7.6. Layout of the 3D multilayered FE models.

strain continuity at the interface. The bonding of the backfilling material to the asphalt concrete

(AC) surface was later checked by comparing the interfacial shear stress to the materials’ bond

strength.

7.3.2 Variables considered

In order to fully investigate the stress distribution in a narrow-trench under different condi-

tions, various variables were considered in this study as summarized in Table 7.1.

Traffic load

Blanco et al. [38] used a uniform pressure in their model to simulate the traffic load on a 150

mm wide and 700 mm deep trench. However, the pavement responses to the uniform and
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Table 7.1. The variables considered in 3D modeling of the nattow-trench.

Variable Tire assembly
Tire

Location1
Pavement

design
Temperature

Trench
dimension2

Reinstatement
design

Code

Default Single CT Main road 25◦C 40× 300 Single-PA‡ DEF-TS-C

Traffic load

Single

L1T

Main road 25◦C 40× 300 Single-PA

TL-TS-L1

L2T TL-TS-L2

L3T TL-TS-L3

CL TL-LS-C

Dual
CT TL-TD-C

CL TL-LD-C

L1L TL-LD-L1

Pavement design Single CT Private road 25◦C 40× 300 Single-PA PD-TS-PR

Temperature Single CT Main road
5◦C

40 ×300 Single-PA
TE-TS-5

40◦C TE-TS-40

Trench dimension Single CT Main road 25◦C

25× 300

Single-PA

TD-TS-N

55× 300 TD-TS-W

40× 200 TD-TS-S

40× 400 TD-TS-D

Reinstatement design Single CT Main road 25◦C 40× 300
Double-CMA RD-TS-CM

Double-HMA RD-TS-HM

1Refer to Figure 7.8; 2Cross-section dimension of the trench (mm).
‡See chapter 4 and 5 for the design and properties of the CLSM mixtures.
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non-uniform contact stress distribution are known to be significantly different, especially at the

layers’ interface [448]. Previous works have studied the interaction of tire and flexible pavement

[393, 446, 447, 449, 450]. Wang et al. [393, 449] predicted the contact stress distribution of

a tire with a various wheel load of 17.8-40.2 kN and rolling condition. They concluded that

the contact stress at the tire-pavement footprint are non-uniform. Moreover, while the vertical

contact stress in the static condition is slightly higher than braking or free-rolling conditions, the

longitudinal stress during the braking is considerably higher than others. References [446] and

[447] measured the contact pressure of the wide-base and dial tire assembly for tire pressure of

720 kPa and wheel load of 38 kN. The maximum pressure was reported as 988 kPa for Dual and

956 kPa for wide-base tire measured under the center tire rib. Based on their measurement, they

used a simulated tire contact area in their FE model instead of modeling the real tire-pavement

interaction. Recently, Dong and Ma [450] utilized the same simplified tire contact area based on

the predicted contact stresses introduced by Wang et al. [449].

In order to simplify the model, the simulated tire contact area used by references [446, 447,

450] was employed in this work. According to the study of Wang et al. [449], the stress distri-

bution of the tire in braking condition was selected since it contributes to an assessment of the

model in a more critical situation. However, due to the relatively small lateral stress, only the

vertical and longitudinal stress were considered in the model. These simulated, non-uniform

contact pressures are presented in Figure 7.7.

Rolling of the wheel was also simulated by considering different locations for the tire foot-

print at the center and around the narrow-trench as depicted in Figure 7.8.
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Fig. 7.7. Tire footprint dimension and non-uniform vertical and longitudinal (in
parenthesis) contact pressure (kPa) for (a) single- and (b) Dual-tire assembly.

Fig. 7.8. Tire locations.
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Pavement design and material properties

The pavement designs and dimensions of layers are defined based on the observations during

narrow-trenching projects [19] which comply with the typical paved road construction in Al-

berta, Canada [451]. The default design was observed in main roads and consists of two layers

of asphalt concrete on top of the granular base layer. However, coring in smaller streets or

private roads revealed a single layer of asphalt concrete with an average thickness of 50 mm

on top of the base layer. The layers thickness of the two aforementioned pavement designs is

tabulated in Table 7.2.

Since narrow-trenches are generally excavated in older pavements with an age of several

months to years, the soil can be considered as consolidated. Therefore, the soil layers are not

expected to experience high-stress levels. As a result, linear-elastic behavior of the materials

(defined by the modulus of elasticity and the Poisson’s ratio) is considered in this work. Table

7.2 shows the properties of different pavement layers based on the works of [446, 447].

Reinstatement materials and design

According to the common practice of narrow-trenching observed in the field [19], the default

trench width, and depth were selected as 40 and 300 mm, respectively. In order to further

investigate the effect of trench dimension in performance of narrow-trench under the traffic

load, different combinations of depth and width (from shallow to deep and narrow to wide)

were considered in this study as tabulated in Table 7.1.
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Table 7.2. Pavement design and material properties.

Layer
Main road Private road 5◦C 25◦C 40◦C

Depth1 Depth RM2 PR3 RM PR RM PR

Pavement materials

Top lift-asphalt concrete 50 50 9155 0.22 4230 0.33 1905 0.36

Bottom lift-asphalt concrete 120 − 8930 0.23 4750 0.3 1790 0.35

Base-Granular 150 150 310 0.35 310 0.35 310 0.35

Sub-base-Granular 175 175 262 0.35 262 0.35 262 0.35

Sub-grade-Native material 500 620 200 0.3 200 0.3 200 0.3

Narrow-trench materials

Cold-mix-asphalt 50 − 11189 0.31 2988 0.35 − −
HDPE conduit Figure 7.9 − − − 900 0.38 − −

1Layer depth (mm); 2Resilient modulus (MPa); 3Poisson’s ratio

As explained in the chapter 2, Section 2.2, single or double backfilling methods can be used

for narrow-trench reinstatement. In the single backfilling method, three CBFs, namely PA, PC

and PF, and three AAFs, i.e. GA, GB, and GF were considered in the model (Figure 7.9a). The

elastic properties of CBFs and AAFs can be found in Figure 4.8 and 5.3, respectively.

To further investigate the effect of reinstatement method in NT performance, double back-

filling of the trench with CMA or HMA was also considered. According to the discussions of

Chapter 2, compaction of HMA inside the narrow trench is not practical. In practice, a small

ditch of minimum 400 mm width is milled out on top of the trench and then backfilled with

HMA [28]. In this research, it is assumed that the same HMA as the top lift asphalt concrete

layer is used to reinstate the milled area. CMA-1, as introduced in Chapter 3 and has been suc-

cessfully used in two field installations [19], was also used in the model. The elastic properties
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*refer to Table 7.1 for the trench dimensions.
Note: all dimensions are in mm.

Fig. 7.9. Trench design in (a) single backfilling and (b) double backfilling.

of the CMA are included in Table 7.2 according to the references [452, 453]. The cross-section of

the narrow trench in the double-backfilling method is shown in 7.9b.

One of the popular methods of optical fibre installation is cable blowing through an em-

bedded conduit inside the trench [1]. In accordance with the observations of real-life micro-

trenching projects [19], an HDPE conduit with an outer diameter (OD) of 25 mm, SDR of 13.5,

and elastic properties as Table 7.2 was considered at the bottom of the narrow-trench (See Figure

7.9 for illustration).
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Note: The 3D model is cut along the x and z plane for better illustration of stress distribution; deformations are
exaggerated 500 times to be visible in the figure.

Fig. 7.10. Normal stress (σy) distribution for (a) DEF-TS-C and (b) TL-LS-C.

7.3.3 Results and discussion

Tire assembly, location, and orientation

The compressive strength ( σy) distribution in pavement layers and narrow-trench for the DEF-

TS-C and TL-LS-C is shown in Figure 7.10. When the wheel is moving in the x-direction

(transverse to the trench) the maximum value of σy and the minimum principal stress (σ3) was

recorded as -1.53 and -1.68 MPa, respectively. They both observed in the top lift asphalt layer at

its interface with the trench and at the depth of 10 mm (Figure 7.10a). This is in accordance with

the findings of Thom [454] where in the maximum principal stress occurs at 10 mm below the

pavement surface. However, when the wheel is moving in the z-direction (longitudinal to the

trench), the maximum σy was equal to -1.05 MPa at the surface of the narrow-trench under the

central tire rib (Figure 7.10b). The σ3, on the other hand, reached its highest compressive value

of -1.24 MPa at the surface of top lift asphalt under the intermediate tire rib. Therefore, passing

the trench in the transverse direction resulted in higher compressive stress in the system.
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Figure 7.11 presents the effect of different tire locations and orientations (as introduced in

Table 7.1) on the stress distribution in the trench. As illustrated in Fig 7.11a, σ3, σy and the

shear stress (τxy) increase as the tire move toward the trench and reach their maximum when

the centerline of the tire is located at the center of the trench. The highest compressive principal

stress was recorded as -1.38 MPa in TL-TD-C with dual-tire assembly, which is 3% higher than

that of DEF-TS-C with a single tire. The maximum τxy was also equal to 0.48 MPa at the side of

the trench in TL-TD-C model. During the transverse movement of the wheel over the trench,

the principal tensile stress reaches its maximum value when the tire is located at L1T (Figure

7.8a). The highest principal tensile stress when the centerline of the tire is located at the center

of the trench is equal to 0.25 MPa in TL-TD-C.

According to Figure 7.11I-IV, the maximum compressive principal and the maximum nor-

mal compressive stress occur at the footprint of the tire over the trench while the maximum

tensile principal stress happens at the side of the trench at its mid-height (Figure 7.11I). The

maximum τxy was also observed at the side of the trench and under the tire center rib at the

depth of 5 mm.

Table 7.3 presents the maximum stress values in the conduit. The σ3 and σy increases as the

wheel moves toward the trench and reach their maximum value at the center of the narrow-

trench. According to Table 7.3 dual-tire assembly causes higher stress in the conduit. Figure

7.12 illustrates the stress distribution in the conduit.



Chapter 7. Performance Evaluation of Reinstatement Materials Inside the Narrow-Trench 200

†Refer to Figure 7.8 for tire locations. L1’T,L2’T, and L3’T are respectively a reflection of L1T, L2T, and L3T over
the trench centerline.
Note: The trench view is cut along the x and z plane for better illustration of stress distribution; deformations are
exaggerated 500 times to be visible in the figure.

Fig. 7.11. (a)-(e) show the effect of the tire location and moving direction on the prin-
cipal and direct stresses in the narrow-trench. (I)-(IV) illustrate the corresponding

stress distributions.

Fig. 7.12. Stress (σy) distribution in the conduit for DEF-TS-C.
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Table 7.3. Maximum stress in the conduit due to the different tire locations and
orientations.

Code1 Principal (σ1:σ2:σ3) Tensile principal Normal (σx:σy:σz) Shear (τxy)

TL-TS-L3 -1.0 : -12.4 : -46.8 16.7 -6.1 : -31.5 : -8.3 21.3

TL-TS-L2 -2.8 : -27.4 : -122.9 39.4 -16.4 : -109.3 : -27.4 46.7

TL-TS-L1 -4.6 : -42.5 : -209.5 84.2 -9.0 : -202.5 : -43.1 57.0

DEF-TS-C -5.2 : -50.4 : -228.7 97.3 -10.0 : -224.0 : -50.4 46.2

TL-LS-C -4.7 : -38.9 : -201.4 79.1 -9.0 : -197.0 : -38.8 43.7

TL-TD-C -5.8 : -62.3 : -278.2 108.9 -11.4 : -271.9 : -63.5 63.7

TL-LD-C -5.7 : -45.1 : -251.5 94.0 -11.2 : -246.0 : -45.2 60.6

TL-LD-L1 -5.8 : -48.4 : -261.8 97.6 -10.8 : -246.3 : -46.4 85.7

1Refer to Table 7.1.

Pavement and trench design

The maximum stress in the narrow-trench backfill and conduit caused by the different sce-

narios of Table 7.1 are compared in Table 7.4 and 7.5, respectively. Among the two different

pavement designs considered, the private road results in higher principal and normal stress in

the trench. The trench in private road design is also experiencing 86% higher maximum tensile

principal stress than the one in the main road (DEF-TS-C). Moreover, this tensile stress occurs

at a shallower depth (at the bottom of the top lift AC) when compared to the DEF-TS-C model.

It is worth mentioning that the lack of bottom lift asphalt in PD-TS-PR, increased the lateral

stress (σx and σz) considerably. According to the data of Table 7.5, lack of bottom lift asphalt

layer in PD-TS-PR resulted in a significantly higher stress transformation to the bottom of the

trench and therefore, to the conduit (e.g. maximum σ3 in PD-TS-PR is 102 % higher than that

in DEF-TS-C). This can also be visually observed when comparing the distribution of the σy in
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PD-TS-PR (illustrated in Figure 7.13) to DEF-TS-C (in Figure 7.10a and 7.11II).

Different asphalt stiffness, due to the different temperature did not influence the σ3 or σy

appreciably since their maximum occurs at the top of the trench. However, the absolute value

of σ1 in the trench and at 5 ◦C is smaller than 40 ◦C, which results in smaller confinement

pressure. At 5 ◦C, the values of maximum tensile principal and shear stress are also higher than

those measured at 25 or 40 ◦C. However and according to Table 7.5, the transferred stress to the

conduit increase with temperature.

Among the different trench widths simulated here, TD-TS-N model resulted in a slightly

higher σ3, tensile and shear stress than the normal or wide trenches. The lower values of σ1

and σ2 also provides smaller confinement pressure at the location of maximum stress. Besides,

the stress in the conduit decrease as the width of the trench increases. In the shallow trench,

principal and normal stress are slightly higher than the normal or deep trench. The tensile

stress on the other hand is considerably higher (69%) in the shallower trench. The maximum

shear stress in the trench also does not appreciably change with the trench depth. As expected,

the stress in the conduit increase as the trench depth decrease.

Double backfilling of the narrow-trench with CLSM and CMA on top considerably reduced

the maximum compressive and shear stress in the CLSM (about 70%). However, the maximum

tensile stress in the CLSM and the stress state in the conduit (Table 7.5) reduced only marginally.

This indicates that the stress transfer along the trench depth is not highly affected by the CMA

or HMA layer. The Maximum principal stress in CMA layer is 1,413.9 kPa, which is slightly

(6%) higher than that of single backfilling in DEF-TS-C model. Nevertheless, the maximum
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Table 7.4. Comparison of the CLSM backfill responses due to different model vari-
ables.

Code† Principal (σ1:σ2:σ3) Tensile principal Normal (σx:σy:σz) Shear (τxy)

DEF-TS-C (kPa) -410.1 : -560.6 : -1,338.9 214.0 -944.4 : -1,049.5 : -481.2 483.0

PD-TS-PR (%‡) 25.3 : 5.4 : 8.0 86.3 23.8 : 0.1 : 38.4 -8.7

TE-TS-5 (%) -28.5 : -9.7 : -1.0 1.9 -5.4 : 0.3 : -6.9 21.4

TE-TS-40 (%) 34.1 : 16.2 : -2.4 -14.4 -5.3 : 0.7 : 24.4 -23.0

TD-TS-N (%) -12.1 : -8.7 : 2.7 8.5 11.1 : -3.1 : -12.3 8.8

TD-TS-W (%) -1.6 : -2.4 : -0.7 6.2 -6.5 : 0.4 : 8.9 5.5

TD-TS-S (%) 7.4 : 7.9 : 2.1 69.3 12.5 : 0.6 : 1.6 1.8

TD-TS-D (%) 5.5 : 5.7 : 1.2 1.2 2.3 : 0.6 : 5.3 1.8

RD-TS-CM (%) -100.6 : -95.3 : -71.2 -3.9 -96.4 : -69.7 : -96.8 -65.2

RD-TS-HM (%) -100.0 : -95.8 : -70.5 -4.5 -92.7 : -70.7 : -96.0 -65.7

†Refer to Table 7.1; ‡Percentile change with respect to DEF-TS-C.

principal shear stress in CMA layer is 31 % less when compared to DEF-TS-C. The maximum

shear stress on the interface of the CMA and AC pavement (τxy) is also 36% less than that of

DEF-TS-C.

Assessment of the reinstatement materials

Assessment criteria:

According to the above discussion, a dual-tire Assembly located transverse to a narrow (25

mm wide) and shallow (200 mm deep) trench and at its center (location CT in Figure 7.8a), in a

private road and at 5 ◦C can result in the most critical combination of stress in the trench. This

critical combination of variables given the code name CRIT- is used to simulate the stress dis-

tribution in the CLSM inside the trench and evaluate the failure potential of the reinstatement.
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Table 7.5. Comparison of the conduit responses due to different model variables.

Code† Principal (σ1:σ2:σ3) Tensile principal Normal (σx:σy:σz) Shear (τxy)

DEF-TS-C -9.0 : -40.8 : -200.0 75.4 -9.0 : -200.0 : -40.8 45.8

PD-TS-PR (%‡) 3.2 : 56.3 : 101.5 151.7 103.2 : 97.0 : 56.4 108.3

TE-TS-5 (%) -63.4 : -11.7 : -21.0 -30.4 -28.9 : -22.5 : -11.7 -13.5

TE-TS-40 (%) -35.4 : 16.3 : 39.7 56.2 25.3 : 36.9 : 16.3 44.9

TD-TS-N (%) -16.7 : 32.8 : 15.7 17.0 68.9 : 11.8 : 32.8 12.8

TD-TS-W (%) -62.1 : -40.7 : -17.8 3.8 -25.7 : -19.5 : -40.7 -3.6

TD-TS-S (%) -35.3 : 31.8 : 35.8 426.8 30.1 : 32.9 : 31.8 45.4

TD-TS-D (%) -62.5 : -5.9 : -19.0 -35.6 -27.8 : -20.6 : -5.9 -15.5

RD-TS-CM (%) -49.5 : -6.0 : -3.9 -6.5 -7.0 : -5.8 : -6.0 -4.5

RD-TS-HM (%) -49.9 : -6.7 : -4.5 -7.3 -7.6 : -6.4 : -6.7 -4.9

†Refer to Table 7.1; ‡Percentile change with respect to DEF-TS-C.

Note: The 3D model is cut along the x and z plane for better illustration of stress distribution; deformations are
exaggerated 500 times to be visible in the figure.

Fig. 7.13. Stress (σy) distribution in the (a) private road pavement model and (b)
trench backfill for PD-TS-PR.
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Fig. 7.14. Representations of Mohr-Coulomb failure criterion.

In order to evaluate the failure potential of the materials and due to the complex multi-

dimensional stress state in the pavement and the narrow-trench, it is recommended to con-

sider multi-axial stress states, rather than one dimensional normal or shear stress [393]. The

Mohr-Coulomb failure criterion is commonly used in soil mechanics. The CLSM backfills are

composed of cement particles, aggregate and air voids and therefore, are analogous to the soil.

As depicted in Figure 7.14, the mohr-Coulomb failure criterion defines the stress ratio (SR) as

the closeness of the stress state to the failure envelope (Equation 7.1). The factor of safety (F.S)

against failure can also be defined as the inverse of the SR.

SR =
q

q f ailure
=

σ1 − σ3

2× c× cosφ + (σ1 + σ3)× sinφ
(7.1)

In order to define the mohr-coulomb failure envelope, the angle of friction (φ) and cohesive

strength (c) of the CLSMs need to be determined. The values of φ and c are usually obtained

from triaxial strength tests conducted at different confinement levels. However, in the absence
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Table 7.6. The Mohr-Coulomb’s failure envelope strength parameters for plain
CBFs and AAFs.

Strength parameter PA PC PF GA GB GF

φ (◦) 24.910 22.221 27.017 24.910 22.221 27.017

c (kPa) 1019.7 732.4 2429.2 542.5 238.5 1876.5

of triaxial test data in this research, the prediction model for friction angle of the foamed CLSMs

suggested by Tiwari et al. [245] was used to estimate the value of φ (Equation 7.2).

φ = 0.012γ + 15.062 (7.2)

Where φ is in degree and γ is the density of the CLSM in kg/m3.

The cohesive strength was then estimated according to the uniaxial compression test data

which was provided in Chapters 4 and 5. Accordingly, the values of φ and c for the CLSMs

considered in this chapter are calculated and tabulated in Table 7.6.

Shear stress ratio (SSR) is also defined by Equation 7.3 to evaluate the shear failure or

debonding potential of the CLSM backfill and AC at their interface.

SSR =
τxy

τf ailure
(7.3)

where τxy is the simulated shear stress at the interface of the trench and the top or bottom lift

AC layer and τf ailure is the bond shear strength of the CLSM to AC in Slant shear test (SST) or

flexural bond strength test (FBST), as tested in Chapters 4 and 5.

Furthermore, two more stress ratios are considered in this section. First is compressive stress
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ratio (SRC) which is the ratio of maximum compressive stress (σy) to the ultimate compressive

strength of the CLSM (see Chapters 4 and 5 for the uniaxial compressive strength test results)

and second is the tensile stress ratio (SRT) which is defined as the ratio of maximum tensile

principal stress to the ultimate uniaxial tensile strength of the CLSM. According to the reference

[215], the tensile strength of foamed concrete is in the range of 20−40 % of its compressive

strength [455]. In this research and in order to be on the safe side, the tensile strength of the

CLSMs is considered equal to 20% of their compressive strength.

Similarly, the failure envelope in CMA materials can be estimated according to the literature.

The reference [456] proposed a cohesion value of 100 kPa and internal friction angle of 23.2 ◦

for a highly workable, unaged cold-laid asphalt. In practice, CMA is heated to 60-130 ◦C before

placement in the trench in order to increase its workability and compactability. This increases

the strength of the CMA and accelerates its curing. Therefore, the selected failure envelope is

expected to be conservative.

Results:

The simulation results of the reinstatement materials in CRIT- models are included in Table

7.7. In single backfilling method, all the CLSMs have an SR (and SRC) less than 100% except

for the alkali-activated mixture GB. This indicates their acceptable performance according to

the Mohr-Coulomb criterion. Nevertheless, all the mixtures except the high-density mix PF

and GF have a SRT value higher than 100%. This unveils the potential of the tensile failure

in medium- and low-density foams inside the trench. Stress distribution in PA, PC, and PF

in CRIT- model is shown in Figure 7.15. As depicted in the figure, the tensile principal stress
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Table 7.7. Maximum stress and the stress ratios of the CLSMs in the CRIT- and DEF-
(in parenthesis) models.

CLSM σ1 (kPa) σ3 (kPa) SR (%) σy SRC (%) σT (kPa) SRT (%) τxy (kPa) SSR-SST1 (%) SSR-FBST2 (%)

Single-backfilling

PA-800/C -393.4 -1,755.0 49.4 (35.9) -1,039.7 32.5 (32.8) 768.8 120.3 (33.5) 589.5 141.5 (115.9) 238.0 (195.0)

PC-600/C -384.9 -1,750.1 63.1 (45.9) -1,039.5 47.7 (48.4) 764.8 175.4 (48.9) 593.2 155.0 (129.0) 375.3 (312.3)

PF-1100/C -772.6 -1,892.0 20.2 (11.9) -1,866.8 23.5 (13.3) 848.5 53.5 (15.9) 394.2 62.5 (53.7) 113.5 (97.4)

GA-800 -235.2 -1,613.6 78.2 (59.2) -1,032.4 60.7 (61.9) 573.2 168.6 (57.4) 647.7 137.8 (121.6) 239.0 (210.9)

GB-600 151.6 -1,384.9 135.1 (124.2) -1,024.4 144.3 (148.1) 334.2 235.4 (405.3) 766.9 365.2 (327.0) 479.3 (429.2)

GF-1100 -651.1 -1,882.6 27.4 (35.2) -1,381.5 22.5 (17.2) 840.4 68.6 (19.4) 470.0 64.4 (55.5) 134.6 (115.9)

Double-backfilling

PA-800/C -61.3 -968.5 39.7 (19.3) -951.8 29.8 (9.9) 226.7 35.5 (32.2) 112.8 27.1 (40.3) 45.6 (67.8)

CMA -1,123.8 -2,628.9 90.6 (61.4) -1,196.3 − 1,539.1 − 348.8 − −

1Slant shear test and 2 flexural bond strength test (See Chapters 4 and 5 for the test results).
Note: Values in parenthesis correspond to the results of DEF-TS-C model (i.e. for a 40 × 300 mm trench in a main
road when a transverse single tire load located at the center of the trench at 25 ◦C).

reaches its highest value at the bottom of the AC layer. As mentioned in the previous section, in

the main road pavement design, this maximum tensile stress occurs at a higher depth (bottom

of the bottom lift AC) and therefore, is about 190% less than private road pavement design. For

that reason, the SRT values of all CLSMs in DEF-TS-C model (the values in parenthesis in Table

7.7) are considerably less than 100% (except for GB).

According to the values of the SSR in Table 7.7, debonding between the CLSM backfill and

AC is also a concern. As the table conveys, the SSR value of all mixtures is higher than 100%

except for PF and GF which deliver a respective F.S of 1.60 and 1.55 against debonding. How-

ever, if the shear stress in the interface of the trench and AC is compared to the bonding stress

in FBST, none of the CLSMs are safe against debonding failure. As depicted in Figure 7.15, the

maximum shear stress is located at the top of the trench which decreases significantly with an
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Note: The 3D model is cut along the x and z plane for better illustration of stress distribution.

Fig. 7.15. Stress distribution of the CLSM in CRIT-PA, CRIT-PC and CRIT-PF mod-
els.

increase in depth. Figure 7.16 also illustrates the distribution of SSR of CRIT-PA model. Accord-

ing to the figure, at the approximate depth of 10 mm, the value of SSR is equal to one (F.S = 1.0).

The same argument can be made for CRIT-PC and GA. Therefore, it is essential to improve the

bond strength of the CLSM to the AC at the first 10 mm of the trench depth. This can be done

by replacing the top 10 mm of the CLSM with a material that provides a robust bond with AC

(like specialty resins) or simply texturing the AC surface to improve its bonding to the CLSM

materials.

As expected, the F.S of the CLSM materials against failure in double backfilling improved

significantly when compared to the single backfilling method (see Table 7.7). However, the

stress state on the CMA is higher than what was observed in CLSM in the single backfilling

method. The F.S of the CMA to failure according to the Mohr-Coulomb criterion is 1.1 in CRIT-
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Fig. 7.16. Distribution of SSR over the trench face for the CRIT-PA model.

and 1.6 in DEF- model. The shear stress on the interface of the CMA and pavement AC is

almost half of the τxy in mix PA in the single backfilling method. Therefore, it can be expected

that if the pavement cut surface is cleaned and covered with a layer of tack coat before placing

the CMA, debonding of the reinstatement materials and pavement AC is not a concern in the

double backfilling method. Nevertheless, the maximum tensile principal stress at the bottom

of the CMA is 1,539 kPa which is nearly twice the ITS of CMA-1 (see Table 3.3). According to

the Figure 7.17, the σT is only 77.8 kPa in CMA in RD-TS-CM model. Therefore, when double-

backfilling a trench in a private road, tensile failure of the CMA, and as a result, near-surface

cracking can be expected when a dual-tire is passing over the trench.

According to the values of stress ratios in Table 7.7, it can be concluded that the high-density

cement- and alkali-activated mixtures, PF and GF, deliver the highest F.S against failure among

the CLSMs considered in this study. On the other hand, the ultra-low-density AAF, GB, is the

least favourable mixture for NT backfilling because of its high stress ratios.
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Note: The 3D model is cut along the x and z plane for better illustration of stress distribution.

Fig. 7.17. Distribution of maximum principal (absolute) stress over the trench for
the CRIT-PA+CMA and RD-TS-CM models.

7.4 Concluding remarks

This chapter concludes the laboratory assessment of the NT reinstatement materials (which

was presented in previous chapters) by modeling their performance inside the trench. The

proposed methodology and simulated models of the narrow-trench can be used by designers

or road authorities to investigate the response of the reinstated section to the traffic load and

environmental conditions and set the requirement associated to the application. The following

conclusions may be drawn from this study:

1. Reinstatement of the trench with CMA and plain or foamed cement grout resulted in a

marginal 12% higher rut-depth when compared to the reference slab without the trench.

The progressive rutting of the reinstated trench with CMA and sand or single backfilling

with macadam proves the instability of these backfilling options.
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2. While the rut-depth after one freeze-thaw conditioning in the trench filled with CMA and

sand was 30% higher than that on an unconditioned sample, it did not have an appreciable

effect on the trench filled with CMA and plain cement grout. However, after multiple

freeze-thaw cycles, longitudinal cracks along the trench-AC interface as well as raveling

in CMA was observed.

3. The maximum compressive principal stress in CLSM range from 385.8 kPa in RD-TS-

CM model to 1,892.0 kPa in CRIT-PF model. This maximum stress in CMA layer was

observed in CRIT-PA+CMA model (3,628.9 kPa). However, all the materials passed the

Mohr-Coulomb failure criterion except for the low-density AAF, GB.

4. Maximum tensile stress on the CLSMs was noticed at the bottom of the AC layer and

ranged from 183.3 to 848.5 kPa. Only high-density mixtures PF and GF passed the tensile

failure criterion with respective F.S of 1.9 and 1.5. Tensile stress in the CMA layer is also

twice its ITS which raises the possibility of tensile failure of the CMA layer in the double-

backfilling method.

5. All of the CLSMs were found prone to debonding failure. According to the calculated

value of SSR, the bond strength of the top 10 mm of the trench with AC needs to be im-

proved in order to prevent debonding. Because of the low interfacial shear stress between

CMA and AC layer, debonding is not a concern in the double-backfilling method.

6. The transferred stress to the conduit is not substantial (Maximum compressive stress of

272 kPa in TL-TD-C model).
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Chapter 8

Time-Cost-Resource Optimization

Time-cost trade of problem is one of the principal challenges for construction project planners.

On the other hand, an effective schedule is also important to eliminate waste caused by resource

waiting for preceding activities to finish their work by maintaining the continuity of the crew.

In such cases, traditional scheduling and planning techniques are unsatisfactory for managing

repetitive construction projects. An effective schedule is important to eliminate waste caused

by resource waiting for preceding activities to finish their work by maintaining the continuity of

the crew. Therefore, a practical multi-objective optimization model is needed to search for pos-

sible scheduling alternative and offer a set of non-dominated solutions to the decision-makers.

In this chapter, the discrete time-cost trade-off problem (DTCTP) is considered together with

resource allocation and resource levelling problem (RLP). This study presents the discrete time-

cost-resource optimization (DTCRO) model which together with linear scheduling model try to

select starting time and the number of the crew assigned to each activity satisfying all the project

constraints. To solve these problems, a non-domination based genetic algorithm (NSGA-II) is
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used to search for the non-dominated solutions, taking into account the total project time, cost,

and resources fluctuation as three objectives. The findings of the suggested model presented in

this chapter show that adding the resource levelling capability to the available DTCTP models

aside with using the benefits of linear scheduling technique provides more practical solutions in

terms of resource allocation and levelling, making this research applicable to narrow-trenching

projects.

8.1 Introduction

Construction planning is a fundamental and challenging aspect of construction project manage-

ment. In order to achieve the project goals, careful planning and scheduling are crucial. Poor

schedule can lead to significant waste as resources become idle owing to delayed completion of

preceding tasks, limited availability of required resources, or other space and time constraints.

The life cycle of a construction project involves many project management challenges. Among

these, the scheduling and optimization problem have received special attention [457–459]. In

general, construction projects are a one-time process, therefore conducting multiple trials of

the project schedule is not practical [460–462]. However, project managers can determine the

optimal construction schedule by adjusting the project’s timetable [461]. Scheduling enables

project managers to understand and achieve their preset project management goals [461, 463].

On the other hand, generating a reliable project schedule itself is a significant objective in project
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management [464]. Process control of the project would become impossible without a prede-

termined schedule.

Among the optimization problems, time-cost trade-offs have drawn significant attention in

the construction industry. In the discrete version of the problem, the discrete time-cost tradeoff

problem (DTCTP) follows a discrete and non-increasing pattern, i.e., a proportional increase

in resource allocation to an activity will result in an accelerated activity. Three objectives have

been defined in general for DTCTP [465]:

1. to minimize the project cost without exceeding a specified deadline (deadline problem);

2. to find the shortest project duration while meeting a given budget (budget problem); and

3. to construct a complete and efficient time-cost profile over a set of feasible project dura-

tions (time-cost curve problem).

The DTCTP was widely researched in the early 1950s under different assumptions. A re-

striction of the three standard scheduling optimization problems is that the description of the

problem and consideration of the associated factors are rather simple and not realistic. There-

fore, the produced schedules may not be well adjusted to the complex real-life construction

projects in the field. An effective way to improve the practicality and flexibility of the solu-

tion is to introduce extra constraints to problem formulation. This strategy has lately been

embraced by many scientists. [466, 467] tried to bring renewable resources to the traditional

DTCTP. Hegazy [468] researched resource levelling optimization problems based on the con-

straint of peak renewable resource usage. Kolinas et al. [469] also regarded resource levelling
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and resource allocation based on this constraint. Ghoddousi et al. [458] and Leu et al. [470]

also looked at TCTP and resource levelling optimization problems based on the peak renew-

able resource usage constraint. Senouci et al. [471] dealt with both resource levelling and TCTP

based on the extra peak renewable resource usage constraint by taking the anticipated resource-

levelling value as a constraint.

Construction projects can be widely classified as either linear or nonlinear [457, 461]. Util-

ity installation in gray areas, including fibre optic (FO) deployment civil works fall under the

category of linear construction. As discussed in Chapter 2, NT and in particular, MT has many

advantages over other methods of utility installations in urban areas. Despite all the advan-

tages, there is no documented study which tries to manage and schedule these projects. Obser-

vation result of the four MT pilot installations and two real-life MT projects by the author [18,

19] revealed a huge saving potential in both project time and budget by optimizing the work

schedule.

Linear construction projects often involve resources (e.g. crews) to do the very same job in

different units (locations, segments) by moving in the project from one unit to the next [472].

Because of this frequent resource flow, it is even more essential to have an efficient schedule

than the general construction projects in order to guarantee the uninterrupted use of resources

between units of the repetitive project [473]. Consequently, to guarantee the work continuity,

the stand-by time of the resources, waiting for preceding resources to finish their work, should

be eliminated. This also benefits the project by maximizing the learning curve effect and min-

imizing the idle time of resources [474]. The strict application of maintaining work continuity
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may, however, lead to a longer overall duration of the project. Traditional network technique

(critical path method-CPM) has many disadvantages when applied to schedule linear construc-

tion projects [464, 475, 476]: first, representing a linear project requires a multitude of activities.

Second, CPM does not guarantee the work continuity that can lead to crews being idle. Third,

it does not show where and when a certain crew will be working on an activity, therefore, it

is not efficient to visually monitor the progress of a particular crew. Therefore, a new group

of scheduling methods has introduced as "linear scheduling techniques". One of the most rep-

resentative of these techniques is the linear scheduling method (LSM). For transportation-type

linear projects, LSM provides some advantages over CPM, including the ability to maintain

construction continuity, having a concise and explanatory nature, ability to handle more com-

prehensive constraints, and being able to convey the rate and spatial information of the project

[460–462, 477]. LSM has received increasing attention in the research community. However, it

is still in the developmental stage [476].

In this chapter, an attempt is made to develop a practical procedure that searches for a near-

optimum solution to linear project planning and scheduling considering project cost, duration

and resource allocation and levelling, simultaneously. This procedure will provide a realistic

insight for decision-makers and project planners by offering different near-optimum solutions.

The Chapter begins with a short description of the advantages and shortcomings of current

optimization-based and heuristic approaches. Individual improvements are then suggested to

existing heuristic methods. A multi-objective optimization using the genetic algorithm (GA)

technique is then described and coded. The performance of the proposed genetic algorithm
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procedure is then evaluated on a real-life case study, and recommendations made.

8.2 Literature review

Classical optimization of construction projects can be categorized as resource allocation; re-

source levelling, and time-cost trade-off problems (TCTP) [457–459]. The primary classic objec-

tive of resource allocation is to allocate restricted resources to activities to minimize the dura-

tion [457, 459, 466, 478]. The objective of resource levelling is to make the graph of time-to-time

resource usage as smooth as possible over the entire duration of the project [457, 471]. This

will decrease the indirect resource management costs [458, 471] and enhance the advantages

of the learning curve and the morale of employees [476]. Over the years, Researchers have

used numerous analytical, heuristic and metaheuristic techniques for resource levelling. Geng

et al. [479] suggested an enhanced ant colony optimization algorithm, Rieck et al.[480] intro-

duced new linear integer model with domain reducing preprocessing methods, and Kyriklidis

et al.[481] suggested a smart hybrid nature-inspired method by merging ant colony optimiza-

tion and GAs. Despite the approach to optimization, most resource levelling researches are

based on network-based scheduling techniques [479, 482, 483]. However, as mentioned earlier,

for linear projects, CPM was discovered to be ineffective [484]. Hence, in repetitive construction

projects, Elwany et al. [485] described a linear programming model for single resource alloca-

tion and levelling. The objective function was to minimize the difference between the resource

usage. Georgy [463] provided a genetic algorithm to minimize absolute time-to-time variations
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in total resource use as well as deviation from average total resource use throughout the project

using an LSM. The objective of the adopted genetic algorithm was to solve the main deficiency

of mathematical resource levelling approaches, however, it necessitated more resource usage

and added variables. Lucko’s study [486] was built based on an analysis of the criticality of lin-

ear schedules. The author suggested equations like the first-moment area to minimize objective

function to a levelled resource profile, nevertheless, the model is complicated when the objec-

tive function exchanges. Zhang et al. [487] Proposed a line-of-balance (LOB) resource levelling

algorithm that allows the number of crews in the backward control activity to be lowered until

there is no backward control activity or the number of crews can not be decreased. This modifi-

cation allows for consistent productivity of all tasks and provides a resource-levelled schedule.

A more detailed review of resource levelling in the construction industry can be found in the

works of Bhosale et al. [488] and Damci et al. [489, 490]. It is similarly essential to minimize

time and cost. However, they often are negatively correlated. Therefore, it is essential to man-

age a trade-off between the two [458, 466, 491]. To solve this issue, TCTP is trying to find the

best time-cost trade-off for the entire project. For this intent, a connection is needed between

the activity’s duration and cost, which is generally defined by the utility curve [459, 492, 493].

Another significant element to consider towards a reasonable time-cost trade-off is the connec-

tion between direct and indirect costs; reducing project length increases the direct costs while

reducing the indirect costs of the project [494, 495]. In linear projects, the planner must con-

sider and balance several cost and time elements related to various aspects of the projects in

order to build a time- and cost-effective schedule [496]. Thus, in linear construction projects,
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mathematical programming and heuristic models were used as an alternative way to solve

the DTCTP. For instance, Senouci and Eldin [471] suggested a dynamic programming model

to determine the time-cost profiles of repetitive projects. Their model regarded the effects of

activities modes, interruptions, and delays for production activities. Because their suggested

algorithm needs significant computational effort, it is only suitable for small initiatives. To re-

solve this issue, Computer-based artificial intelligence methods have been employed to solve

the DTCTP in large-scale projects. For example, Hegazy and Wassef [497] presented a simplified

CPM/LOB method to calculate the minimum total cost. Their method used a genetic algorithm

and a spreadsheet template along with a specified deadline as a prerequisite. Hyari et al. [498]

embraced a genetic algorithm-based strategy and the Pareto ranking process to create the op-

timal Pareto front. Long and Ohsato [499] presented a GA-based model aimed at minimizing

both the duration and total cost of the project corresponding to different levels of the relative

importance of these objectives. Ezeldin and Soliman [500] proposed a hybrid technique com-

bining genetic algorithms with dynamic programming to solve the DTCTP under uncertainty

for non-serial projects. Hegazy et al. [501] also employed an artificial intelligence technique

to create a distributed scheduling system for large-scale construction. Their model combined

the DTCTP with the concept of soft logic. However, their study lacks a mathematical model

or a case study. Considering the aforementioned review, artificial intelligence techniques are

proved to furnish a way of obtaining near-optimum solutions that require less computational

effort than mathematical methods.
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8.3 Problem statement

Aforementioned survey of the literature shows the lack of comprehensive models which can

optimize the most important multi-objective aspects of the project (i.e. project’s cost, duration

and resources). Current solutions to linear project optimization generally attempt to discover

the "best" solution, which corresponds to the minimum or maximum value of a single objec-

tive function that includes all different objectives. This type of optimization is a useful tool to

provide insights into the nature of the problem. Nevertheless, it in normally unable to pro-

vide a trade-off between different objectives. On the contrary, the present Chapter attempts to

provide a multi-objective optimization framework to simultaneously consider the project cost,

time and resource optimization problems. There is no single optimal solution in multi-objective

optimization with competing objectives. The interaction between objectives results in a set of

compromised solutions, known as the trade-off, nondominated, non-inferior or Pareto-optimal

solutions. Consideration of many objectives in the design or scheduling phase offers three sig-

nificant improvements to the procedure that directly promotes the decision-making process

[502]:

• A wider variety of alternatives is usually recognized with multi-objective methodology.

• More appropriate options are available for the decision-makers to make informed deci-

sions when considering multiple objectives.

• The problem models are more realistic when multi-objectives are considered.
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Fig. 8.1. A sample LSM schedule. Time and space buffers are also illustrated in the
figure.

8.4 Background

8.4.1 Linear Scheduling Method (LSM)

LSM is intended to schedule linear construction projects containing a family of repetitive and

almost identical tasks [503]. As demonstrated in Figure 8.1 it reflects a repetitive activity as

a production line in a two-dimensional time and space graph. The horizontal and vertical

axis represent time and location of an activity or a crew, respectively. The horizontal distance

between the two lines is a graphic depiction of the time float or buffer, between the activities.

Similarly, the vertical distance serves as the physical distance, or space buffer, between the

activities. As stated earlier, prior studies have shown that LSM enables a better depiction of

scheduling information when compared to the conventional CPM or bar charts in terms of time

and space constraints, activity location, and productivity [504]. Therefore, LSM is used in this

study for multi-objective optimization using LSM.
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The slope of each bar in the LSM chart shows the planned rate of each activity (Ri). The

productivity of the activity i (Pi), can be related to the number of crews working on that activity

(Ci) and planned rate of the activity which is expressed as Equation 8.1.

Pi =
Ri

Ci
(8.1)

This chapter assumes that the principles of "optimum crew size" and "natural rhythm" are

also applied [505]. The principle of "Optimum crew size" implies that productivity will reduce

if the crew size is different from the optimum crew size. The "natural rhythm" concept enables

distinct units of manufacturing to shift the starting times of operation forward or backward

by altering the number of working crews. An increase in the number of working crews will

increase productivity.

8.4.2 Narrow-trenching

Narrow-trenching projects were introduced in Chapter 2 with a focus on the trenching activity.

However, there are other activities in an NT project to send the telecommunication cable to the

end-user. As explained, the NT process starts by cutting a narrow trench. Depending on the

size of the conduit used, the trench is narrower than 20 mm wide, and up to 120-300mm deep

which is usually being done by special cutting equipment with a mounted vacuum to suck the

trenching dirt. The second step is the placement of cables or conduits inside the trench. After

securing the cable inside the trench, the trench is ready for backfilling. In the pilot projects that
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Fig. 8.2. Schematic of the lateral connections from the main trench to the end user.

studied by the author [19], the double-backfilling method was used. Therefore, the reinstate-

ment process started by pouring cement grout up to the asphalt layer and filling the trench with

cold-mix-asphalt to the top. Then, the trench was sealed by hot bitumen-based sealant. In order

to send the cable to the home, an access pit and under-the curb access is being dug to access the

cables inside the trench (Figure 8.2). The cable was then connected to the end-user through a

drop trench to the post and lastly, the final drop to the home.

8.5 Problem formulation

An NT project is considered that consists of M activities labelled i = 1, 2, ..., M. Each activity

needs to be repeated in N units labelled j = 1, 2, ..., N. Activity 1 is the only start activity and

activity M is the one finish activity. Activity i is connected with its preceding activity p, p ∈ Pi,

by fulfilling the precedence relation of finish to start (F.S.), start to start (S.S), or finish to finish

(F.F.) with a defined time or space buffer, where Pi is the set of preceding activities of activity i.

The activities are numbered from 0 to j + 1 in the project network, where activities 0 and j + 1
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are "dummy" activities denoting the start and the end of the project.

The objective is to determine a set of non-dominated schedules when considering three

objective functions and with satisfying both the precedence and resource constraints. Formula-

tions of the objective function and constraints are outlined below.

8.5.1 Objective functions

It is essential to evaluate the desirability of the schedules (solutions) against a number of specific

objectives. The purpose of this Chapter is to resolve a discrete time cost resource optimization

(DTCRO) model using a non-dominated genetic sorting algorithm (NSGA-II) proposed by Deb

et al. [506]. Accordingly, a non-dominated set of solutions with the minimum time, total cost

and the sum of the square of the hourly deviations in resource histogram will be achieved,

taking into account precedence relations between different activities and resource constraints

in NT projects. The primary innovation in this research is to integrate impacts of resource

allocation and levelling as well as time-cost trade-off in scheduling NT projects under resource

constraints.

Once the number of crews and time and/or space buffer are selected for each activity, ac-

tivity information will be input to the linear scheduling simulator scheme, which will produce

a feasible schedule based on the given constraints. The outcome of the ensuing schedule is the

project time, cost and resource usage histogram. The first objective in our DTCRO model is

to minimize the project duration, which is equal to the finish time of end activity (FM) in the
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project. Therefore, the total project duration (DT) is:

DT = FM (8.2)

The second objective is to minimize total project cost. In general, the total cost of the project

can be divided into direct cost and indirect cost. Direct costs are those that are directly related

to the execution of activities in the project and can be calculated by:

DC =
M

∑
i=1

N

∑
j=1

dijciRij (8.3)

Where dij = duration of activity i in unit j; ci = Unit (hourly) direct cost of activity i and Rij

is the number of crew working on activity i in unit j.

Project indirect cost (IC) increases linearly with the project duration [495], and thus, it can

be calculated by the formula IC = e × DT, where e is the daily indirect cost of the project.

Since the duration optimization and resource constraint are considered in the formulation of

the problem, there is no need to add any time or resource penalty cost here. Thus, the project

cost (CT) can be calculated as:

CT = DC + IC =
M

∑
i=1

N

∑
j=1

dijciRij + e× DT (8.4)

The resource levelling objective function can be expressed in various ways. In order to

reduce the fluctuation in using resources as a third objective, the proposed model considers
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Minimization of the sum of the square of the hourly resource usage deviations (RdevT in Equa-

tion 8.5). It first used by Popescu [507] and proved to provide the best average improvement in

resource levelling among other objective functions studied in Damci and Polat [489].

RdevT =
FM

∑
k=1

(Rdevk)
2 (8.5)

Where k is the time under consideration and Rdevk is the deviation between resources re-

quired on time k and k+1.

8.5.2 Mathematical model of the proposed DTCRO

Just like DTCTP, there are three sub-problems of the DTCRO: first, the deadline problem, that

minimizes total cost considering project deadline; second, the budget problem, for a given

non-negative budget, tries to minimize the cost of the project; and third, the time-cost curve

problem, to generate the entire time-cost trade-off profile for a project under constrained re-

source with discrete time-cost relationship. In this Chapter since the Pareto approach is se-

lected for multi-objective optimization, predefining separate models for the aforementioned

sub-problems are unnecessary. In other words, in the proposed DTCRO model, no limitations

as a project deadline or budget are considered. Once the Pareto-front solutions are defined, it is

the decision-maker who decides the best solution among the optimal, non-dominated solutions

according to the specific project limitation. The model of the proposed DTCRO is formulated
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as follows:

minDT (8.6)

minCT (8.7)

minRdevT (8.8)

s.t.

∆i ≥ ∆imin ∀(i) ∈ E (8.9)


fi −∑N

j=1 dij ≥ max( fi′), if PRii′ is F.S.

ti ≥ max(ti′ + ∆i), if PRii′ is S.S. or F.F.
∀(i, i′) ∈ E (8.10)

ri ≤ rimax (8.11)

0 < ∑
j∈Jt

rj ≤ Rmax Jt = {j | f j − dj < t < f j} (8.12)

In the above formulation, the objective functions 8.6-8.8 minimize the project time, cost and

resource deviation on the X-axis which are calculated by formula 8.2-8.5. Constraint 8.9 requires
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the assigned time and/or space buffer of each activity i (∆i) to be greater than the required

buffer for that activity in that unit where E represents the set of activities. Constraint set 8.10

represents the precedence relationships (PR) between activity i and its precedents, i′. Constraint

8.11 indicates that the assigned resources to each activity cannot exceed the maximum available

resources for that activity. Finally, constraint 8.12 indicates that for each time instant t, the sum

of all resources on the job cannot exceed the maximum available resources. The constraint also

ensures the work continuity by requiring non-zero resources at each time instant of the project.

8.5.3 Proposed GA

To search for non-dominated solutions (in this research non-dominated schedules), an elitist

non-dominated sorting genetic algorithm (NSGA II) is developed for the purpose of multi-

objective optimization. Genetic algorithm is capable of searching among a set of possible so-

lutions (i.e. population) and finding the Pareto-optimal solutions efficiently at each simulation

run. The NSGA II proposed by Deb et al. [506] is a modified version of the first NSGA algo-

rithm [508], it is fast in computation, incorporates elitism, and converges better when compared

to other multi-objective evolutionary algorithms [458]. The solution finding procedure with

NSGA II in this study is illustrated in Figure 8.3.



Chapter 8. Time-Cost-Resource Optimization 230

Fig. 8.3. Flowchart of the proposed DTCRO model.
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8.6 Model application and discussion of the results

8.6.1 Real life implication example

The construction data gathered during four micro-trenching pilot installations in 2014 to 2016

[18] and two real-life full-size projects in 2016 and 2017 [19] is used to demonstrate how the

proposed DTCRO model works in reality. As it can be seen in Figure 8.4, this case study consists

of 10 activities. Table 8.1 shows the details of this case study. The backfilling method consists of

filling the trench with regular Portland cement grout up to the asphalt layer and then reinstating

the trench with CMA to the top. The trench is later sealed using hot sealant. We have one

renewable resource and its availability is 20 labourers per day. The maximum crew of each

activity is also mentioned in Table 8.1 based on the observation and experts’ opinions. In this

case, the indirect cost has been considered to be $65 per hour as observed during the field

monitoring. The objective is to find non-dominated schedules with respect to project time, cost

and deviation of resources. To increase the convergence speed of the model, sensitivity analysis

has been carried out, and the tunable parameters of NSGA-II for population size, number of

generation, and mutation percentage have been found to be 300, 150, and 5 respectively. It

has to be mentioned that after the 213th generation, Pareto front solutions did not change and

convergence criteria were reached.

Figure 8.5 shows the distribution for 40 non-dominated points in the criterion space after

the 200th generation. The relationship between the relevant non-dominated points and the

objectives of the model can be understood according to the results listed in Table 8.2. The
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Fig. 8.4. Project network activities of the micro-trenching case study.

Table 8.1. Activity data of the micro-trenching case study used in DTCRO model
[18, 19].

Activity ID Predecessor Relationship
Time
buffer

(hr)

One crew
productivity

(m/hr)

Optimum
crew size

Maximum
available

crew

Equipment
cost

(CAD/m)

Labor and
material

cost
(CAD/m)

Start T0 - - - 0 - - 0 0
Digging access-pits T1 T0 FS 0 41.56 1 10 30 30
Accessing Under-the-curb T2 T1 SS,FF 0.5 43.17 2 3 200 80
Installing the vaults T3 T0 FS 0 11.50 2 5 150 75
Digging drops T4 T1 SS,FF 1 19.65 2 5 25 75
Installing final-drops T5 T7 SS 0.5 7.31 2 5 25 75
Trenching T6 T0 FS 0 43.61 4 1 80 140
Cabling T7 T6,T2,T4 SS,FF 1,1,0 46.40 3 3 30 180
Grouting T8 T7 FS 0 50.42 3 3 55 115
Asphalt backfilling T9 T8 SS,FF 3 20.97 3 4 35 95
Applying sealant T10 T9 SS,FF 2 40.23 2 3 10 70
End T11 T3,T5,T10 FS 0,0,0 0 - - 0 0
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Fig. 8.5. Non-dominater solutions of the proposed DTCRO model for the micro-
trenching case study.

range of time, cost and resource hourly deviation in the Pareto front solutions of the proposed

DTCRO model have been 149-179 hours, 70,707-78,189 CAD and 80-410, respectively. The orig-

inal schedule which has been implemented in the real-life projects resulted in the duration of

296 hours, the total cost of 132,088 CAD and RdevT of 614 (when only considering non-idle

crews). When comparing the Pareto frontier schedules of DTCRO model with the project data,

the appreciable improvement in project duration, cost and resource allocation/levelling can be

confirmed.

In general, with a reduction in the resource usage fluctuation (RdevT), the duration of the

project has been increased. Despite there is not a solid relation between RdevT and project cost

but it can be seen that for solutions with the same duration reduction in the resource usage
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Table 8.2. Results of DTCRO model for micro-trenching case study.

Solution Num. Duration (hr) Cost (CAD) Rdev Solution Num. Duration (hr) Cost (CAD) Rdev

1 149 76361 410 21 161 72221 123
2 158 70707 255 22 151 72004 400
3 177 73909 80 23 153 73639 231
4 179 73377 83 24 174 73282 85
5 149 78184 408 25 163 71206 123
6 171 74632 82 26 156 70776 125
7 155 70987 224 27 149 76724 404
8 150 75758 304 28 174 73282 85
9 151 75670 301 29 152 72042 259
10 150 74729 369 30 174 73402 83
11 154 73073 163 31 160 71132 123
12 178 71436 122 32 153 73028 230
13 168 71966 122 33 153 71778 361
14 154 71772 265 34 178 73470 82
15 151 73039 357 35 156 72560 126
16 164 71173 123 36 151 72440 367
17 149 77120 407 37 159 70739 124
18 154 71925 162 38 177 73227 83
19 149 77910 407 39 150 72798 404
20 154 72731 129 40 174 73822 81



Chapter 8. Time-Cost-Resource Optimization 235

fluctuation imposes an additional cost to the project. For example, considering five solutions

with an equal time of 149 days, the solution with smaller resource deviation has a greater cost

value. It’s important to mention the fact that we cannot interpret and conclude the results

by considering only time and cost of schedules and ignoring the third aspect which is resource

levelling parameter. As we can see solutions with the same time and greater cost have remained

in population since they had a smaller resource moment deviation which means the smoother

resource usage histogram.

Another matter that should be taken into consideration is that although the project duration

in solution No.40 compared to solution No.1 has increased in a small amount (25 hr), the RdevT

has decreased significantly by almost 80%. To have a better understanding of this reduction in

RdevT we calculate the standard deviation of these two solutions. The result of this calculation

is the standard deviation of 5.7 for solution No.1 and 2.9 for solution No.40. This means that

most daily usage of resources in the histogram is within 2.9 of the mean for solution No.40

whereas it is almost doubled for solution No.1 which shows a higher fluctuation. Reduction in

fluctuations of resource usage decreases undesirable cyclic of hiring and firing during project

execution and prevents time and cost being wasted in such issues. This makes the proposed

DTCRO model a more suitable tool for time-cost trade-off analysis in repetitive projects and

provides more practical solutions in terms of resource allocation and levelling.

In Table 8.2, each solution is relative to a schedule which shows the starting time and the

number of crew of of every activity in a project. In this study, solving the existing problems is

based on an assumption that there is not any particular preference among model objectives. In
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Fig. 8.6. Linear schedule graphs of (a) non-optimum solution and (b) Pareto-front
solution No.1. Resource usage histograms are also presented at the top of the

graphs.

real life, managers can make optimal decision in choosing the proper solution based on trade-

off between time, cost and resource moment deviation for the project.

Figure 8.6 also visually compares the linear schedule graph as well as the resource usage his-

togram of a non-optimised schedule (Figure 8.6a) with the Pareto-frontier solution No.1 (Figure

8.6b; refer to Table 8.2). The non-optimized schedule is developed by using the minimum time

buffers between activities and considering one crew assigned to each activity. As evident from

the figure, the proposed model reduced the duration and RdevT of the non-optimized schedule

by 24% and 15%, respectively.
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8.7 Conclusion

The two well-established scheduling problem in linear projects are the discrete time-cost trade-

off and resource allocation and levelling. This Chapter aimed to simultaneously solve these

two problems. Accordingly, a DTCRO model was developed to select the best combination of

starting time and assignments of crews for each project activity with respect to time, cost, and

resource usage histograms.

According to the characteristics of the proposed problem, the model was solved using a

Pareto based multi-objective genetic algorithm NSGA-II. The model was also tested for a real

size micro-trenching construction project case study with 10 activities. The data required to set

up the model has been gathered from several real-life micro-trenching projects. The test non-

dominated solutions of this case study not only estimate the optimal time and cost of the whole

project but also the selected crew number and starting time for all of the activities. A Pareto-

front solution with the minimum duration resulted in a respective saving of 49.7 and 42.2% in

project’s time and cost when compared to the real schedule of the project. Accordingly, the min-

imum cost solution resulted in 46.6% saving in project time and 46.5% in project cost. Moreover,

the details of the results show that by decreasing fluctuation in resource usage histogram, the

project time and cost mainly increases. This research assumed no preferences on project time,

cost and resource moment deviation in the DTCRO model. Having the Pareto frontier solutions

available, the manager can easily make a decision based on the project’s specific preference on

time, cost and resource fluctuation.
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Chapter 9

Conclusions and Recommendations for

Future Works

9.1 Concluding remarks

The overall civil work of NT projects was studied in this research. Reviewing the existing doc-

umentation on the topic and long-term monitoring of NT projects revealed serious concerns

about the quality of materials in reinstatement. Accordingly, the present study mainly focused

on evaluating the performance of three most promising narrow-trench reinstatement alterna-

tives, namely cold-mix-asphalts, cement-based foams, and alkali-activated foams. Based on

the results of the laboratory experiments, the ultra-light CBF, PC, delivers the highest benefit-

to-cost ratio. Consequently, the numerical analysis suggested that double backfilling of the

narrow-trench, with mixture PC in the base layer and CMA-1 in the asphalt concrete pave-

ment layer, will guarantee both the performance and the cost-efficiency of the reinstatement.



Chapter 9. Conclusions and Recommendations for Future Works 239

While the narrow-trench designers and contractors can benefit from the proposed backfilling

solution, it is hoped that municipalities and approval authorities can also benefit from this re-

search by defining a detailed specification for narrow-trench reinstatement materials. Lastly,

the proposed DTCRO model is expected to solve the scheduling and resource allocation prob-

lems observed in NT projects. Based on the established objectives in this study, the following

detailed conclusions were drawn:

1. The first objective was met through a long-term monitoring of real-life MT projects as well

as a thorough review of the literature.

• Granual backfills like play sand are not suitable for the cold climate of Canada. A

considerable cable movement, as well as settlement of the trench, was observed in

the section that was filled with sand.

• Using an improper CMA can also lead to many distresses in backfill section as ravel-

ing, settlement, and cracking due to the insufficient bonding to the pavement AC.

• Bituminous macadam was found difficult to be applied. After a few months, pro-

gressive degradation was observed at the top of the reinstated trench.

• While the specialty reins or grouts are expensive and not compatible with the flexible

pavement, the properties of lightweight cement- or alkali-activated foams have made

them a promising alternative for narrow-trench backfilling purpose.

• Despite their potential, there is limited information on the behavior of different ce-

ment or alkali-activated substitute blends, durability properties of CLSM, especially
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their F-T resistance and their Composite performance with the surrounding materi-

als in a narrow-trench, which requires more attention.

2. The second objective was approached by laboratory testing on nine ready-to-use CMAs

for their strength, rutting and moisture susceptibility.

• The Marshall stability and flow test is effective in distinguishing rigidity of CMA

materials. The average MQ value of DG CMAs is higher than OG mixtures, reflecting

DG mixtures’ higher stiffness and lower workability.

• Rutting resistance of ambient-cured cold mix samples is low, and a wheel tracking

test was found to be too harsh to test deformation resistance in the early life of cold

mixtures. On the other hand, the accelerated curing process at 135 ◦C for 18 hours

appears suitable to predict the eventual strength of the CMAs.

• Despite few disparities observed, the MQ value can reflect the rutting resistance of

cold mix materials. Cold mixtures with higher MQs are expected to show higher

rutting resistance when tested under dry conditions in an HWT device.

• MSI seemed to be a better indicator for moisture damage susceptibility in CMAs

than SIP. CMA-3 and CMA-9 had the highest MSI and lowest TSR among DG and

OG CMAs, respectively, which mark them as the most susceptible cold mixtures to

moisture.
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• Statistical analysis indicated that the aggregate grain size distribution has a signifi-

cant effect on rutting resistance of CMAs. However, moisture susceptibility is not a

function of bitumen content or grain size distribution alone; and

• Moisture susceptibility of DG CMAs is found to be strongly correlated to the per-

centage of fine particles, while in OG mixtures, the amount of coarse aggregates in

the mix shows significant correlation with rutting and moisture susceptibility.

3. The third objective was addressed by testing on different cement- and alkali-activated

foams ranging in density from 600-1100 kg/m3. They were tested for their strength, mod-

ulus of elasticity and Poisson’s ratio, drying shrinkage and coefficient of thermal expan-

sion (CTE), and their bond performance with the asphalt concrete.

• The compressive strength of cement-based foams is affected by the aggregate. Whereas

fine perlite resulted in higher compressive strength than coarse perlite, a higher per-

centage of sand to cement ratio reduces the compressive strength. Both fly ash and

fibre reinforcement led to an increase in the compressive strength. As expected, the

modulus of elasticity followed closely the trends for the compressive strength above.

• The drying shrinkage of cement-based foams was seen to drop with a decrease in the

density. As expected, replacing the cement with fly ash and the addition of aggre-

gates or fibres led to a substantial drop in the drying shrinkage strain.

• The coefficient of thermal expansion (CTE) was seen to drop with a decrease in the

density. A higher percentage replacement of Portland cement with fly ash reduced
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the CTE significantly. Adding aggregates and fibres also led to a reduction in this

coefficient.

• Between them, the slant shear test yielded a higher bond strength than the flexural

bond test. The bond strength was seen to improve for an increase in the density.

At early ages of curing, a smaller dosage of fly ash raised the bond strength, while

a higher dosage led to its drop. This may be attributed to the rate of pozzolanic

reaction. Whereas coarse perlite led to a higher bond strength, fine perlite led to a

drop. No perceptible change was observed as a result of fibre addition.

• The compressive strength of alkali-activated foams is sensitive to cast density, curing

temperature and aggregate type. While higher densities result in higher compressive

strength, heat curing improves the strength at early ages. However, no appreciable

effect was observed beyond 90 days. Among the aggregates examined here, coarse

perlite outperformed fine perlite or ordinary sand. An improvement to the compres-

sive strength resulted in an expected rise in the modulus of elasticity.

• There was a drop in drying shrinkage of AAFs with a decrease in cast density. Adding

aggregates and polypropylene microfibres uniformly reduced the shrinkage strain.

As well, curing at elevated temperatures resulted in lower shrinkage strain.

• The coefficient of thermal expansion drops with a decrease in the cast density. At the

same time, adding aggregates and polypropylene microfibres and curing at elevated

temperatures also reduced the CTE.
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• The slant shear test witnessed higher bond strength than the flexural bond test. An

increase in the cast density of the AAF and heat curing further increased the bond

strength. Whereas adding sand to the AAF resulted in a weaker bond, neither perlite

nor microfibres appear to affect the bond strength either way.

• Cement-based foams withstood 150 cycles of freeze-thaw conditioning with little or

no visible damage. On the other hand, the only AAF that holds its integrity during

the 150 freeze and thaw cycles was the high-density mixture, GF.

• The properties of conditioned specimens were compared to those of the reference,

unconditioned ones, at the age of 28 and 90 days. The results revealed that the av-

erage durability of CBFs reduces with increase in density. Accordingly, the DF150c
90d

of the ultra-low-density mix PC is 11% more than the low-density mix PA and 76%

higher than the high-density mix PF. On the other hand, the low early strength of

low-density alkali-activated foams GA and GB resulted in a progressive deteriora-

tion.

• Introducing aggregate to the foams reduced the durability when compared to the

plain foams in each density group. Moreover, in the compressive strength test, coarse

perlite resulted in higher DF than fine perlite in both cement- and alkali-activated-

based foams. The higher percentage of natural sand in mixtures PG and GG reduced

the 28 days compressive strength and subsequently, reduced the durability of these

mixes considerably when compared to the plain foams, PF and GF.
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• Although the DF150c
90d of GE is marginally higher than GA, fibrous mixtures displayed

lower durability than the plain foams in the same density group. The durability

factor in mixtures incorporating FA was lower than that in the plain foams within

the same density group. Additionally, curing the AAF at elevated temperature, as in

mixture GH, improved the durability over the mixture GA, which was cured at room

temperature.

4. The fourth objective was met by simulating the narrow-trench with physical and numer-

ical models.

• Reinstatement of the trench with CMA and plain or foamed cement grout resulted in

a marginal 12% higher rut-depth when compared to the reference slab without the

trench. The progressive rutting of the reinstated trench with CMA and sand or single

backfilling with macadam proves the instability of these backfilling options.

• While the rut-depth after one freeze-thaw conditioning in the trench filled with CMA

and sand was 30% higher than that on an unconditioned sample, it did not have an

appreciable effect on the trench filled with CMA and plain cement grout. However,

after multiple freeze-thaw cycles, longitudinal cracks along the trench-AC interface

as well as raveling in CMA was observed.

• The maximum compressive principal stress in CLSM range from 385.8 kPa in RD-TS-

CM model to 1,892.0 kPa in CRIT-PF model. This maximum stress in CMA layer was
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observed in CRIT-PA+CMA model (3,628.9 kPa). However, all the materials passed

the Mohr-Coulomb failure criterion except for the low-density AAF, GB.

• Maximum tensile stress on the CLSMs was noticed at the bottom of the AC layer and

ranged from 183.3 to 848.5 kPa. Only high-density mixtures PF and GF passed the

tensile failure criterion with respective F.S of 1.9 and 1.5. Tensile stress in the CMA

layer is also twice its ITS which raises the possibility of tensile failure of the CMA

layer in the double-backfilling method.

• All of the CLSMs were found prone to debonding failure. According to the calculated

value of SSR, the bond strength of the top 10 mm of the trench with AC needs to be

improved in order to prevent debonding. Because of the low interfacial shear stress

between CMA and AC layer, debonding is not a concern in the double-backfilling

method.

5. The fifth objective was approached by developing a multi-objective decision support model

based on the linear scheduling technique and non-dominated sorting genetic algorithm.

• Application of the model on a recent real-life MT project revealed its potential in

scheduling and resource leveling of these projects.

• When comparing a Pareto-front solution with the minimum duration to the real

schedule of the project, a respective saving of 49.7 and 42.2% in project’s time and

cost can be realized. Accordingly, the minimum cost solution resulted in 46.6% sav-

ing in project time and 46.5 % in project cost.
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9.2 Recommendations for future works

The following recommendations are provided in the interest of future research studies:

• Microstructure and bubble analysis of the lightweight CBFs and AAFs, as one of the most

important parameters affecting their properties and performance in NT application, needs

to be studied in detail considering density, constituents, and stability.

• Further tests are necessary to better evaluate the bond strength of the lightweight foam

to the AC substrate in real-life conditions such as testing on the freeze-thaw conditioned

samples or on AC with different surface smoothness. Bond strength of CMA to HMA in

the double-backfilling method also requires further attention.

• Testing the properties of the reinstatement materials under dynamic loading better reflects

the loading environment inside the narrow-trench and therefore, requires further studies.

While many dynamic properties of the materials (like compressive strength, modulus of

elasticity, etc.) can be obtained through the existing standard test procedures, others can

be tested by innovative test methods. For instance, the bond strength of the backfilling

material to the AC substrate under dynamic loading can be tested through the laboratory

fatigue test developed by [226]. As well, the stress rate sensitivity of the bond may be

determined as per Islam et al [509].

• Triaxial compression test and failure analysis of the lightweight foams need to be studied

in order to serve the performance assessment of these materials.
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• The physical models of the narrow trench can be enhanced by embedding strain gauges

inside the backfilled trench. It enables better the assessment of the backfill materials based

on their response to the load instead of their deformation (rut-depth) under the wheel.

• Assessment of the backfill materials can be enhanced by using a more realistic FE model,

considering both elastic and plastic properties of the materials, more realistic interaction

between different pavement layers as well as the trench fill, and dimensional change of

the reinstatement and temperature-induced loads.

• Development of a specification for narrow-trench reinstatement materials, above all cement-

and alkali-activated foams, is necessary for their successful application. The specification

requires to cover the testing methods and acceptance criteria in particular.

• Considering the potential of the lightweight CBFs and AAFs for use as narrow-trench

backfill, full-scale trials need to be designed and tested.
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Martin Lucuk, et al. “Concrete based on fly ash geopolymers”. In: Proceedings of 16th
IBAUSIL 1 (2006), pp. 1079–1097.

[161] Prinya Chindaprasirt, T Chareerat, and Vute Sirivivatnanon. “Workability and strength
of coarse high calcium fly ash geopolymer”. In: Cement and concrete composites 29.3 (2007),
pp. 224–229.

[162] A Poulesquen, F Frizon, and D Lambertin. “Rheological behavior of alkali-activated
metakaolin during geopolymerization”. In: Journal of Non-Crystalline Solids 357.21 (2011),
pp. 3565–3571.

[163] Hossein Rostami and William Brendley. “Alkali ash material: a novel fly ash-based ce-
ment”. In: Environmental science & technology 37.15 (2003), pp. 3454–3457.

[164] Djwantoro Hardjito and B Vijaya Rangan. “Development and properties of low-calcium
fly ash-based geopolymer concrete”. In: (2005).

[165] C Marín-López, JL Reyes Araiza, A Manzano-Ramírez, JC Rubio Avalos, JJ Perez-Bueno,
MS Muñiz-Villareal, et al. “Synthesis and characterization of a concrete based on metakaolin
geopolymer”. In: Inorganic Materials 45.12 (2009), p. 1429.



Bibliography 260

[166] Djwantoro Hardjito, Steenie E Wallah, Dody MJ Sumajouw, and B Vijaya Rangan. “On
the development of fly ash-based geopolymer concrete”. In: Materials Journal 101.6 (2004),
pp. 467–472.

[167] ASTM C232. “Standard Test Method for Bleeding of Concrete”. In: ASTM International,
West Conshohocken, PA (2014).

[168] ASTM C1611. “Standard Test Method for Slump Flow of Self-Consolidating Concrete”.
In: ASTM International, West Conshohocken, PA (2018).

[169] ASTM C1610. “Standard Test Method for Static Segregation of Self-Consolidating Con-
crete Using Column Technique”. In: ASTM International, West Conshohocken, PA (2017).

[170] ALDOT-452. Sieve stability test for self-consolidating concrete ALDOT Procedures. Tech. rep.
ALDOT-452. Alabama Dept. of Transportation., 2015.

[171] RJ McLaren and NJ Balsamo. Fly ash design manual for road and site applications. Volume 2:
Slurried placement. Tech. rep. Monroeville, PA, (USA): GAI Consultants, Inc., 1986.

[172] USACE ETL-1110-3-496. “LABORATORY SOILS TESTING”. In: U.S. Army Corps of En-
gineers Washington, D. C. (1998).

[173] M Lachemi, KMA Hossain, M Shehata, and W Thaha. “Controlled low strength ma-
terials incorporating cement kiln dust from various sources”. In: Cement and Concrete
Composites 30.5 (2008), pp. 381–392.

[174] Donna L Boreck and RE Miller. “Effects of remote drop and pumpdown placement on
cellular concrete”. In: (1995).

[175] D Aldridge. “Introduction to foamed concrete: what, why, how?” In: Use of Foamed Con-
crete in Construction: Proceedings of the International Conference held at the University of
Dundee, Scotland, UK on 5 July 2005. Thomas Telford Publishing. 2005, pp. 1–14.

[176] M Roderick Jones and Li Zheng. “Energy absorption of foamed concrete from low-
velocity impacts”. In: Magazine of Concrete Research 65.4 (2013), pp. 209–219.

[177] EK Kunhanandan Nambiar and K Ramamurthy. “Sorption characteristics of foam con-
crete”. In: Cement and concrete research 37.9 (2007), pp. 1341–1347.

[178] M Roderick Jones, Kezban Ozlutas, and Li Zheng. “Stability and instability of foamed
concrete”. In: Magazine of Concrete Research 68.11 (2016), pp. 542–549.

[179] ITU. Low impact trenching technique for FTTx networks. L.155 Optical fibre cables – Guid-
ance and installation technique. Telecommunication standardization sector of ITU, 2016.
URL: https://www.itu.int/rec/dologin_pub.asp?lang=e\&id=T-REC-L.155-201611-
I!!PDF-E\&type=items (visited on 03/31/2019).

[180] Anne Smith. “Controlled low-strength material”. In: Aberdeen’s Concrete Construction 36.5
(1991), p. 389.

[181] ASTM C403. “Standard Test Method for Time of Setting of Concrete Mixtures by Pene-
tration Resistance”. In: ASTM International, West Conshohocken, PA (2016).

https://www.itu.int/rec/dologin_pub.asp?lang=e\&id=T-REC-L.155-201611-I!!PDF-E\&type=items
https://www.itu.int/rec/dologin_pub.asp?lang=e\&id=T-REC-L.155-201611-I!!PDF-E\&type=items


Bibliography 261

[182] ASTM D6024. “Standard Test Method for Ball Drop on Controlled Low Strength Material
(CLSM) to Determine Suitability for Load Application”. In: ASTM International, West
Conshohocken, PA (2016).

[183] Wei She, Yunsheng Zhang, MR Jones, and Panpan Guo. “In-situ monitoring the set-
ting behavior of foamed concrete using ultrasonic pulse velocity method”. In: Journal of
Wuhan University of Technology-Mater. Sci. Ed. 28.6 (2013), pp. 1146–1154.

[184] Sanjay Kumar, Rakesh Kumar, and SP Mehrotra. “Influence of granulated blast furnace
slag on the reaction, structure and properties of fly ash based geopolymer”. In: Journal of
materials science 45.3 (2010), pp. 607–615.

[185] MCHW. Manual of contract documents for highway works (MCHW); volume 1 specification for
highway works. Series 1000, road pavements – concrete materials. Highway authorities
and utilities committee, 2016. URL: http://www.standardsforhighways.co.uk/ha/
standards/mchw/vol1/pdfs/MCHW\%201000.pdf (visited on 03/31/2019).

[186] WE Brewer. The design and construction of small span bridges and culverts using controlled
low strength materials (CLSM). Final report. Tech. rep. Ohio Department of Transportation,
1992.

[187] Lorna J Gibson and Michael F Ashby. Cellular solids: structure and properties. Cambridge
university press, 1999.

[188] CT Tam, TY Lim, R Sri Ravindrarajah, and SL Lee. “Relationship between strength and
volumetric composition of moist-cured cellular concrete”. In: Magazine of Concrete Re-
search 39.138 (1987), pp. 12–18.

[189] Kevin J Folliard, Lianxiang Du, and David Trejo. “Effects of curing conditions on strength
development of controlled low-strength material”. In: Materials Journal 100.1 (2003), pp. 79–
86.

[190] MS Hamidah, I Azmi, MRA Ruslan, K Kartini, and NM Fadhil. “Optimisation of foamed
concrete mix of different sand-cement ratio and curing conditions”. In: Use of Foamed
Concrete in Construction: Proceedings of the International Conference held at the University of
Dundee, Scotland, UK on 5 July 2005. Thomas Telford Publishing. 2005, pp. 37–44.

[191] EP Kearsley and P Booysens. “Reinforced foamed concrete-can it be durable?” In: Con-
crete Beton 91 (1998).

[192] G Kovalchuk, Ana Fernández-Jiménez, and A Palomo. “Alkali-activated fly ash: effect
of thermal curing conditions on mechanical and microstructural development–Part II”.
In: Fuel 86.3 (2007), pp. 315–322.

[193] Peter Duxson, John L Provis, Grant C Lukey, Seth W Mallicoat, Waltraud M Kriven, and
Jannie SJ Van Deventer. “Understanding the relationship between geopolymer composi-
tion, microstructure and mechanical properties”. In: Colloids and Surfaces A: Physicochem-
ical and Engineering Aspects 269.1-3 (2005), pp. 47–58.

http://www.standardsforhighways.co.uk/ha/standards/mchw/vol1/pdfs/MCHW\%201000.pdf
http://www.standardsforhighways.co.uk/ha/standards/mchw/vol1/pdfs/MCHW\%201000.pdf


Bibliography 262

[194] F Puertas, T Amat, A Fernández-Jiménez, and T Vázquez. “Mechanical and durable
behaviour of alkaline cement mortars reinforced with polypropylene fibres”. In: Cement
and Concrete Research 33.12 (2003), pp. 2031–2036.

[195] A Palomo, MW Grutzeck, and MT Blanco. “Alkali-activated fly ashes: a cement for the
future”. In: Cement and concrete research 29.8 (1999), pp. 1323–1329.

[196] Mingyu Hu, Xiaomin Zhu, and Fumei Long. “Alkali-activated fly ash-based geopoly-
mers with zeolite or bentonite as additives”. In: Cement and Concrete Composites 31.10
(2009), pp. 762–768.

[197] Alexandre Silva De Vargas, Denise CC Dal Molin, Antonio CF Vilela, Felipe Jose Da
Silva, Bruno Pavao, and Hugo Veit. “The effects of Na2O/SiO2 molar ratio, curing tem-
perature and age on compressive strength, morphology and microstructure of alkali-
activated fly ash-based geopolymers”. In: Cement and concrete composites 33.6 (2011),
pp. 653–660.

[198] T Bakharev, JG Sanjayan, and Y-B Cheng. “Effect of elevated temperature curing on
properties of alkali-activated slag concrete”. In: Cement and concrete research 29.10 (1999),
pp. 1619–1625.

[199] Fareed Ahmed Memon, Muhd Fadhil Nuruddin, Samuel Demie, and Nasir Shafiq. “Ef-
fect of superplasticizer and extra water on workability and compressive strength of self-
compacting geopolymer concrete”. In: Research Journal of Applied Sciences, Engineering
and Technology 4.5 (2012), pp. 407–414.

[200] Samuel Demie, Muhd Fadhil Nuruddin, Memon Fareed Ahmed, and Nasir Shafiq. “Ef-
fects of curing temperature and superplasticizer on workability and compressive strength
of self-compacting geopolymer concrete”. In: 2011 National Postgraduate Conference. IEEE.
2011, pp. 1–5.

[201] F Nuruddin, Samuel Demie, FA Memon, and Nasir Shafiq. “Effect of superplasticizer
and NaOH molarity on workability, compressive strength and microstructure properties
of self-compacting geopolymer concrete”. In: World Academy of Science, Engineering and
Technology 75 (2011).

[202] ASTM D4832. “Standard Test Method for Preparation and Testing of Controlled Low
Strength Material (CLSM) Test Cylinders”. In: ASTM International, West Conshohocken,
PA (2016).

[203] KJ Folliard, David Trejo, L Du, SA Sabol, and C Halmen. “Controlled low-strength ma-
terial for backfill, utility bedding, void fill, and bridge approaches”. In: Research Interim
Rep. No. NCHRP 24-12 (1) (2001).

[204] Ronald L Larsen. “Sound uses of CLSMs in the environment”. In: Concrete International
12.7 (1990), pp. 26–29.



Bibliography 263

[205] E Gennesseaux, T Sedran, JM Torrenti, and M Hardy. “Formulation of optimized exca-
vatable cement treated materials using a new punching test apparatus”. In: Materials and
Structures 51.3 (2018), p. 56.

[206] G Bonnet, A Gavalda, and A Quibel. “Remblayage des tranchées, Utilisation de matéri-
aux autocompactants (Trench filling with flowable cementitious material. State of the
art)”. In: Etat des connaissances. Dossier Certu (in French) 78 (1998).

[207] Kevin J Folliard. Development of a recommended practice for use of controlled low-strength
material in highway construction. Vol. 597. Transportation Research Board, 2008.

[208] Caroline Morin. “Etude de l’excavabilité des matériaux traités aux liants hydrauliques
pour tranchées (Study of cementitious material excavatability)”. PhD thesis. Université
Pierre et MarieCurie de Pari (in France), 2009.

[209] Mark C Webb, Timothy J McGrath, and Ernest T Selig. “Field test of buried pipe with
CLSM backfill”. In: The design and application of controlled low-strength materials (flowable
fill). ASTM International, 1998.

[210] HAMCIN. “A performance specification for controlled low strength material controlled
density fill (CLSM-CDF)”. In: Hamilton County and the City of Cincinnati (1996).

[211] City of Colorado Springs. Backfill of Utility Trenches using Controlled Low Strength Materials
(CLSM). Interim release: CLSM (to the City Standard Specifications Manual). 2017. URL:
https://coloradosprings.gov/sites/default/files/section_206_- _interim_

release_for_clsm_2.pdf (visited on 08/16/2018).

[212] Brewer and Associates. Factors Governing The Removability Of Controlled Low Strength Ma-
terial - Controlled Density Fill - (CLSM-CDF). 1991.

[213] Teruhisa Masada, Shad M. Sargand, Basel Abdalla, and J. Ludwig Figueroa. Material
Properties for Implementation of Mechanistic-Empirical (M-E) Pavement Design Procedures.
Technical Bulletin. Ohio Research Institute for Transportation & the Environment (ORITE),
2004.

[214] P Mellin. “Development of structural grade foamed concrete”. PhD thesis. MSc disser-
tation, University of Dundee, 1999.

[215] YH Mugahed Amran, Nima Farzadnia, and AA Abang Ali. “Properties and applications
of foamed concrete; a review”. In: Construction and Building Materials 101 (2015), pp. 990–
1005.

[216] Zuhua Zhang and Hao Wang. “The pore characteristics of geopolymer foam concrete
and their impact on the compressive strength and modulus”. In: Frontiers in Materials 3
(2016), p. 38.

[217] E Ivan Diaz-Loya, Erez N Allouche, and Saiprasad Vaidya. “Mechanical properties of
fly-ash-based geopolymer concrete”. In: ACI materials journal 108.3 (2011), p. 300.

https://coloradosprings.gov/sites/default/files/ section_206_-_interim_release_for_clsm_2.pdf
https://coloradosprings.gov/sites/default/files/ section_206_-_interim_release_for_clsm_2.pdf


Bibliography 264

[218] AASHTO T193. “Standard Method of Test for The California Bearing Ratio”. In: Ameri-
can Association of State Highway and Transportation Officials (AASHTO) (2013).

[219] Frank G Burns. “Flowable fly ash backfill for buried pipelines”. PhD thesis. University
of North Carolina at Charlotte, 1990.

[220] Fernando Pons, John S Landwermeyer, and Larry Kerns. “Development of engineering
properties for regular and quick-set flowable fill”. In: The design and application of con-
trolled low-strength materials (flowable fill). ASTM International, 1998.

[221] K Lini Dev and RG Robinson. “Pond ash based controlled low strength flowable fills
for geotechnical engineering applications”. In: International Journal of Geosynthetics and
Ground Engineering 1.4 (2015), p. 32.

[222] Jinsong Qian, Xiang Shu, Qiao Dong, Jianming Ling, and Baoshan Huang. “Laboratory
characterization of controlled low-strength materials”. In: Materials & Design (1980-2015)
65 (2015), pp. 806–813.

[223] Richard D Peindl, Rajaram Janardhanam, and Frank Burns. “Evaluation of flowable fly-
ash backfill. I: Static loading”. In: Journal of geotechnical engineering 118.3 (1992), pp. 449–
463.

[224] AASHTO T274-82. “Standard method of test for resilient modulus of subgrade soils”.
In: American Association of State Highway and Transportation Officials (AASHTO) (1982).

[225] James W Mack, Chung Lung Wu, Scott Tarr, and Tarek Refai. “Model development and
interim design procedure guidelines for ultra-thin whitetopping pavements.” In: Pro-
ceedings of the 6th international conference on concrete pavement design and rehabilitation, In-
dianapolis, USA 1 (1997), pp. 231–256.

[226] Bertrand Pouteau, Jean-Maurice Balay, Armelle Chabot, and François De Larrard. “Fa-
tigue test and mechanical study of adhesion between concrete and asphalt”. In: 9th In-
ternational Symposium on Concrete Roads, Istanbul, Turkey. 2004.

[227] K Verhoeven. “Thin overlays of steel fiber reinforced concrete and continuously rein-
forced concrete: State-of-the-art in Belgium.” In: International conference on concrete pave-
ment design and rehabilitation, Purdue Univ., West Lafayette, IN. 1989, pp. 205–219.

[228] A Sainton. “Partenariat CIMbéton, SPECBEA, SNBPE pour le développement du béton
de ciment dans les chaussées”. In: Revue Generale des Routes et des Aerodromes 789 (2000),
pp. 44–48.

[229] Simon Austin, Peter Robins, and Youguang Pan. “Shear bond testing of concrete re-
pairs”. In: Cement and Concrete Research 29.7 (1999), pp. 1067–1076.

[230] ASTM C1072-13e1. “Standard Test Methods for Measurement of Masonry Flexural Bond
Strength, ASTM International”. In: ASTM International, West Conshohocken, PA (2013).

[231] JS Wall and NG Shrive. “Factors affecting bond between new and old concrete”. In:
Materials Journal 85.2 (1988), pp. 117–125.



Bibliography 265

[232] JCT de S Clímaco and PE Regan. “Evaluation of bond strength between old and new
concrete in structural repairs”. In: Magazine of Concrete Research 53.6 (2001), pp. 377–390.

[233] Lawrence I Knab and Curtis B Spring. “Evaluation of test methods for measuring the
bond strength of Portland cement based repair materials to concrete”. In: Cement, con-
crete and aggregates 11.1 (1989), pp. 3–14.

[234] Amjad Mallat and Abdenour Alliche. “Mechanical investigation of two fiber-reinforced
repair mortars and the repaired system”. In: Construction and building materials 25.4 (2011),
pp. 1587–1595.

[235] PJ Robins and SA Austin. “A unified failure envelope from the evaluation of concrete
repair bond tests”. In: Magazine of Concrete Research 47.170 (1995).

[236] BB Sabir, S Wild, and M O’farrell. “A water sorptivity test for martar and concrete”. In:
Materials and Structures 31.8 (1998), p. 568.

[237] EP Kearsley and PJ Wainwright. “Porosity and permeability of foamed concrete”. In:
Cement and concrete research 31.5 (2001), pp. 805–812.

[238] Lynton Cox and Simon van Dijk. “Foam concrete: a different kind of mix”. In: Concrete
36.2 (2002).

[239] EP Kearsley and HF Mostert. “The use of foamed concrete in refractories”. In: Use of
Foamed Concrete in Construction: Proceedings of the International Conference held at the Uni-
versity of Dundee, Scotland, UK on 5 July 2005. Thomas Telford Publishing. 2005, pp. 89–
96.

[240] N Narayanan and K Ramamurthy. “Structure and properties of aerated concrete: a re-
view”. In: Cement and Concrete composites 22.5 (2000), pp. 321–329.

[241] A Just and B Middendorf. “Microstructure of high-strength foam concrete”. In: Materials
characterization 60.7 (2009), pp. 741–748.

[242] EP Kearsley and PJ Wainwright. “The effect of porosity on the strength of foamed con-
crete”. In: Cement and concrete research 32.2 (2002), pp. 233–239.

[243] ASTM D5084. “Standard Test Methods for Measurement of Hydraulic Conductivity of
Saturated Porous Materials Using a Flexible Wall Permeameter”. In: ASTM International,
West Conshohocken, PA (2016).

[244] ASTM D2435. “Standard Test Methods for One-Dimensional Consolidation Properties of
Soils Using Incremental Loading”. In: ASTM International, West Conshohocken, PA (2011).

[245] Binod Tiwari, Beena Ajmera, Ryan Maw, Ryan Cole, Diego Villegas, and Peter Palmer-
son. “Mechanical properties of lightweight cellular concrete for geotechnical applica-
tions”. In: Journal of Materials in Civil Engineering 29.7 (2017), p. 06017007.

[246] G McGovern. “Manufacture and supply of ready-mix foamed concrete”. In: One Day
Awareness Seminar on Foamed Concrete: Properties, Applications and Potential, University of
Dundee, Scotland. 2000, pp. 12–25.



Bibliography 266

[247] A. McCarthy. “Thermally insulating foundations and ground slabs for sustainable hous-
ing using foamed concrete”. PhD thesis. University of Dundee, 2004.

[248] Ahmad Farhan Roslan, Hanizam Awang, and Md Azree Othuman Mydin. “Effects of
various additives on drying shrinkage, compressive and flexural strength of lightweight
foamed concrete (LFC)”. In: Advanced Materials Research. Vol. 626. Trans Tech Publ. 2013,
pp. 594–604.

[249] Zuhua Zhang, John L Provis, Andrew Reid, and Hao Wang. “Geopolymer foam con-
crete: An emerging material for sustainable construction”. In: Construction and Building
Materials 56 (2014), pp. 113–127.

[250] Adam M Neville. Properties of concrete. Vol. 4. Longman London, 1995.

[251] P Schubert. “Shrinkage behaviour of aerated concrete”. In: Autoclaved Aerated Concrete,
Moisture and Properties. Amsterdam: Elsevier (1983), pp. 207–17.

[252] Frank Collins and Jay G Sanjayan. “Strength and shrinkage properties of alkali-activated
slag concrete containing porous coarse aggregate”. In: Cement and Concrete Research 29.4
(1999), pp. 607–610.

[253] E Douglas, A Bilodeau, and VM Malhotra. “Properties and durability of alkali-activated
slag concrete”. In: Materials Journal 89.5 (1992), pp. 509–516.

[254] K Ramamurthy and N Narayanan. “Influence of composition and curing on drying
shrinkage of aerated concrete”. In: Materials and structures 33.4 (2000), pp. 243–250.

[255] B Singh, G Ishwarya, M Gupta, and SK Bhattacharyya. “Geopolymer concrete: A review
of some recent developments”. In: Construction and building materials 85 (2015), pp. 78–
90.

[256] P Kumar Mehta. “High-performance, high-volume fly ash concrete for sustainable de-
velopment”. In: Proceedings of the international workshop on sustainable development and
concrete technology. Iowa State University Ames, IA, USA. 2004, pp. 3–14.

[257] S Gandham, R Seals, and Paul Foxworthy. “Phosphogypsum as a component of flowable
fill”. In: Transportation Research Record: Journal of the Transportation Research Board 1546
(1996), pp. 79–87.

[258] Douglas A Lucht. “Thermal performance of flowable fill mixtures for horizontal GSHP
systems”. PhD thesis. Mechanical Engineering Department, South Dakota State Univer-
sity, 1995.

[259] ASTM C596. “Standard Test Method for Drying Shrinkage of Mortar Containing Hy-
draulic Cement”. In: ASTM International, West Conshohocken, PA, (2017).

[260] Prinya Chindaprasirt and Ubolluk Rattanasak. “Shrinkage behavior of structural foam
lightweight concrete containing glycol compounds and fly ash”. In: Materials & Design
32.2 (2011), pp. 723–727.



Bibliography 267

[261] BS EN 680:2005. “Determination of the drying shrinkage of autoclaved aerated con-
crete”. In: British Standards Institution (BSI), UK (2006).

[262] Julia Shekhovtsova, Maxim Kovtun, and Elsabe P Kearsley. “Evaluation of short-and
long-term properties of heat-cured alkali-activated fly ash concrete”. In: Magazine of Con-
crete Research 67.16 (2015), pp. 897–905.

[263] A Castel, SJ Foster, T Ng, JG Sanjayan, and RI Gilbert. “Creep and drying shrinkage of a
blended slag and low calcium fly ash geopolymer Concrete”. In: Materials and Structures
49.5 (2016), pp. 1619–1628.

[264] Md Rashadul Islam and Rafiqul A Tarefder. “Coefficients of thermal contraction and ex-
pansion of asphalt concrete in the laboratory”. In: Journal of Materials in Civil Engineering
27.11 (2015), p. 04015020.

[265] Michael S Mamlouk, Matthew W Witczak, Kamil E Kaloush, and Nasreen Hasan. “De-
termination of thermal properties of asphalt mixtures”. In: Journal of Testing and Evalua-
tion 33.2 (2005), pp. 118–126.

[266] Carlos R Cruz and M Gillen. “Thermal expansion of Portland cement paste, mortar and
concrete at high temperatures”. In: Fire and materials 4.2 (1980), pp. 66–70.

[267] Pongsak Choktaweekarn and Somnuk Tangtermsirikul. “A model for predicting coef-
ficient of thermal expansion of cementitious Paste”. In: ScienceAsia 35.1 (2009), pp. 57–
63.

[268] PB Bamforth, GMN Baston, JA Berry, FP Glasser, TG Heath, CP Jackson, et al. “Cement
materials for use as backfill, sealing and structural materials in geological disposal con-
cepts. A review of current status”. In: Serco, United Kingdom, RP0618-252A (2012).

[269] P Shah and SH Ahmad. “High Performance Concretes and Applications. 90 Tottenham
Court Road”. In: London W1P 9HE (1994), pp. 141–374.
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