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INTRODUCTION 

 

 

 Concrete infrastructure supports the operation of society, and provides the 

services and facilities necessary for an economy to function1.  Concrete is the most 

heavily used man-made material in the world2.  It has been the predominant construction 

material for centuries because of its widely available ingredients (e.g. cement, sand, 

gravel, water), capacity for taking on different forms, and low cost.  Annually, more than 

one cubic meter of concrete per person on Earth is made3, and more than 380 million 

cubic meters of concrete (almost 1.5 cubic meters per person) are placed every year to 

support the U.S. infrastructure4.  The volume of in-place concrete in the U. S. is estimated 

at 7 billion cubic meters (25 cubic meters per person) and most of the concrete is more 

than 20 years old4.  

 Concrete infrastructure, both new and repaired, is suffering deterioration, damage, 

and defects5, 6, 7, 8 (Figure 1.1).  Concrete deteriorates over time under service loading 

conditions when subjected to combined environmental and mechanical conditions.  For 
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example, saturated concrete exposed to freeze-thaw cycles may experience disintegration; 

Restrained shrinkage often causes early-age cracking in concrete; Chloride penetration 

from deicing salts or seawater through cracks, carbonation of concrete, or inadequate 

concrete cover depth can result in reinforcement corrosion; Expansion of corrosion 

products can cause spalling and delamination of the concrete cover; Mechanical loading 

such as fatigue combining with environmental effects will accelerate and aggravate the 

deterioration process.  Concrete damage is normally caused by short-term severe loading 

conditions such as fire, earthquakes, chemical spills, overloading, or impact.  This may 

result in cracking, immediate spalling, disintegration, or complete failure of the concrete 

element or structure.  Concrete defects are caused by improper detailing or design, 

construction practices, human error, or materials with improper quality control that result 

in premature deterioration, aesthetic issues, or inadequate structural capacity.  The lack of 

durability in concrete infrastructure due to deterioration, damage, and defects drives a 

repair industry that supports researchers, engineers, architects, material manufacturers, 

equipment suppliers, testing companies, contractors, lawyers, and educators.  For owners, 

the annual cost of concrete repair (including protection and strengthening) is estimated at 

$18 billion to $21 billion in the U.S. alone9. 

 Lack of durability in concrete infrastructure has become a looming threat that 

could jeopardize the world's prosperity and our quality of life.  Although infrastructure 

deterioration might not be as dramatic as damage from fires or earthquakes, the 

magnitude of this problem in terms of structural life cycle economic, social, and 

environmental impacts under service loading conditions dwarfs those associated with 

failures under severe loading conditions.  The economic impacts are associated with the 
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high cost of maintaining, repairing or replacing deteriorating structures, which is 

exceedingly burdensome on building owners, departments of transportation, the 

insurance industry and society.  According to the American Society of Civil Engineers 

(ASCE) 2009 Report Card10 for U.S. Infrastructure, an average grade of D (poor) was 

assigned over 12 infrastructure categories.  ASCE estimated that USD 2.2 trillion is 

needed over the next five years for repair and retrofit.  Correspondingly, repair and 

retrofit cost has been estimated to be USD 2 trillion for Asia’s infrastructure.  In Europe, 

Japan, Korea, and Thailand, the annual cost for repair has exceeded that for new 

construction11.  The social impacts include construction-related congestion, operations 

interruption, wasted time and fuel cost, vehicle damage due to bad road conditions, and 

safety concerns.  Environmental sustainability, which has become a compelling issue 

with the current depletion of raw materials and climate change, has been greatly 

compromised by infrastructure deterioration, repair and reconstruction cycles, which 

involve significant amounts of raw materials and energy consumption as well as 

greenhouse gas emissions.  To battle these impacts, an effective repair methodology that 

addresses the underlying concrete durability problems and extends the service life of 

deteriorating concrete structures is urgently needed. 

 While countless materials and techniques are used in practice to meet the demand 

for rapid, inexpensive and durable concrete repairs, few of them target the inherent 

material shortfall of concrete as a brittle material that cracks and fractures in many 

applications, leading to further deterioration.  It has been estimated that almost half of all 

concrete repairs fail prematurely12.  Many undesirable repair behaviours can be observed 

in the field in the form of early age surface cracking, spalling, or interface delamination 
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between the repair and the concrete substrate.  Delamination and cracking provide routes 

for chlorides, oxygen, moisture, alkali, and sulphates to penetrate into the repaired system 

and accelerate further deterioration.  Additionally, the loss of structural integrity impairs 

load transfer between the repair and the concrete substrate.  As a result, the repaired 

concrete structure with unsatisfactory performance and a short service life must be further 

maintained or repaired, leading to repeated repairs and significantly increased structural 

life cycle cost. 

The Kurtsubo Bridge is a case in point.  This bridge, located in a coastal area in 

Japan, experienced severe corrosion of the post-tensioned tendons13 due to ingress of 

chloride through the concrete cover (Figure 1.2).  After the first repair the corrosion was 

not inhibited and the deterioration continued, until severe corrosion and breakage of the 

tendons necessitated the second repair.  After two repairs and one rehabilitation (the latter 

is more targeted on increasing structural capacity besides restoring serviceability14), the 

bridge was finally replaced.  Consequently, after 40 years of service life, the total cost of 

the prematurely deteriorated bridge was 3.8 times greater than the initial cost of its design 

and construction (Figure 1.3).  The life cycle cost analysis of the Kurtsubo Bridge 

illustrates that the lack of durability of repairs can result in high maintenance costs that 

greatly exceed initial construction costs. 

 

1.1 Deterioration in Concrete Structures – Major Durability Concerns  

 Concrete structure deterioration results from the combined effects of various 

environmental and mechanical loading conditions throughout the structure’s service life.  

In this section, common deterioration modes in typical concrete structures, i.e. bridges, 
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roadways and highways, and parking structures, are reviewed.  According to Emmons 

and Sordyl 20064, the total annual cost of repairs, rehabilitation, strengthening, and 

protection of concrete structures in the U.S. is $18-21 billion, with $8 billion, $4 billion 

and $1 billion needed for bridges, highways and roadways, and parking structures, 

respectively.  

 

1.1.1 Bridges  

Repair need and cost for bridges in the U.S. has been rising as the bridge fleet age 

increases.  In the U.S., bridges were typically built with an expected service life of 50 

years, and their average age is now 4315.  According to the U.S. Department of 

Transportation, of the 600,905 bridges in the U.S. as of December 2008, 12.1% were 

categorized as structurally deficient, and 14.8% were categorized as functionally 

obsolete16.  A structurally deficient bridge may either be closed or restrict traffic due to 

limited load carrying capacity.  Although not unsafe, they pose limits to vehicle speed and 

weight.  A functionally obsolete bridge has outdated design geometries and features.  

Although not unsafe, they cannot accommodate current traffic volumes, vehicle sizes and 

weights.  These structurally deficient and functionally obsolete bridges require frequent 

maintenance, repair, and reconstruction, leading to construction-related traffic congestion 

and lengthy detours, and eventually resulting in significant economic, social, and 

environmental costs to society17.  To address bridge needs, AASHTO18 estimated in 2008 

that the repair cost for bridges in the U.S. would amount to $140 billion – about $48 

billion to repair structurally deficient bridges and $91 billion to improve functionally 

obsolete bridges. 
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Bridge deck transverse cracking 

Transverse cracking (Figure 1.4) in bridge decks is one of the dominant 

deterioration problems in bridges in many states in the U.S.19,20,21,23,26,27.  It is estimated 

that more than 100,000 bridges in the United States have early-age transverse cracks22, 

and these cracks have been observed in most geographical locations on many 

superstructure types22.  Some of these cracks form right after construction, and some after 

the bridge has been opened to traffic for a period of time.  Transverse cracks usually form 

when concrete is set23,24,25, and then widen with time.  These cracks are typically full 

depth, are often observed over transverse reinforcement22,23,25,26,27, and are spaced 1-3 m 

apart along the length of the bridge23,24,28.  These cracks reduce the service life of the 

bridge deck, and increase maintenance and repair costs during the bridge’s life cycle.  

They accelerate chloride penetration into the concrete and initiate corrosion of 

reinforcements, especially in marine environments or regions where deicing salts are 

applied in winter26,29.  Corrosion damage has even been observed on epoxy coated 

reinforcing bars in bridge decks with such cracks29,30.  Furthermore, freeze-thaw cycles of 

water in cracks and leakage of water to supporting structures may also reduce the service 

life of a bridge.  

The cause of bridge deck transverse cracking is tensile stress induced by 

restrained volume change of concrete, such as drying shrinkage, autogeneous shrinkage, 

thermal effects, and creep.  The magnitude of volume change in concrete depends on its 

ingredients, composition, and environmental conditions, such as ambient temperature and 

humidity.  The degree of restraint, which is most commonly due to the deck and girder 

composite behavior, depends on bridge design characteristics, such as boundary 
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conditions and relative stiffness of the superstructure.  Although the relative importance 

of these factors is not completely quantified yet, drying shrinkage is considered by many 

studies to be the major cause of concrete deck cracking22, 23, 31, 32, 33, 34, 35, 36.  

Although transverse cracking in bridge decks has been one of the main concerns 

of designers and researchers for decades, effective mitigation procedures have not been 

developed19,20.  Most research studies on the causes of transverse cracking over the past 

several decades have focused on three main categories of factors: (i) material and mix 

design, and their effects on cracking tendency, (ii) construction practices, and (iii) 

structural design factors.   

In terms of material and mix design, it is recommended to: (a) reduce cement 

content to 385-390 kg/m3 22, 24, 25, 32, 35, 31, 37, (b) use AASHTO specification Type II 

cement for bridge deck construction22,24,32,33,38 (c) limit the water/cement ratio to 0.4-0.45 

and use water reducers to decrease water content23,25,27,35, 37,39, 40, (d) use fly ash, (e) avoid 

using high early strength concrete if “early-opening” is not an issue22, (f) use the largest 

possible aggregate size as specified in ACI-318, use crushed stone as a coarse aggregate, 

and maximize aggregate content23, 24, 31, 22, 39, 35, 38, and (g) increase concrete strength40.   

In terms of construction practices, it is recommended 22,23,24,27,28,31,35,36,37,38,39,41, 

42,43,44,45 to: (a) use the evaporation rate chart proposed by ACI and cast the deck in mild 

temperatures,  (b) start curing immediately after finishing, then cure for at least 7 

consecutive calendar days or 14 days if the construction schedule allows, (c) pour the 

complete deck at one time whenever feasible, within the limitation of the maximum 

placement length, based on drying shrinkage considerations; if multiple placements must 

be made and the bridge is continuous span, then place concrete in the center of positive 
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moment regions first and observe a 72 hour delay between placements; when deck 

construction joints are created, prime existing interface surfaces with a bonding agent 

prior to placement of new concrete.   

In terms of design factors, the following recommendations19,40,46,47,48,49,50,51 are 

made: (a) boundary restraints should be consistent with the design – construction 

practices should not introduce undue boundary restraints on the girders, (b) minimize the 

ratio of girder/deck stiffness by adjusting deck thickness, girder spacing, and girder 

moment of inertia, (c) employ flexible superstructures, and (d) limit the skew angle of 

bridges to prevent corner cracking.  The increase of reinforcement volume above code 

requirements is discouraged because research19 shows that it does not help mitigate 

cracking.  

Despite a significant effort among the bridge engineering community to eliminate 

or at least reduce transverse bridge deck cracking, such cracking still exists and poses a 

great challenge to engineers and researchers48, 52.  Most of the past efforts have focused 

on modifying concrete material properties and construction practices to reduce volume 

change in concrete, especially drying shrinkage.  Such efforts, however, have limitations 

because they don't fundamentally address the inherent brittleness of concrete materials.  

Therefore, the potential of reducing concrete volume change to a level less than the 

material’s deformation capacity is marginal and unreliable12, 53, 54, resulting in (often 

“unexpected”) cracks, especially when the combined effects of drying shrinkage, 

temperature change, and mechanical loading are present.  The same brittle material 

limitation also leads to early-age cracking in partial-depth patching and full-depth 

concrete repairs of existing bridge decks with transverse cracks55, 56, which has a major 
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impact on the long-term durability of a repair system.  Early-age cracking often occurs as 

a result of restrained volume change of the new repair material, due to its dimensional 

incompatibility with existing concrete57, 58, 59, 60, 61.  These shortcomings point to an urgent 

need for developing a new material technology that effectively reduces the cracking 

potential through removal of the material brittleness, and eventually eliminates restrained 

volume change induced cracking in new and repaired bridge structures.   

 
Reinforcing and prestressing steel corrosion 

Corrosion of reinforcing or prestressing steel (Figure 1.5) is another pressing 

deterioration problem in bridge structures and other reinforced concrete structures, 

demanding significant amounts of repair and rehabilitation62, 63.  Corrosion starts when 

chloride ions transport through the sound or cracked concrete cover, reach the steel, and 

accumulate beyond a critical concentration level (pH falls below 11).  At this point the 

natural protective concrete layer surrounding the steel is depassivated.  Corrosion then 

initiates if oxygen and moisture are present at the steel-concrete interface.  The oxidation 

products generate expansive forces within the concrete, eventually causing the concrete 

cover to spall64.  Every year the U.S. spends about $8.3 billion to directly address 

corrosion in American highway bridges65.  Indirect costs related to traffic delays and 

productivity losses are estimated to exceed 10 times the direct cost of maintenance, repair, 

and rehabilitation.   

According to the FHWA Office of Research, Development & Technology66, 

reinforced concrete bridges functioned reasonably well until the late 1960s, when 

premature concrete delamination and spalling, which used to be encountered only in 

coastal areas, became common in many of the reinforced concrete decks in the “snow 
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belt.”  Concrete bridge decks were beginning to require maintenance after being in 

service for as little as 5 years.  The emergence of this type of concrete deterioration, 

which was first observed in marine structures and chemical manufacturing plants, 

coincided with the increased application of deicing salts to bridges and roads during 

winter months.  By the mid 1970s, it was recognized that this problem is caused by 

corrosion of reinforcing steel in concrete, which is induced by the intrusion of even small 

amounts of chloride from the deicing salts into the concrete.  Now it is widely recognized 

that corrosion of the reinforcing steel has led to premature deterioration of many concrete 

bridges in the United States before their design life is exceeded.  Although corrosion is 

not the sole cause of all structural deficiencies, it is a significant contributor and has 

become a major concern to transportation agencies nationwide67, 68. 

The magnitude of this corrosion problem in transportation infrastructure systems 

has increased significantly in the last three decades and will continue to increase69.  Even 

though the cost of maintaining bridge decks is becoming prohibitively expensive, the 

benefits to public driving safety provided by deicing salts are so important that their use 

is not likely to decrease in the future66.  In fact, the use of road deicing salts, which are 

extremely corrosive due to the disruptive effects of its chloride ions on protective films 

on metals, has increased in the first half of the 1990s after leveling off during the 1980s70.  

Although an effective alternative deicing agent, calcium magnesium acetate (CMA), is 

available and less corrosive, its high price greatly limits its wide-spread application71, 72.  

Therefore, it can be expected that the road environment will likely remain corrosive.  In 

response to the tremendous economic burden that corrosion of reinforcing steel in 

concrete bridges placed on the national economy, the Structure Division of FHWA has 
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placed emphasis on finding effective and economical solutions that can be easily 

implemented by state and local transportation agencies.  

Compared to reinforcing steel, corrosion of prestressing steel and its impact on 

structural performance can be more severe.  Prestressed concrete technology was only 

applied to bridges relatively recently.  Therefore, the existing prestressed concrete 

members in bridges are still relatively young, and the corrosion and concrete 

deterioration problems associated with prestressed concrete members didn’t become 

evident until the early 1980s73.  Although prestressed concrete members were generally 

manufactured with higher strength concrete, time has shown that they are subject to the 

same adverse effects of reinforcement corrosion as reinforced concrete members74.  

Because the cross section of each prestressing wire or strand is relatively small and is 

already under significant stress, a very small cross sectional loss from corrosion will 

cause the wire or strand to debond from the concrete and eventually break75.  Since 

prestressed concrete members rely on the tensile strength of the strands to resist loads, 

loss of even a few strands per member can be catastrophic76, 77.  Additionally, because the 

strands are subjected to high stress, corrosion effects can be accelerated78.  Even small 

corrosion pits may cause a strand to fracture, as compared to non-prestressed reinforcing 

steel that will literally rust away before breaking.  Documented cases of prestressing 

strands breaking as a result of corrosion make this a pressing problem.  

The rapid premature deterioration of many concrete bridge decks in the late 1960s 

raised concern among state highway agencies.  As a result, the use of non-corroding 

fusion bonded epoxy-coated reinforcement has become a standard practice since the late 

1970s79.  For additional protection, low-permeability concrete, such as low water-cement 
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ratio Portland cement concrete, latex-modified concrete, and other specialty concrete 

began to be used, along with increased concrete cover thickness over coated reinforcing 

steel80.  Additionally, the use of waterproof membranes over concrete decks81, in 

conjunction with an asphalt overlay, has produced mixed results and been adopted 

sparingly.  A few states have used epoxy-coated rebars in conjunction with a waterproof 

membrane and asphalt overlay on bridge decks.  

FHWA research and field data have indicated that the use of overlays, waterproof 

membranes, and sealers only marginally extend the life of a structure, to a variable 

extent66.  On the other hand, cathodic protection has proven to be successful at retarding 

and controlling chloride-induced corrosion in reinforced concrete bridge 

components82,83,84,85,86,87,88
.  In addition, electrochemical chloride extraction is another 

alternative rehabilitation technique that is being explored by a number of state highway 

agencies89.  More research is under way to bring this technology up to par with cathodic 

protection.  

Current approaches to preventing steel reinforcement corrosion in concrete 

bridges have mixed results66.  These approaches include the use of good construction 

design and procedures, adequate concrete cover depth, corrosion-inhibiting admixtures, 

and the adoption of low-permeability concrete.  The reason for the limited success is due 

to the fact that concrete is brittle and tends to crack in a variety of combined mechanical 

and environmental loads.  In fact, it has been observed recently that the new low 

permeability concrete (high-performance concrete), which is made from partial 

substitution of Portland cement with silica fume or fly ash, has a more pronounced 

tendency than conventional concrete to crack66, 90, 91.  As a result, a faster, gravity-assisted 
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flow of salt-laden water channels through the cracks, rather than a slow diffusion of 

chloride through the uncracked concrete.  Corrosion-inhibiting admixtures for concrete 

will not be useful once concrete cracks92, and the reinforcing steel solely relies on itself 

as the last line of defense against corrosion.  In this situation, the use of a barrier system 

on the reinforcing steel, such as an epoxy coating or other organic coating, becomes more 

critical in abating corrosion.  However, it is likely that there may never be an organic 

coating that can resist the extreme combination of constant wetting, high temperature, 

and high humidity that reinforcing steel is exposed to in marine environments, especially 

in the splash zone in coastal regions66.  Epoxy-coated steel bars will have to be used in 

conjunction with sound, crack-free concrete in bridge decks89 where the concrete is not 

constantly wet and the other exposure conditions are not as severe. The limitations of 

current approaches to reducing steel corrosion in concrete calls for a fresh approach in 

tackling this problem – a new methodology that addresses the intrinsic brittleness of 

concrete material for the purpose of enhancing structural durability.  

 

1.1.2 Highways and Roadways 

 Highway and roadway infrastructure involve enormous material consumption, 

energy usage, and capital investment.  Currently, the U.S. consumes more than 35 million 

metric tons of asphalt and 48 million metric tons of cement annually, at a cost of nearly 

$65 billion in the transportation infrastructure system alone.  Repair and reconstruction of 

deteriorated and aging highway and roadway infrastructure in the United States leads to 

significant economic cost, environmental burdens, and social costs, which motivate 

sustainable engineering initiatives.  Highway and roadway systems should provide a safe, 
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reliable, efficient, and comfortable driving environment.  While the transportation of 

people and goods has expanded significantly in recent decades due to the existence of an 

extensive highway and roadway system in the U.S., deteriorating and aging highway and 

roadway pavement systems have become a burden to society.  Poor road conditions lead 

to excessive wear and tear on motor vehicles and increased numbers of crashes and 

delays, and cost U.S. motorists $67 billion ($333 per motorist) annually in vehicle repair 

and operating costs.  Currently, 33% of America’s major roads are in poor or mediocre 

condition and 36% of the nation’s major urban highways are congested93.  The current 

spending level of $70.3 billion for highway capital improvements94 is well below the 

estimated $186 billion needed per year to substantially improve the nation’s highways95. 

Typical deterioration mechanisms in highways and roadways include transverse 

cracking, longitudinal cracking, D-cracking, and alkali silica reaction9, 96, 97.  Transverse 

cracking results from restrained volume change, such as drying shrinkage and 

temperature gradient, similar to the causes of transverse cracking in bridge decks98,99.  

These environmental effects, combined with repeated vehicle loading, aggravate the 

deteriorated area and further increase cracking and spalling.  Longitudinal cracks are 

caused by a combination of repeated heavy loading, loss of foundation support, and 

curling and warping stresses, or by improper construction of longitudinal joints.  

Durability, or “D”, cracking manifests as a “closely spaced crescent-shaped hairline 

cracking pattern”, and occurs near joints, cracks, and free edges100.  D-cracking is caused 

by freeze-thaw expansion of some types of coarse aggregate, and occurs frequently with 

limestone in Midwestern states in the United States.  The alkali silica reaction occurs 

between alkali hydroxyl ions in Portland cement and certain siliceous minerals found in 
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the aggregate, such as opaline chert, and strained quartz.  This reaction produces a gel 

that surrounds the aggregate in the concrete matrix.  With the introduction of moisture, 

the gel expands and causes cracking and distress of the pavement101.  

In developed countries such as the U.S., much of the highway and roadway 

construction activities involve maintenance, repair, and reconstruction of existing 

pavements.  Three main types of repair methods have been used: (i) partial-depth 

patching (partial-depth repair), (ii) full-depth repair, and (iii) unbonded concrete overlay 

or hot mixed asphalt (HMA) overlay.   

Partial-depth patching is a pavement restoration technique that repairs surface 

distress and localized failures that do not extend to the bottom of the slab, re-establishes 

well-defined joint reservoirs, or reduces impact loading at transverse joints, with the goal 

of extending pavement service life102.  More specifically, it is used for mid-slab surface 

cracking and spalling, joint spalling, localized scaling, and localized distress from 

corroding steel reinforcement.  Partial-depth patching improves the rideability of concrete 

pavement, and reduces intrusion of moisture, chloride, or incompressibles into cracks or 

joints.   

Full-depth repair is for joint deterioration larger than 1/3 of slab depth, severe 

transverse cracking, longitudinal cracking, and broken slabs or corner breaks103.  Partial-

depth and full-depth repairs are subjected to restrained volume change induced cracking 

and debonding from existing concrete, which are most frequently caused by inappropriate 

selection of repair materials with higher cracking tendency, material variation, poor 

construction practice and quality control, late curing, and lack of bond between the repair 

and the existing concrete.   
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Concrete or HMA overlay is one of the major rehabilitation methods used for 

severely deteriorated pavements104.  Reflective cracking is often the ultimate failure mode 

that limits the overlay service life105,106,107.  Reflective cracking is characterized as new 

cracks reflected through the overlay from pre-existing cracks or joints in the substrate 

(Figure 1.6) under repeated traffic loads.  Current methods to abate reflective cracking 

include the use of a bond-breaking layer, i.e. HMA, between the concrete overlay and the 

substrate, to release stress concentration at the source of reflective cracking, rubblization 

(breaking the substrate pavement into a well graded high modulus aggregate base 

material), or extensive repair of existing pavement deterioration before overlaying.  

Currently, none of these approaches has been able to effectively eliminate reflective 

cracking in rigid (concrete) pavement overlays, mainly due to the brittle nature of the 

overlay material.  

 

1.1.3 Parking Structures 

Apart from bridge decks and highway pavements, parking structures represent 

another category of structures that suffers early deterioration (Figure 1.7).  A combination 

of parking lot, building, and bridge structures, the modern parking structure108 is designed 

to meet an ever-expanding array of criteria to support vehicular traffic loads while 

enduring challenging environmental conditions.  A parking structure frame can be made 

of cast-in-place concrete, pre-cast concrete, or steel.  A parking structure deck is 

commonly cast-in-place or pre-cast concrete.  The concrete members are either reinforced 

or pre-stressed109.  Cast-in-place decks are usually a single, continuous reinforced 

concrete deck spanning between steel or concrete framing.  This type of deck is generally 
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more prone to deterioration from restrained shrinkage cracking, chloride attack, and 

corrosion induced spalling110, 111, 112.  Therefore, performance of this type of deck is 

directly related to provisions that mitigate chloride attack113.  While there is no substitute 

for good design and materials, combating chloride attack has become a challenge over the 

years114, 115, 116.  Current protection methods include reinforcement coating, adding 

corrosion indicators to concrete, applying sealers and densifiers to the concrete surface, 

and using traffic bearing membranes117, 118, 119, 120.  For decks that are left unprotected, 

maintenance dollars are spent chasing defects121.  

Pre-cast deck elements are cast in a factory and use dense and high quality 

concrete produced with strict quality control methods.  Therefore, they are expected to 

have higher resistance to chloride penetration108.  Because these members are typically 

pre-stressed in compression, shrinkage cracking should not be of concern.  However, 

maintenance requirements for pre-cast parking garages can be far more demanding than 

for cast-in-place parking garages.  This is because pre-cast elements are often thinner and 

have a low tolerance against construction caused defects.  They tend to crack when 

restrained from thermal expansion and contraction122, 123.  Cracks, once formed, pose a 

serious threat to the pre-cast elements as they allow a direct path for chloride to penetrate 

through and reach the reinforcement, despite the dense microstructure of pre-cast 

members.  As the pre-cast members typically use wire that is thinner than the 

reinforcement bar used for cast-in-place decks, a relatively small amount of corrosion can 

cause a significant loss of load carrying capacity.  Even worse, repair of these thin 

elements is often difficult and costly123.  Moreover, pre-cast members typically require 

sealant joints as connections.  These joints, extending around each pre-cast member, can 
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very quickly add up to miles of sealant that must be maintained and replaced periodically.  

Water migration through failed joints can cause problems for cars below and accelerate 

deterioration of the pre-cast members124.   

In summary, water leakage through cracks and joints, chloride ingress, and freeze-

thaw cycles are common mechanisms that cause reinforcement corrosion, spalling, and 

other distress in parking structures.  The risk associated with deterioration in parking 

structures is severe, and the threat of costly and time-consuming lawsuits associated with 

driving and tripping hazards is substantial.  Current repair methods include use of 

waterproofing membranes, joint sealants to control water intrusion, strengthening 

systems to correct design and construction errors, surface repair systems for spalling 

damage, and slab replacement.  

 

1.2 Limitation of Current Approaches to Improve Durability of Concrete 

Structures 

Summarizing from the previous discussion, early-age cracking due to restrained 

volume change, reflective cracking, chloride penetration, corrosion, spalling, and alkali 

silica reaction are major deterioration phenomena in new and repair concrete structures.  

At the root of these durability concerns is the inherent brittleness of concrete materials.  

Concrete tends to crack and spall under applied structural loads, restrained volume 

change (shrinkage, thermal deformation, etc.), and stress concentration induced by 

existing cracks in the substrate concrete.  Once cracked, wider crack width tends to 

exacerbate water, gas, and chloride ion transport and accelerate the deterioration 

mechanisms mentioned above.  The factors driving wider crack width include the level of 
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deformation (determined by ambient environmental conditions and structural loading 

conditions), constraints (determined by boundary conditions), member geometry, and 

material characteristic length.  Crack width has a direct influence on transport properties.  

Large cracks easily allow water and corrosives into the material and accelerate 

deterioration, such as leeching, steel corrosion, spalling, sulfate attack and freezing-and-

thawing damage.  

Current methods to increase durability of concrete structures include (a) 

increasing density of concrete material microstructure through well-graded particle size 

distribution to reduce permeability and transport of corrosives to the steel125, 126, (b) 

increasing concrete compressive strength, (c) modifying the concrete matrix by adding 

entrained air, sulfate resistance cements, and corrosion-inhibiting admixture, and (d) 

adding cracking-control reinforcement.  These methods, except (d), do not target the 

inherent brittleness and cracking behavior of concrete, and instead rely upon the concrete 

to remain uncracked within a structure throughout its service life so that the denser 

concrete matrix is able to resist penetration of aggressive agents.  As discussed above, 

concrete cracking behavior and crack width play the most important role in a majority of 

the concrete durability problems in the field.  Therefore, a fundamental solution, which 

reduces the brittle nature of concrete and controls crack width while maintaining cost 

effectiveness and ease of application, is necessary.  

 

1.2.1 Effectiveness of current material “durability” solutions 

It is often perceived that the solution to the repair durability problem is improving 

the compressive strength of the repair material or accelerating its strength gain at material 
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early ages.  This misconception encourages the seeking of various expensive, high 

strength repair materials that do not behave as expected, or sometimes even worse in the 

field12.  High strength concrete (with 50-140 MPa compressive strength), for example, is 

often believed to be a highly durable material because of its very dense microstructure, 

which lowers permeability and reduces transport of corrosives to the steel125,126.  This is 

achieved with low water/cement ratios127, silica fume and fly ash128, and a well-graded 

particle size distribution129.  This concept, however, is based on the assumption that high 

strength concrete remains uncracked throughout the structure’s expected service life, so 

that it can resist the ingress of water, chloride ions, oxygen, and other aggressive agents 

through its dense microstructure.  

In reality, however, high strength concrete is particularly susceptible to cracking 

due to its high brittleness and small creep deformation130.  Containing more finely ground 

particles than regular concrete, high strength concrete typically has increased early age 

shrinkage and thermal volume change.  Restrained volume change induces large tensile 

stress in the high strength concrete because of its high elastic modulus and small creep 

deformation, consequently resulting in cracking.  Cracks provide paths for the aggressive 

agents to penetrate into the high strength concrete, and ultimately lead to steel corrosion, 

freezing and thaw disintegration, alkali or sulfate attack12.   

 The higher cracking tendency of high strength concrete can be explained using 

fracture mechanics theory.  Stang and Li131 investigated the cracking stability of concrete 

material under restrained shrinkage conditions using a simple model of a concrete slab of 

length L, restrained on both ends as shown in Figure 1.8.  When the shrinkage strain 

εshrink stays below concrete’s elastic tensile strain capacity εt，no cracking occurs, 
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although tensile stress develops in the restrained direction.  Once εt is exceeded, the 

magnitude and stability of the crack opening depend on the brittleness of the material.  

For an ideally brittle material, the crack width will instantly jump from zero to a crack 

width equal to the shrinkage strain times the length of the slab, as shown in Figure 1.9.  If 

the concrete material has tension softening behavior, then the predicted crack width is 

dependent on the material characteristic length lch through Equation 1.1.  

                   (1.1) 

where w is the crack width, L is the length of the restrained member, εshrink is the 

shrinkage strain, εt is the elastic tensile strain capacity, and lch is the characteristic length 

as defined by Hillerborg et al.132 in Equation 1.2.  

                                  (1.2) 

where lch is the characteristic length, E is the modulus of elasticity, Gf is the fracture 

energy, and ft is the tensile strength. 

Figure 1.9 suggests that the crack width will grow from zero linearly proportional 

to the excess of shrinkage strain over the tensile strain capacity (εs - εt).  This slope has 

two limits.  As characteristic length drops to L/2, the slope becomes infinity and the 

material behaves as an ideally brittle material by conforming immediately to the Lεs line.  

As characteristic length increases to infinity, the slope approaches L.  This demonstrates 

that for the same shrinkage potential (εs - εt), a material with small characteristic length 

(i.e. very brittle with low toughness) will show larger crack widths.  The development of 

cracks also tends to be unstable, as indicated by the infinite slope of the line.  A material 

with higher toughness and characteristic lengths will have smaller crack widths and more 



 
22 

stable crack development.  Cracking of a quasi-brittle material will fall between these two 

limits.  Characteristic length values for ordinary Portland cement concrete and high 

strength concretes are calculated to be about 190 and 120 mm (7.5 and 4.7 in.), 

respectively131.  Because high strength concrete has lower material characteristic lengths, 

it should exhibit larger cracks after early age shrinkage.  This is supported by field 

evidence of very early age cracking of bridge decks constructed using high strength 

concrete in Colorado and California133, 134, 135, highlighting the susceptibility of high 

strength concretes to early age cracking due to restrained volume change.  

Based on the above discussion, the effectiveness of current solutions for concrete 

structure and repair durability is questionable.  Instead, material durability should be 

highly dependent on its cracking resistance and cracking stability.  A material with high 

tensile strain capacity (ductility) will be able to accommodate restrained volume change 

due to shrinkage, temperature effects, structural loading, etc., and relieve the tensile stress 

buildups in the repair without cracking failure.  

 

1.2.2 Compatibility of new repair with existing concrete substrate 

Unlike new structures, the durability of a repaired system highly depends on the 

compatibility of the repair material with existing concrete136.  Compatibility is defined as:  

“a balance of physical, chemical and electrochemical properties, and dimensions 
between a repair material and the existing substrate that will ensure that the repair 
can withstand all the stresses induced by volume changes and chemical and 
electrochemical effects without distress and deterioration over a designated period 
of time.”4  
 

Dimensional compatibility, which is the most important among these considerations, is 

the ability of the repair to withstand restrained volume change without cracking and loss 
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of bond.  It also refers to the ability of the repair to diffuse stress concentration from 

existing cracks in the substrate concrete without reflective cracking.  These types of 

cracking, either due to restrained volume change or reflective cracking, are the main 

causes of reduction in service lives of bridges, highways and roadways, parking 

structures, and other concrete structures, as discussed earlier in Section 1.1.  

Dimensional compatibility includes drying shrinkage, thermal expansion or 

contraction, creep, modulus of elasticity, and repair geometry.  An ideal repair material 

should undergo zero shrinkage, and the same amount of thermal expansion or contraction, 

creep, and modulus of elasticity as the existing surrounding concrete.  In reality, 

shrinkage always takes place in a new repair as soon as it is installed, and is restrained by 

existing reinforcements and the surrounding old concrete, which already underwent 

shrinkage years ago.  Restrained shrinkage results in tensile stress in the repair, and 

tensile and shear stresses at the repair/old interface.  These stresses are the cause of repair 

cracking and interfacial debonding.  In such a situation, a relatively larger creep strain 

and lower elastic modulus are actually preferred for repair materials, as they aid in 

relieving the stress buildup in the repair and at the repair/old interface.  

It should also be noted that the interaction between the new repair and the existing 

concrete is a time-dependent process.  Repair material shrinkage, creep, elastic modulus, 

tensile strength, and the repair/old interfacial bond are all age-dependent properties, and 

develop at different rates once the new repair is installed.  Cracking and interfacial 

debonding time and extent are determined by competition among these age-dependent 

parameters.  In the past years, there have been many efforts made on improving repair 

material properties by reducing repair material shrinkage, increasing its 
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compressive/tensile strength, or enhancing its bond strength with concrete.  These efforts, 

although meaningful, have resulted in only marginal improvements.  For example, 

increasing repair material strength may delay repair cracking, as long as the restrained 

shrinkage induced tensile stress remains below the material tensile strength over time.  

However, it poses an elevated risk of interfacial debonding because higher levels of shear 

and tensile stress build-up at the new/repair interface, which could have otherwise been 

relieved through cracking in the repair layer.  On the other hand, accelerating interfacial 

bond development may delay the debonding process, but makes the repair more prone to 

cracking because debonding reduces the level of constraints and partially relieves the 

tensile stress in the repair.  Reducing repair material shrinkage seems to be the most 

effective method.  However, considering the low deformation capacity (elastic strain 

capacity ≈ 0.01%) for most of the currently available concrete repair materials, most 

efforts can only reduce the shrinkage to a small amount below 0.01%.  In reality, 

shrinkage is not the only factor that contributes to the deformation of concrete repairs.  

When thermal effects, structural loading, and other factors are combined, it is highly 

possible that the total imposed deformation of the repair will surpass its deformation 

capacity, and cracking and/or debonding will inevitably follow.  

To ensure dimensional compatibility within the repaired system, the repair 

material should be able to deform to an extent that fully accommodates the imposed 

deformation due to a combination of many factors, without debonding or cracking locally.  

These criteria should be satisfied at all ages throughout the repair’s life.  In this sense, a 

repair material can be considered truly dimensionally compatible with existing concrete if 

the following characteristics are satisfied at all ages: (a) high tensile ductility 
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(deformation capacity), (b) adequate bonding with concrete, (c) similar thermal 

coefficient and creep as concrete, and (d) same or lower elastic modulus as concrete.  

 

1.2.3 Some considerations of current repair performance characterization 

The technical guideline published by the International Concrete Repair Institute 

(ICRI)137 provides a standardized protocol for testing and reporting data for inorganic 

concrete repair material.  In this guideline, test methods for characterizing repair 

materials contain three main categories: (a) mechanical properties (i.e., compressive, 

flexural, splitting tensile and direct tensile strength), (b) dimensional compatibility  (i.e., 

modulus of elasticity, bond strength, length change, compressive creep, and coefficient of 

thermal expansion), and (c) durability (i.e., freezing and thawing resistance, scaling 

resistance, rapid chloride permeability, chloride ponding, sulfate resistance, chemical 

resistance, and cracking resistance).  While these test methods provide standardized 

characterization of repair material properties, and insights on material selection for the 

objective of improving durability of concrete repairs, appropriate adoption of these test 

methods and adequate interpretation of the test results require special consideration of a 

number of issues detailed below. 

The performance and durability of concrete repairs and new concrete structures 

should not be evaluated in the same way.  New structures are typically well-defined 

structural systems that have been designed and put into service.  Therefore, it is not 

necessary to consider pre-existing cracks.  However, in repair and rehabilitation, pre-

existing conditions such as cracking, delamination, and spalling are already present from 

the beginning of the repair system’s service life.  As an example, concrete substrate 
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cracks can act as stress concentrators in the repair layer, resulting in reflective cracking 

and shortening of service life.  These pre-existing conditions should be accounted for 

when laboratory testing is conducted to measure repair performance.  

In addition, the repair may experience cracking shortly after placement due to 

restrained shrinkage or other factors, which would affect repair durability.  One example 

of the inadequate measurement of repair performance is the permeability test, the results 

from which are widely used as durability indicators of repair materials.  This method, 

conducted using uncracked laboratory specimens, fails to take the early-age cracking that 

usually occurs in repairs due to restrained volume change into consideration.  Moreover, 

permeability is a measurement of the transport of water under a hydrostatic pressure head, 

and is not the only parameter that describes the transport properties of repair materials.  

For surface repairs of bridge decks or road pavements, for example, the diffusion of 

chloride ions under an applied concentration gradient is the governing transport process 

that impairs the durability of the repair, and should be measured using the saltwater 

ponding test on uncracked as well as cracked specimens.  

 Another example of tests that may result in inadequate performance 

characterization of repaired systems is the free shrinkage test.  This test is generally used 

to measure shrinkage strain of repair materials.  Repair materials with lower shrinkage 

strain are considered to have higher resistance to shrinkage cracking, and therefore are 

believed to be more durable.  However, the shrinkage cracking potential of a repair is 

determined by a combination of different factors, including the repair material’s 

shrinkage strain, tensile strain capacity, creep, elastic modulus, and tensile strength at all 

ages.  A repair material with relatively low shrinkage strain, but low creep strain, low 
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tensile strain capacity, and high elastic modulus can be more susceptible to shrinkage 

cracking.  Therefore, a restrained shrinkage test such as ASTM C1581 “Standard Test 

Method for Determining Age at Cracking and Induced Tensile Stress Characteristics of 

Mortar and Concrete under Restrained Shrinkage”138 will be more meaningful than a free 

shrinkage test for evaluating a repair material’s resistance to shrinkage cracking. 

 

1.3 Proposed Approach 

The challenges posed by deteriorating concrete structures and widely-observed 

repair failures require an effective and practical approach that breaks down the concrete 

deterioration process, which typically begins with restrained volume change induced 

cracking or reflective cracking, followed by penetration of aggressive agents, and 

eventually results in concrete spalling, disintegration, and loss of structural capacity.  This 

dissertation research focuses on the development and implementation of an innovative 

material technology based on an integrated multi-scale material/structural engineering 

framework, as illustrated in Figure 1.10.  This framework begins with material 

microstructure tailoring at the micrometer scale, links to repaired system durability 

assessment through composite material properties at the centimeter scale, and ultimately 

relates construction processes and performance evaluation at the meter scale of the 

repaired infrastructure.  To achieve the holistic durability of such engineered systems, 

durability concepts are interwoven across all material engineering, system durability 

assessment, and structural application scales. 

At the material engineering scale, innovative cementitious composite materials 

are developed to have desired material properties through microstructure tailoring and 
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processing techniques.  The critical target material properties are large tensile strain 

capacity and tight self-controlled crack width, which are essential to address the major 

causes of concrete repair deterioration, e.g. lack of dimensional compatibility, cracking 

due to restrained volume change, reflective cracking, and penetration of aggressive 

agents.  In this way, the typical deterioration process in concrete repairs can be disrupted. 

Additionally, the materials proposed herein are designed with special functionalities 

favorable for specific repair applications, without sacrificing durability.  These 

functionalities include workability, high early-age strength, lightweightness, greenness, 

and cost effectiveness.  

At the repaired system durability assessment scale, repair material properties are 

linked to repaired system durability through the interaction between the repair and the 

existing concrete.  Experimental measurements are designed to take into consideration 

the interaction between new repair and old concrete as well as the presence of cracks.  

The durability performance of the repaired systems is investigated under various 

environmental and mechanical loading conditions.  This work bridges the gap of 

translation from the properties of repair material properties to the durability of a repaired 

system, which has not been fully understood through previous approaches.  

The structural application stage focuses on bringing repair materials designed and 

tested in the laboratory to full-scale field applications.  Before the newly developed repair 

materials can be considered a viable construction material for use in concrete repairs, 

they must be capable of processing and placement with controlled quality at a larger scale 

using commercial batching equipment common within the repair industry.  This is 

achieved through further tailoring of the composite ingredients and processing procedure 
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for larger scale mixing, scaled up trial batches, and workability measurements and control.  

The ability of full-scale processing and placement of a newly developed repair material is 

demonstrated in a bridge patch repair project in Michigan.  Monitoring the long-term 

durability of the HES-ECC repair further validates the applicability of the repair 

technology. 

At the core of this integrated multi-scale material/structural engineering 

framework is Engineered Cementitious Composites (ECC), which is a unique class of 

high-performance fiber-reinforced cementitious composites (HPFRCC).  The tailor-

ability of ECC at the microstructure level for prescribed material properties and structural 

performance lends itself towards easy adoption with the integrated multi-scale 

material/structural engineering philosophy.  

In contrast to the presently proposed approach to durable repair development, 

current practice can be illustrated by Figure 1.11, which shows the disconnect between 

material engineering and structural engineering in current concrete repair practices.  

Within this philosophy, material engineering is often focused on developing new repair 

materials or modifying currently available repair materials to achieve desired properties, 

such as higher compressive strength, a denser matrix, low permeability, and low 

shrinkage.  These “durable” materials, once available, are adopted in concrete structural 

repair applications for “durable performance”.  However, without bridging the gap 

between “repair material properties” and “repaired structure performance” through 

appropriate durability assessment that addresses the interaction between repair and 

existing concrete, the transferability between the two concepts is questionable.  

Furthermore, the disconnected philosophy hinders the ability of performance-based 



 
30 

material development through microstructure tailoring for target concrete repair 

performance (e.g. cracking resistance, corrosion prevention, early re-opening, etc.).  This 

disconnect may be seen as a major reason why current concrete repair technology has not 

been satisfactory.  This thesis attempts to address this technological gap from an 

integrated material/structural system viewpoint. 

 

1.4 Engineered Cementitious Composites 

Engineered Cementitious Composites (ECC) is a unique class of high-

performance fiber-reinforced cementitious composites (HPFRCC) that features high 

intrinsic tensile ductility and moderate fiber content139,140.  ECC exhibits tensile strain-

hardening behavior through multiple microcracking with self-controlled crack width, 

leading to fracture toughness similar to aluminum alloys141.  Tensile strain capacity in the 

3-5% range, which is around 300-500 times that of concrete and fiber reinforced concrete 

(FRC), has been demonstrated in ECC materials using polyethylene fibers and polyvinyl 

alcohol (PVA) fibers with fiber volume fraction no greater than 2%142,143.  A typical 

uniaxial tensile stress-strain curve for ECC is shown in Figure 1.12, along with crack 

width development at different loading stages.  The tensile strain-hardening behavior, i.e. 

increasing load capacity with increasing straining without localizing into a fracture plane, 

distinguishes ECC from FRC, which shows tension-softening after first cracking.  ECC 

materials also feature high ductility when subjected to large shear stress144 and impact 

loading145,146, and exhibit high damage resistance to fracture failure under severe stress 

concentrations induced by steel/concrete interactions147, 148.  



 
31 

Due to its unique high tensile ductility as well as compatibility with ordinary 

Portland cement concrete in other respects, such as compressive strength and thermal 

properties, ECC possesses characteristics sought by engineers for improving performance 

of civil infrastructure, such as buildings, bridges and pipes149.  The high tensile ductility 

and toughness of ECC material greatly elevates the mechanical performance of 

reinforced ECC (R/ECC) structures by preventing brittle failure and loss of structural 

integrity, which are common in traditional reinforced concrete (R/C) structures under 

excessive loading.  It has been demonstrated experimentally that R/ECC structural 

members, such as beams150, columns151, walls152, and connections153 surpass normal R/C 

structural members in structural load carrying capacity, deformability, and energy 

absorption capacity under monotonic and reverse cyclic loading.  

An extensive body of literature exists on the durability of ECC materials.  A brief 

review of durability characteristics of ECC under abrasion and wear, freezing and 

thawing, and hot and humid environments, is given below.  ECC resistance to chloride 

penetration will be a focus of the present thesis (Chapter 6).  A review of other durability 

related studies on ECC, including salt scaling resistance, permeability, and absorption, 

can be found in Chapter 6 as well. 

To evaluate ECC’s abrasion and wear resistance for roadway applications, surface 

friction and wear track testing according to Michigan Test Method 111 was conducted in 

conjunction with MDOT154 using a static friction tester (Figure 1.13).  These tests were 

conducted on a wet pavement surface with vehicle tires operated at 65 kph (40 mph).  

Initial friction forces between the tire and the ECC surfaces were determined.  The ECC 

specimens were then subjected to 4 million tire passes to simulate long-term wear.  After 



 
32 

wearing, friction forces were again determined to evaluate deterioration or surface 

polishing during wearing.  These final measured frictional forces are called the Aggregate 

Wear Index (AWI).  AWI values for the textured ECC samples range from 1.6kN to 

2.3kN, which are higher than the required minimum AWI of 1.2kN for Michigan 

trunkline road surfaces.  The test results show that ECC has good abrasion and wear 

resistance to heavy traffic. 

Freeze and thaw testing was conducted on ECC and normal concrete specimens 

based on ASTM C666A155 (Figure 1.14).  In addition, a series of ECC tensile specimens 

were also subjected to freeze-thaw exposure to evaluate the effect on ECC’s tensile strain 

capacity.  Testing of non-air-entrained ECC and concrete prisms was conducted 

concurrently over 14 weeks.  After 5 weeks (110 cycles), the concrete specimens had 

severely deteriorated, requiring removal from the test.  However, ECC specimens 

survived 300 cycles with no degradation of dynamic modulus.  The computed durability 

factor of ECC was 100, far larger than the value of 10 for the non-air-entrained concrete.  

The uniaxial tension tests performed on freeze and thaw exposed ECC specimens after 

200 cycles showed no significant drop in strain capacity (3%).   

Hot water immersion tests, performed on single fibers embedded in ECC matrix, 

and on composite ECC material specimens, were conducted to simulate hot and humid 

environments156.  After immersion in hot water at 60ºC for 26 weeks, little change was 

seen in fiber properties.  Interfacial properties, however, experienced significant changes, 

particularly between 13 and 26 weeks of immersion, resulting in a drop of ultimate 

composite strain capacity from 4.5% at early age to 2.8% after 26 weeks of hot water 

immersion.  The residual strain capacity of ECC after exposure to this accelerated 
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weather environment (equivalent to more than 70 years of natural weathering) was still 

over 250 times that of normal concrete. 

ECC is currently emerging in full-scale structural applications, including the 

composite deck of a cable-stayed bridge in Japan157 (Figure 1.15).  This bridge employed 

an estimated 800 cubic meters of ECC for the 38 mm (1.5 in.) thick ECC/Steel composite 

deck.  In the United States, the first full-scale ECC link slab has been constructed in 

Michigan158,159, as shown in Figure 1.16. 

The combination of high performance and moderate fiber content is achieved by 

micromechanics-based composites optimization149, 160  (also see Chapter 2).  

Micromechanics provides guidance in selection and tailoring of the type, size, amount, 

and proprieties of ingredients at micrometer and nanometer scales.  The fibers, matrix, 

and interface interact synergistically, thus resulting in a composite material with 

controlled multiple microcracking when overloaded in tension, as well as other target 

functionalities.  The ECC micromechanics-based design framework elevates the 

cementitious materials design from conventional trial-and-error empirical combination of 

individual constituents to systematic material “engineering”.  Its ability to suppress 

localized fracture modes through controlled microcracking, and its micromechanics-

based design philosophy and tailor-ability, differentiates ECC from other fiber reinforced 

cementitious composites.  

 

1.5 Research Motivation and Objectives 

The huge flow of material driven by concrete global production and consumption 

and the lack of durability of concrete infrastructure has created large economic, social 
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and environmental impacts, and poses great challenges for the civil engineering 

profession.  Presently it is very difficult to meet this challenge of durable development 

with traditional concrete materials, which have inherently low resistance to cracking. 

Also, the limitations of currently available repair materials and technologies are widely 

evident in the common occurrence of early deterioration of repairs, which fail to address 

the underlying concrete deterioration problems and prolong the service life of concrete 

structures.  Moreover, the current disconnect between material engineering, system 

durability assessment, and structural application often causes breakdowns within the 

overall design.  

This research looks to develop and demonstrate an integrated multi-scale 

material/structural engineering approach for improving durability of concrete structures. 

This will be accomplished through the establishment of links between the development, 

assessment, and implementation of an innovative material technology that fundamentally 

tackles major concrete deterioration problems.  Specifically, the deterioration 

mechanisms of concrete repairs under various environmental and mechanical loading 

conditions should be understood first.  Through identifying causes and effects of each 

deterioration stage, the critical repair material properties that influence each stage need to 

be accurately determined.  These properties should be designed into special versions of 

ECC materials, with other functionalities that are preferred for specific repair applications, 

through constituent ingredients screening, micromechanical tailoring of matrix and 

fiber/matrix interfacial properties, and laboratory testing.  Repair systems containing the 

developed repair material should be properly evaluated under various environmental 

exposure and mechanical loading conditions.  The influence of material properties on the 
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interaction between the repair and the existing concrete as well as the durability of the 

repair system should be fully addressed.  Finally, the performance and practicality of this 

material technology should be justified not only in laboratory studies, but also in full-

scale field applications.  

 

1.6 Research Scope and Dissertation Organization 

Within this dissertation, the development, evaluation, and implementation of an 

innovative ductile repair technology on all three levels of the integrated multi-scale 

material/structural engineering framework will be addressed, namely material 

engineering, repair system durability assessment, and field application (Figure 1.10).  

Within each of these levels, the tailoring of ECC materials is highly focused on meeting 

specific structural performance requirements while adhering to additional system 

constraints (i.e. cost, processing, material availability, existing cracks, etc.).  A variety of 

micromechanics based tools, along with carefully designed experiments and finite 

element methods, are employed to understand and optimize ECC materials development 

for specific repair applications.  In addition to laboratory development and experimental 

studies, the newly-developed ductile repair technology is transferred to field 

implementation by optimizing workability and processing techniques, accommodating 

traditional large-scale mixing equipment, and demonstrating in a bridge repair project in 

Southern Michigan.  

In Chapter 2 the ECC micromechanical design theory is introduced, and the 

development of special versions of ECC materials for concrete repair applications will be 

presented.  The development of high-early-strength ECC (HES-ECC) is first discussed.  
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This material is designed for fast and durable repair of transportation infrastructure (e.g. 

bridges, roadways and highways), or other types of concrete structures, which prefer a 

minimal interruption of operations and are often exposed to challenging environmental 

and mechanical loading conditions.  The material design begins with matrix screening for 

strength and workability requirements, and the initially selected mixing proportion is 

further tailored to achieve the target tensile ductility.  

Chapter 3 focuses on maximizing ECC material properties (e.g. tensile strain 

capacity, tensile strength) and minimizing material variation through processing 

technique.  ECC laboratory testing and application in construction projects will rely on 

the capacities to consistently produce ECC materials with controlled quality.  To address 

this need, this work develops a simple and practical quality control method for ECC 

processing.  The influence of fresh material processing on the microstructure of ECC 

composites is first discussed.  Through measurement of ECC mortar rheological 

parameters, fiber dispersion, and ECC tensile properties, the correlation between the three 

is established.  The optimal range of marsh cone flow rate, an indicator of plastic 

viscosity of ECC mortar, was then indentified and used to guide ECC quality control.  By 

controlling the plastic viscosity of ECC mortar within this optimal range, the ECC 

material can achieve optimized material properties as originally designed through the 

micromechanical methodology described in Chapter 2.  Collectively, Chapters 2 and 3 

comprise the “material engineering” portion of the integrated material/structural 

engineering framework shown in the bottom triangle in Figure 1.10. 

Chapters 4, 5, 6 and 7 shift the focus from “material engineering” to “repair 

system durability assessment” (the middle triangle in Figure 1.10).  Chapter 4 addresses 
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one of the major durability concerns in concrete repairs, i.e. repair cracking and repair/old 

interfacial delamination due to restrained volume change and lack of dimensional 

compatibility.  Experimental and numerical studies are conducted on a simulated repair 

system, which consists of a layer of old concrete substrate and a layer of new repair 

material, under restrained shrinkage conditions.  The influence of repair material ductility 

on the durability of the repaired system is identified.  The effect of substrate surface 

preparation on the repair performance is also investigated.  Experimental and numerical 

results verify that when adequate interfacial bonding is present, the high tensile ductility 

of HES-ECC can relieve shrinkage induced stresses in the repair layer and at the 

repair/old interface, thereby simultaneously suppressing large repair surface cracks and 

interface delamination.  This research departs from the traditional emphasis on high 

compressive strength repair materials, and moves toward balancing strength, ductility and 

the repair material’s compatibility with the old surrounding concrete.  This concept of 

translating the ductility of the repair material to the durability of the repair system, when 

subjected to restrained volume change, can be widely applied to concrete structure repair 

applications for minimizing maintenance requirements and reducing repair costs. 

Chapter 5 addresses the reflective cracking issues prevalent in concrete repairs, 

especially overlay repairs.  As discussed in Section 1.1, reflective cracking and restrained 

volume change induced cracking are two major cracking mechanisms affecting concrete 

repair service life.  Experimental studies are conducted on an overlay repair system, 

which consists of a layer of overlay repair cast on a concrete substrate with an existing 

crack and small amount of interfacial debonding.  This overlay repair system is subjected 

to monotonic flexural loading to measure its load carrying capacity, and fatigue flexural 
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loading to measure its S-N curve.  The influence of repair material ductility on the load 

carrying capacity and service life of the repaired system is investigated.  Findings verify 

that the tensile ductility of ECC effectively diffuses the stress concentration in the zone 

above the existing crack, therefore preventing reflective cracking.  Through this 

mechanism, the ECC repaired system exhibits 100% increased load carrying capacity and 

significantly prolonged fatigue life, compared to the control concrete repaired system. 

This methodology of suppressing reflective cracking through material ductility can be 

generalized as translating the ductility of the repair material to the durability of the repair 

system, when it is subjected to stress concentration from existing cracks. 

Chapter 6 addresses the chloride penetration stage in a typical repair deterioration 

process, before and after cracking occurs at different straining levels.  Chloride diffusion 

driven by a chloride concentration gradient, which is the predominant mechanism of 

chloride transport for most of the concrete structures exposed to deicing salts and 

airborne chloride ions, is considered in this study.  Experiments are conducted under 

combined mechanical (flexural) and environmental (3% chloride solution ponding) 

conditions, to simulate actual conditions experienced by a structural member when it is 

subjected to both structural loading and chloride exposure.  Influences of material tensile 

strain capacity, crack width, and applied deformation level on the effective chloride 

diffusion coefficient are investigated.  The results conclude that ECC is effective at 

slowing down the diffusion process of chloride ions under combined mechanical and 

environmental loading, by virtue of its ability to achieve a self-controlled tight crack 

width, even under large applied straining levels.  This study verifies the concept of 
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improving repaired system durability with the built-in crack self-controlling mechanism 

of ECC repair materials.  

   Chapter 7 investigates the influence of cracking and self-healing on the durability 

of ECC under aggressive chloride exposure combined with mechanical loading 

conditions.  The results show that after various levels of pre-applied deformation and 

time-lengths of chloride exposure, the reloaded ECC still remains its large tensile 

ductility accompanied by multiple microcracking behavior.  Recovery of ECC 

mechanical properties in term of stiffness, tensile strain capacity, and tensile strength was 

observed, indicating strong evidences of self-healing of the microcracked ECC material 

under chloride exposure.  This study confirms that ECC, whether uncracked or 

microcracked, remains durable under severe marine environment. 

Chapter 8 shifts the focus from “repair system durability assessment” to the 

“structural application” portion of the integrated engineering methodology (upper triangle 

in Figure 1.10).  Efforts are made to transfer innovative ECC repair technology from the 

laboratory to field implementation through a bridge patch repair demonstration project.  

Large-scale processing and construction of an HES-ECC repair using commercial 

facilities are realized through optimization of the HES-ECC ingredients and mixing 

procedure, trial batches, and quality control methods.  The long-term durability of the 

HES-ECC patch repair under field conditions is monitored.  Through this work, the 

linkages between material engineering, repair system durability assessment, and 

structural application are further forged.   

Overall conclusions from this study are summarized in Chapter 9, and some 

future works worthy of further investigation are outlined.  



 
40 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 1.1 – Concrete Structure Deterioration, Damage, and Defect.  
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Fig. 1.2 – Deterioration of Kurtsubo Bridge, Japan: (a) Rust signs before the first repair; 
(b) Tendon corrosion and breakage before the second repair. 

 
 
 
 

 
Figure 1.3 – Life cycle cost of Kurtsubo Bridge, Japan.  
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Figure 1.4 – Bridge deck transverse cracking. (a) Transverse cracking of a normal 
strength concrete deck in Ontario.  Cracks 0.5 mm wide spaced at 200 mm. (b) Early-age 
transverse cracking of a high strength concrete deck in Colorado.  Cracks 0.4 mm wide 

while construction is being completed (concrete < 2 months old). 
 
 

 
 

 
 

   

 

 

 
 
 

 

 

 

 

 

 

Figure 1.5 – Steel corrosion and spalling in concrete bridges in Michigan (Courtesy of 
MDOT). 
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Figure 1.6 – Pavement overlay reflective cracking. 
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Figure 1.7 – Deterioration in parking structures. (a) Cracking in concrete slab. (b) 
Corrosion and spalling of the pans and ribs on a parking deck soffit. 
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Figure 1.8 – (a) Model of concrete slab restrained against shrinkage and (b) the crack 

width w controlled by the tension-softening curve. 
 
 
 

 
 
 

Figure 1.9 – Schematic plot of crack width w as a function of shrinkage strain εs.  The 
crack width development is shown for three materials with varying toughness. 
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Figure 1.10 – Integrated Multi-Scale Material & Structural Engineering Framework for 
durability of repaired concrete structures. 
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Figure 1.11 – Disconnected Material Engineering and Structural Engineering Design 
Philosophies for durability of repaired concrete structures. 
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Figure 1.12 – Typical tensile stress-strain curve of ECC.  Above 3 MPa, ECC shows a 
distinct strain-hardening response up to about 5% strain.  In contrast, normal concrete 

fails at 0.01% strain. 
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Figure 1.13 – Driving surface static friction tester. 
 

 

 

Figure 1.14 – Relative dynamic modulus vs. number of freeze thaw cycles. 



 
49 

 

 

Figure 1.15 – Mihara Bridge with ECC/steel composite deck opened to traffic in April 
2005, Japan. 

 

 

Figure 1.16 – ECC link slab on the Grove Street Bridge over I-94 opened to traffic in 
October 2005, Michigan. 
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CHAPTER 2    

 

 

Micromechanics Based Design of ECC Repair Materials 

 

 

Within the material engineering phase of the Integrated Material and Structural 

Engineering framework, shown in Figure 1.10, microstructure tailoring and material 

processing converge to ultimately produce composite materials with desired 

combinations of properties.  This chapter focuses on the microstructure tailoring portion 

of this framework through the development of a new version of ECC material called 

HES-ECC, specifically for fast and durable repair applications.  Besides tensile ductility, 

HES-ECC also possesses high early-age strength properties, which are not achieved by 

ordinary type I Portland cement based ECC (e.g. ECC M45).  High early-age strength is 

necessary for repaired structures to be able to return to service with minimum operations 

interruption; tensile ductility is crucial for the repaired structures to be durable with 

minimum repair and maintenance frequency during their service lives.   

Wang and Li, 20061 first introduced the idea of simultaneously designing tensile 

ductility and high early strength into cementitious materials.  Their work mainly focused 
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on the micromechanical design of HES-ECC based on proprietary rapid-hardening 

cement binders.  Although other binder systems (i.e. Type I Portland cement and Type III 

Portland cement) were also included in the study, the emphasis was on composite scale, 

and a detailed study of the effects of these binder systems on micromechanical 

parameters was not reported.  Type III Portland cement, however, is more widely 

available, less expensive, more compatible with existing commercially available 

admixtures, and more familiar to the construction industry compared to proprietary rapid-

hardening cement.  Driven by these reasons, the research described in this chapter 

focuses on the detailed micromechanical design and material characterization of HES-

ECC based on Type III Portland cement binder systems.   

Within this chapter, the ECC design philosophy and scale linking are described 

first, followed by a review of strain-hardening criteria and conditions for saturated 

multiple cracking.  After the initial mix design to meet the target early-age strength and 

workability requirements, effects of the Type III Portland cement binder system on the 

age dependency of the micromechanical parameters (i.e. matrix, fiber/matrix interfacial 

properties) and the pseudo strain-hardening index (PSH) were investigated.  Based on 

these factors, the initial mix was then further tailored through introducing artificial flaws 

to maximize multiple-cracking behavior and tensile strain capacity while maintaining 

self-controlled crack width below 100 µm.  Finally, this new Type III Portland cement 

based HES-ECC was characterized based on composite traits such as tensile, compressive, 

and flexural properties to provide a database for future structural applications.  Durability 

of this material, such as shrinkage properties, was also investigated and will be reported 

in later chapters.  
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2.1 High Performance Fiber Reinforced Cementitious Composites 

 In the past decade great strides have been made in developing high performance 

fiber reinforced cementitious composites (HPFRCC).  HPFRCC were first classified by 

Naaman and Reinhardt2 as materials that achieved different degrees of tensile ductility, 

often accompanied by a macroscopic pseudo-strain hardening response after first 

cracking.  Under this definition, HPFRCC is distinguished from an ordinary Fiber 

Reinforced Concrete (FRC) that has a tension-softening response.  Figure 2.1 compares 

the uniaxial tensile stress-deformation relation of concrete, FRC, and HPFRCC. For 

concrete, crack formation results in a sudden drop in load carrying capacity.  For FRC, 

after cracking occurs, tensile load capacity drops at a relatively slow rate as the single 

crack enlarges.  This is called “tension-softening”.  For HPFRCC, after the first crack 

forms, tensile load capacity continues to rise with increasing strain (“strain-hardening”) 

through formation of multiple cracks.  The deformation during the elastic and strain-

hardening stages in HPFRCC can be treated as “volumetric straining” rather than 

“localized crack opening”3. 

  Efforts to design tensile ductility into cementitious materials started in the 1970s, 

and have mainly focused on using continuous aligned fibers or large-volume 

discontinuous fibers.  Aveston et al., 19714 and Krenchel and Stang, 19895 achieved 

tensile ductility hundreds of times that of normal concrete using continuous aligned fibers 

in concrete materials.  Textile reinforced concrete materials, representing the modern 

version of continuous fiber reinforced concrete, were developed by Curbach and Jesse, 

19996, and Reinhardt et al, 20037.  Moreover, pultruded continuous fiber reinforced 

concrete was recently developed by Mobasher et al, 20068.  Additionally, cementitious 
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composite materials using discontinuous fibers at high dosage (4-20%) in cement 

laminates9 or in SIFCON (Slurry Infiltrated Fiber Concrete)10,11 attain higher tensile 

strength and strain capacity than normal concrete, but much lower tensile ductility than 

continuous fiber and textile reinforced cementitious materials.  

 The HPFRCC materials described above have so far found limited field 

applications.  This is due to their considerable cost and difficulty in processing, especially 

in on-site construction.  Considering the huge consumption of materials in the 

construction industry, cost effectiveness and construction efficiency are of foremost 

importance.  These requirements can hardly be met using aligned fiber or large-volume 

discontinuous fiber materials.  Various methods have been proposed for overcoming 

processing difficulties.  For example, Shah et al. employed an extrusion process to 

produce HPFRCC with tensile strain capacity below 1%, at greater than 4% fiber volume 

content.  Most of these research efforts have focused on approaches to embed a large 

volume of fibers in order to attain high composite performance.  The market, however, 

demands low cost and ease of processing. 

In recent years, a new class of HPFRCC has emerged.  ECC (Engineered 

Cementitious Composites), originally developed at the University of Michigan12, features 

high ductility with a moderate amount (no more than 2 vol%) of short discontinuous 

fibers.  Despite its apparent similarity in composition (e.g. cementitious binder, fine 

aggregates, water, and fiber) compared with other HPFRCC materials, ECC’s design 

principle is quite distinct.  Instead of relying on a high fiber content to achieve strain-

hardening behavior, the development approach for ECC is to design synergistic 

interactions between the fiber, matrix, and fiber/matrix interface to maximize tensile 
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ductility of the composite through formation of closely spaced multiple microcracks 

while minimizing fiber content.  Through this micromechanics and fracture mechanics 

based material design approach, ECC can achieve tensile strain capacities of 3-5%, 

approximately 300-500 times that of concrete or FRC, with 2 vol% or less discontinuous 

polymer fibers. The theoretical framework of ECC material design is reviewed in the next 

section. 

  

2.2 ECC Micromechanics Based Design Theory 

2.2.1 ECC Design Framework – Scale Linking 

Micromechanics based design theory of ECC was first established in the early 

90’s13 , 14 . This theory links the measurable constituent parameters to the cracking 

propagation mode, and then to conditions for composite tensile strain-hardening.  Scale 

linking (Figure 2.2) is a fundamental characteristic of the ECC design approach, in which 

understanding and tailoring of microscale constituent parameters are the keys to 

achieving target macroscale composite behavior. 

The scale linking between ECC microstructure and composite tensile behavior is 

illustrated in Figure 2.2.  As a composite material, ECC contains three main phases: 

fibers, matrix (including pre-existing flaws), and fiber/matrix interface.  Each phase can 

be defined by a set of micro-parameters as shown in Table 2.1.   Under uniaxial tension, 

ECC composites exhibit tensile strain hardening behavior at the macroscale (mm – cm) 

through a multiple cracking process.  Steady-state crack propagation is a necessary 

condition to ensure multiple cracking, which is governed by the fiber bridging properties 

across cracks at the mesoscale (µm – mm).  The fiber bridging spring law across a crack, 
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quantified by the fiber bridging stress vs. crack opening relationship σ(δ), is the 

integration of the bridging force contributed by every single fiber bridging the crack. For 

an individual fiber, its bridging force for a given crack opening is determined by its 

pullout behavior from the surrounding matrix, and governed by fiber and interface 

properties at the microscale (nm – µm), as well as by fiber embedment length and 

inclination angle between the fiber axis and the crack face normal.  In summary, the 

micromechanics model links microscale constituent parameters to fiber bridging 

constitutive behavior on the mesoscale; steady-state crack analysis links fiber bridging 

properties to tensile strain-hardening behavior on the composite macroscale.  Once 

established, the model-based linking provides a systematic framework for optimizing 

composite tensile properties with the minimum amount of fibers by strategically tailoring 

the microstructure at the smallest scales.  

 

2.2.2 Conditions for Tensile Strain Hardening 

The tensile strain-hardening behavior of ECC is realized by tailoring the 

synergistic interaction between the fibers, matrix, and fiber/matrix interface using 

micromechanics theory.  As a fiber reinforced brittle mortar matrix composite, ECC’s 

pseudo strain-hardening behavior is achieved through sequential formation of matrix 

multiple cracking. The fundamental requirement for matrix multiple cracking is that 

steady-state flat crack propagation prevails under tension, which was first characterized 

by Marshall and Cox15 for continuous aligned fiber-reinforced ceramics, and extended to 

discontinuous fiber-reinforced cementitious composites by Li and Leung13.  To ensure 

steady-state cracking, the crack tip toughness Jtip must be less than the complementary 
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energy Jb’ calculated from the fiber bridging stress σ versus crack opening δ curve, as 

illustrated in Figure 2.3 and shown in Equations 2.1 and 2.2. 

€ 

Jtip ≤σ 0δ0 − σ (δ)dδ ≡ Jb
'

0

δ 0

∫       (2.1) 

          (2.2) 

where σ0 is the maximum bridging stress corresponding to the opening δ0, Km is the 

matrix fracture toughness, and Em is the matrix Young’s modulus.  Equation 2.1 employs 

the concept of energy balance during flat crack extension between external work (σ0 δ0), 

crack flank energy absorption through fiber/matrix interface debonding and sliding (

), and crack tip energy absorption through matrix breakdown (Jtip).  This 

energy-based criterion determines whether the crack propagation mode is steady-state flat 

cracking or Griffith cracking16, as illustrated in Figure 2.4.  

The fiber bridging stress versus crack opening relationship σ(δ), which can be 

viewed as the constitutive law of fiber bridging behavior, is analytically derived from 

fracture mechanics, micromechanics, and probabilistics tools.  In particular, the 

energetics of tunnel crack propagation along the fiber/matrix interface is used to model 

the debonding process of a single PVA fiber from the surrounding cementitious matrix. 

After debonding is complete the fiber pullout stage begins, and is modeled as slip-

hardening behavior with the assumption that non-linear frictional stress increases with 

slip distance.  By these means, the full debonding-pullout process of a single fiber, with 

given embedment length, is quantified as the fiber bridging force vs. fiber displacement 

relationship13.  Probabilistics is then introduced to describe the randomness of fiber 
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location and orientation with respect to a crack plane, with the assumption of uniform 

random fiber distribution17.  The random orientation of the fibers also necessitates the 

accounting of the mechanics of interaction between an inclined fiber and the matrix crack. 

In addition, the snubbing coefficient f and strength reduction factor f’ are introduced to 

account for the interaction between fiber and matrix, as well as the reduction of fiber 

strength when pulled at an inclined angle.  As a result, the σ(δ) curve is expressible as a 

function of micromechanics parameters, including: fiber volume content Vf, fiber 

diameter df,  fiber length Lf , fiber Young’s modulus Ef, matrix Young’s modulus Em, 

interface chemical bond Gd, interface frictional bond τ0, and slip-hardening coefficient β, 

as well as f and f’.  

Apart from the energy criterion (Equation 2.1), another condition for pseudo strain-

hardening is that the matrix tensile cracking strength σc must not exceed the maximum 

fiber bridging strength σ0.  

€ 

σ c <σ 0         (2.3) 

where σc is determined by the matrix fracture toughness Km and pre-existing internal flaw 

size a0.  While the energy criterion (Equation 2.1) governs the crack propagation mode, 

the strength-based criterion (Equation 2.3) controls the initiation of cracks.  Satisfaction 

of both Equation 2.1 and Equation 2.3 is necessary to achieve ECC strain-hardening 

behavior; otherwise, the composite behaves as a normal fiber reinforced concrete (FRC) 

and tension-softening behavior results.  

 

 

 



 
71 

2.2.3 Condition for Saturated Multiple Microcracking 

 For ECC materials with pseudo strain-hardening behavior, high tensile strain 

capacity results from saturated formation of multiple microcracks.  Material tensile strain 

capacity increases as the number of microcracks increases.  While the steady-state 

cracking criteria ensures the occurrence of multiple cracking, it is not directly related to 

the intensity of multiple cracking.  Aveston et al.18 and later Wu and Li19 derived 

minimum crack spacing xd for aligned continuous fiber and short discontinuous fiber 

reinforced composites respectively, assuming that the matrix cracking strength is uniform 

at each section.  Under this assumption, crack spacing between xd and 2xd is predicted 

after crack satuation.  The minimum crack spacing is determined by the distance 

necessary for transferring load from the bridging fibers at one crack back into the matrix 

through the fiber/matrix interface shear, so that the next crack can be formed.  However, 

in ECC uniaxial tension specimens, a wide distribution far exceeding two times the 

minimum crack spacing is often observed, due to the variation in ECC matrix properties 

and non-uniform fiber dispersion.  Large crack spacing means that the potential of 

reinforcing fibers is not effectively utilized, and maximum tensile strain capacity is not 

achieved. 

Once the steady-state cracking criteria is satisfied, the number of microcracks that 

can be developed is determined by (i) the maximum fiber bridging stress σ0, and (ii) the 

matrix properties, in particular the pre-existing flaw size distribution, and the matrix 

fracture toughness. Considering that ECC is a non-homogenous brittle-matrix composite, 

first-cracking strength is determined by the largest flaw size in the section where the first 

microcrack is initiated. Its ultimate tensile strength is determined by the "weakest" 
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section, where the fiber bridging capacity (maximum bridging stress σ0) is the lowest 

among all sections subjected to the same level of stress. Therefore, the maximum fiber 

bridging stress σ0 at the "weakest" section imposes a lower bound of critical flaw size cmc, 

so that only those flaws larger than cmc can be activated and contribute to multiple 

cracking. There also exists a minimum crack spacing controlled by interface properties, 

which imposes an upper bound for the density of multiple cracking. 

 

Matrix randomness – flaws 

 Matrix imperfections, e.g. random distribution of pre-existing flaws, is one cause 

of the variation in crack spacing and tensile strain capacity.  In ECC composites with a 

quasi-brittle matrix, cracks initiate from pre-exisitng flaws in the matrix. Most of the 

flaws have sizes below 4 mm, and their existance reduces the cracking strength of the 

cementitous matrix.  Li and Wang, 200520 computed the effect of initial flaw size on the 

theoretical cracking strength of an infinite two-dimensional ECC plate under uniaxial 

tension.  The ECC contains poly-vinyl-acohol (PVA) fiber at a volume content of 2%.  

As shown in Figure 2.5, the theoretical tensile strength of the composite without 

macrodefects is assumed to be 6.5 MPa.  If the composite contains an initial crack 1 mm 

wide, the matrix tensile cracking strength is reduced to 5.4 MPa.  A larger initial crack 

with 4 mm width reduces the cracking stress to 4.8 MPa.  This reduction in matrix tensile 

cracking strength is important to make Equation 2.3 hold, because the matrix tensile 

cracking strength σc must be lower than the maximum fiber bridging strength σ0, which is 

5.5 MPa for this particular PVA-ECC theoretical specimen, to satisfy the strength-based 

strain-hardening criterion.  Therefore, the critical flaw size cmc can be determined as the 
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flaw size that corresponds to the cracking stress 5.5 MPa (σc = σ0 = 5.5MPa).  The critical 

flaw size is what separates inert and active flaws – only flaws larger than cmc can be 

activated and contribute to multiple cracking.  The pre-existing flaws in ECC can be 

entrapped air pores, weak boundaries between phases, and cracks induced by material 

differential shrinkage, which all possess a random nature and strongly depend on 

processing details and environmental effects.  The number of cracks that can form before 

reaching the maximum fiber bridging stress may therefore be limited, and can vary 

significantly from batch to batch.  Therefore, a large number of flaws slightly larger than 

cmc  (flaws much larger than cmc will lead to a reduction in the net cross section and fiber 

bridging stress at the crack section) are preferred for saturated multiple cracking and high 

tensile strain capacity. 

   

Fiber dispersion non-uniformity  

 Fiber dispersion non-uniformity is another contributor to the variation in tensile 

strain capacity and unsaturated multiple cracking.  With a fixed fiber volume percentage, 

the maximum fiber bridging stress σ0 at the weakest section is determined by the degree 

of fiber dispersion uniformity in the composite.  Fiber dispersion uniformity is directly 

influenced by the rheology characteristics of the fresh ECC during processing.  The 

uniformity of fiber dispersion determines the maximum bridging stress σ0 , the shape of 

the σ(δ) curve at the weakest section, and the critical flaw size cmc.  Non-uniform fiber 

dispersion leads to a reduction of the value of σ0 at the weakest section, which increases 

the critical flaw size cmc.  Therefore, less pre-existing flaws with sizes larger than cmc can 

be triggered and contribute to multiple cracking, resulting in a relatively lower tensile 
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strain capacity.  Non-uniform fiber dispersion also shifts the σ(δ) curve downwards, and 

may reduce complementary energy Jb’ to less than Jtip.  In this case, the steady-state 

criteria are violated and tension-softening behavior results. ECC then loses its ductile 

behavior and becomes a regular FRC material.  Ideally, processing of ECC should 

optimize fiber dispersion to achieve a uniform random distribution state, therefore 

minimizing the probability of creating “weak” sections with lower fiber content.  By 

these means, the largest possible tensile strain capacity can be achieved by maximizing 

multiple cracking behavior.   

The random nature of pre-existing flaw size and fiber distribution in ECC leads to 

variation in J’
b and Jtip.  A large margin between J’

b and Jtip, and between σ0 and σc,  is 

preferred to increase the tendency toward saturated multiple cracking. The pseudo strain-

hardening (PSH) performance index is used to quantitatively evaluate the margin, and is 

defined as follows (Equation 2.4). 

          (2.4) 

The micromechanics-based strain-hardening criteria, Equation 2.1 and 2.3, are 

used to guide ECC design in the following sections. The evaluation of PSH is helpful in 

quantifying the saturation of multiple cracking and the robustness of tensile ductility for 

the newly developed ECCs. 

 

 

 



 
75 

2.3 High Early Strength Engineered Cementitious Composites  

2.3.1 Background 

There is an increasing demand for fast and durable repair of concrete structures 

(e.g. bridge decks, highway pavements, parking structures, and airport runways), where 

the least disruption of operations is needed.  This requires that repair materials be able to 

gain strength rapidly during early ages, and also remain durable throughout the repaired 

structure’s service life.  For example, rapid concrete pavement repairs, including full-

depth repairs and patch repairs, have become common on many busy highways 

throughout North America21.  Highway transportation authorities often require the repair 

job to be completed in 6-8 hours at night so that the lane can be reopened to traffic the 

next morning.  Overnight closures are complicated by the fact that these pavements 

typically carry heavy traffic, and heavy delays and user costs are induced by construction.  

For freeway and toll roads it is very often that only overnight closures are permitted22.  

Overnight construction is also common for airport pavements23,24, especially for bridging 

areas where taxiways cross, high traffic volume appron areas, and runaway intersections 

25.  Very fast setting concrete is used in such circumstances.  Beside short closure time, 

low maintenance and repair frequency are similarly important to avoid operations 

interruption.  This requires the repair to be durable under combined environmental and 

structural loading conditions.  Therefore, high early-age strength as well as durability (e.g. 

resistance to cracking, chloride penetration, disintegration due to ASR, etc.) are critical 

characteristics desired for concrete repair materials.  Additionally, the repair materials 

should be cost effective and easy to be processed and placed for various construction 

situations. 
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Over the past two decades, high early strength concrete materials have been 

successfully developed by academic and industry groups with various strength 

(compressive and flexural) gain rates, depending on the types of cement binders and 

accelerating admixtures used26, 27, 28, 29, 30, 31, 32, 33.  While possessing the desired high early 

strength properties, these materials have been perceived to be more prone to early-age 

cracking due to their higher thermal and autogeneous shrinkage, caused by faster early-

age hydration and heat release34, 35, 36.  Cracking leads to early deterioration and great 

reduction in the service life of these repairs.  Additionally, reduced freeze-thaw 

resistance28 has also been found in some very high early strength concrete mixes, limiting 

their applications in cold regions.  Achieving high early-age strength and preventing 

early-age cracking are conflicting goals that must be carefully balanced through new 

material technology to achieve acceptable performance of concrete repairs.   

This work targets on designing an innovative repair material, called HES-ECC 

(High Early Strength Engineered Cementitious Composites), based on the ECC 

micromechanical design theory discussed in Section 2.2.  Conventional ECC mixes use 

Type I ordinary portland cement (OPC), and have relatively slow strength development.  

The new HES-ECC material should have the high early-age strength desired for rapid 

repair applications, while possessing large tensile ductility and self-controlled tight crack 

width below 100 µm during the strain-hardening stage.  Wang et al.37 reported that as 

crack width increases from 100 µm to 500 µm, the permeability coefficient increases 

nearly seven orders of magnitude, from 1.0 x 10-11 m/sec to 1.0 x 10-4 m/sec.  However, 

for crack widths under 100 µm, the permeability coefficient remains nearly identical to 

that of uncracked concrete, suggesting that for crack widths below this threshold there is 
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no significant increase in permeability after cracking. The tensile ductlity and self-

controlled crack width of repair materials are essential for achieving repair durability by 

preventing cracking and penetration of aggressive agents, which has been validated in 

this dissertation work and will be discussed in Chapters 4, 5, and 6.  Besides high early-

age strength and tensile ductility, the HES-ECC material should also be cost-effective, 

and possess workability that make it easy to be applied in different construction 

applications.   

 

2.3.2 High Early Strength Requirements 

When a repair material is applied to a structure, such as a highway overpass, the 

strength gain rate during early age determines when the repaired structure can be 

reopened to traffic.  Different repair applications have different minimum strength 

requirements, which must be reached before the structure can be returned to service.  For 

example, large deck patches are typically given a 24 hour cure; small deck patches 

generally use fast setting mortar and open to traffic after 4 to 6 hours; and for prestressed 

concrete beam end repairs, both the early age strength and the 28 day strength are 

specified; for airport runway spall repairs, overnight closure is often preferred.  Selection 

of a repair material depends on the ability of the material to meet early age strength 

performance targets.  

Currently, there is no general standard for minimum high early strength.  The 

California Department of Transportation (Caltrans) specifies a minimum flexural strength 

of 400 psi (2.8 MPa) prior to opening to highway traffic for full depth highway pavement 

repairs38.  The New Jersey State Department of Transportation (NJDOT) specifies a 
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minimum compressive strength of 3000 psi (20.7 MPa) in 6 hours, and a minimum 

flexural strength of 350 psi (2.4 MPa) in 6 hours for the “Fast-tract mix” developed in the 

mid-90’s39.  The Michigan Department of Transportation (MDOT) specifies minimum 

compressive strengths of 2000 psi (13.8 MPa) in 2 hours, 2500 psi (17.2 MPa) in 4 hours, 

and 4500 psi (31.0 MPa) in 28 days (higher for prestressed concrete applications) for 

prepackaged hydraulic fast-set materials used in structural concrete repairs40.  Moreover, 

Parker et al.41 suggested a minimum compressive strength of 2000 psi (17.2 MPa) for 

road patching repair to prevent damage when initially reopened to traffic.  An FHWA 

national research program report42  on high performance concretes designates three 

categories based on strength: (a) very early strength, (b) high early strength, and (c) very 

high strength.  The very early strength concretes have strength of at least 3000 psi (20.7 

MPa) within 4 hours after placement.  The high early strength concretes have a 

compressive strength of at least 5000 psi (34.5 MPa) within 24 hours.  In addition, the 

FHWA43 recommends a minimum compressive strength of 1000 psi (6.9 MPa) at 3 hours 

and 3000 psi (20.7 MPa) at 24 hours for rapid-setting cementitious concretes.  To meet 

these various requirements, the target compressive strength for HES-ECC is prescribed as 

below:  

                         > 2500 psi (17.2 MPa) at 4 hr 

                         > 3000 psi (20.7 MPa) at 6 hr 

                         > 5000 psi (34.5 MPa) at 24 hr 

                         > 7000 psi (48.3 MPa) at 28 d 

The minimum compressive strength of 2500 psi (17.2 MPa) at 4 hr and 3000 psi 

(20.7 MPa) at 6 hr enables the repaired bridge or structure to be opened to traffic within 
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4-6 hours after placement.  Consequently a fast repair can be done at night, and then 

reopened to traffic the next morning.  The early age strength gain rate within 24 hours is 

considered sufficient for repair jobs in heavy traffic areas.  The minimum compressive 

strength of 7000 psi (48.3 MPa) at 28 days should be adequate for prestressed concrete 

applications.  As shown in Figure 2.6, the target compressive strength at different ages 

for HES-ECC serves as an envelope of the requirements by the DOTs and FHWA.  

Besides compressive strength requirements, a minimum 15 minutes working time is 

required for repair handling and placement. 

 

2.3.3 Methods of Achieving High Early-Age Compressive Strength 

High early strength of concrete materials is mostly attained by using traditional 

concrete ingredients and concreting practices, although sometimes special materials or 

techniques are needed.  Depending on the age at which the specified strength must be 

achieved and on application conditions, high early strength can be achieved by using one 

or a combination of the following: 

a) Type III Portland Cement  

b) Proprietary rapid hardening cements 

c) High cement content  

d) Low water/cementing materials ratio  

e) Chemical admixtures (accelerator, superplasticizer, retarder, etc.) 

f) Silica fume (or other supplementary cementing materials) 

g) Insulation to retain heat of hydration 

h) Higher freshly mixed concrete temperature 
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i) Higher curing temperature 

j) Steam or autoclave curing 

Type III Portland Cement is widely used in construction where a more rapid rate 

of strength gain is desirable.  Type III Portland Cement and Type I Ordinary Portland 

Cement (OPC) are both normal Portland cement, and the same manufacturer will produce 

each with the same composition.  The strength gain of normal Portland cement is mainly 

contributed by the hydration of Tricalcium Silicate (C3S) and Dicalcium Silicate (C2S), 

which produces a calcium silicate hydrate (C-S-H).  By grinding the cement more finely 

compared with Type I cement (540 m2/kg vs. 370 m2/kg), the resultant cement surface 

area in contact with water will increase, leading to faster hydration and more rapid 

development of strength.  By this method, Type III cement can develop strength much 

faster than Type I cement – within the first 3-8 hours.  The amount of strength gain of 

Type III cement over the first 24 hours almost doubles that of Type I cement44. 

Proprietary rapid hardening cements such as magnesium phosphate-based cement, 

gypsum-based cement, and calcium aluminate cement have also been used to obtain very 

high early strength in some concrete mixes26,27,28,29,30.  However, many proprietary rapid 

hardening cements often perform unpredictably under various conditions.  For example, 

magnesium phosphate based cement is extremely sensitive to water content, and its 

strength can be severely reduced by a very small amount of extra water45; concrete 

containing gypsum-based cement may lose durability in freezing weather or when 

exposed to moisture46, and the presence of sulfates in its mixture may promote embedded 

steel corrosion45;  calcium aluminate cement may lose strength at high curing temperature 

due to chemical conversion43.  Furthermore, most commercially available proprietary 
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rapid-hardening cements are expensive compared with ordinary type III cement.  Due to 

the unpredictable performance and higher cost, proprietary rapid-hardening cements will 

not be considered in this research, unless HES-ECC based on Type III cement fails to 

achieve the target strengths.  

Chemical admixtures play a key role in producing high early strength concrete 

mixtures that meet strength and workability criteria; they include water-reducing 

admixtures, accelerating admixtures, and hydration controlling admixtures.  Water-

reducing admixtures increase early strength by lowering the quantity of water required 

while increasing the workability for appropriate concrete placement and finishing 

techniques, and increase strength at later ages by dispersing the cement to allow more 

efficient hydration.  Accelerating admixtures aid early strength development and reduce 

initial setting times by increasing the rate of hydration.  Hydration controlling admixtures 

allow time for transportation of the concrete from the ready-mix plant to the jobsite, and 

provide time for adequate placement and finishing.  Chemical admixtures and their 

potential effects on material performance are reviewed below. 

 

Water-reducing admixtures  

As high cement content and a low water/cement ratio are favorable for achieving 

high early strength, a water-reducing admixture should be necessary to effectively lower 

the water/cement ratio in HES-ECC by reducing the water required to attain a given 

slump.  Consequently, it improves the strength and impermeability of the cement matrix.  

The strength increase can be observed in as early as one day if excessive retardation does 

not occur 47 .  Furthermore, since the cement is dispersed and a more uniform 
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microstructure is developed, the compressive strength can be as much as 25% greater 

than that achieved by the decrease in w/c alone48. 

Water-reducing admixtures are often observed to increase the rate of shrinkage 

and creep of concrete, depending on the cement type and the particular admixture.  

However, after 90 days of drying, there is little difference in shrinkage compared to a 

control concrete49, 50.  The shrinkage properties of the developed HES-ECC including the 

use of water-reducing admixture and related durability issues will be investigated in 

Chapter 4. 

 

Accelerating admixtures:  

Accelerating admixtures accelerate the normal strength development and 

processes of setting.  Regular accelerators are used to speed construction by permitting 

earlier attainment of sufficient strength to allow removal of formwork and to carry 

construction loads.  Quick-setting admixtures provide setting times of only a few minutes.  

They are generally used in shotcreting applications and for emergency repair in general, 

where very rapid development of rigidity is required.  Accelerators are also beneficial 

during winter concreting because they can partially overcome the slower rate of hydration 

due to low temperatures, and shorten the period for which protection against freezing is 

required51, 52.  

Accelerating admixtures can be divided into three groups: (1) soluble inorganic 

salts, (2) soluble organic compounds, and (3) miscellaneous solid materials53.  Many 

soluble inorganic salts, including chlorides, bromides, nitrites, nitrates, fluorides, 

carbonates, thiosulfates, silicates, aluminates, and alkali hydroxides, can accelerate the 
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setting and hardening of concrete to some degree, calcium salts generally being the most 

effective.  Soluble carbonates, aluminates, fluorides, and ferric salts have quick-setting 

properties and they are commonly used in shotcreting applications.  Calcium chloride is 

the most widely used because it is the most cost effective, in terms of giving more 

strength acceleration at a particular rate of addition when compared to other 

accelerators54.  However, the use of calcium chloride will increase the rate of corrosion of 

metals embedded in concrete.  The ACI Building Code places limits on the chloride 

content of concrete that preclude its use for both prestressed and reinforced concrete.  

Chloride-free accelerators should be used in such cases.   

Organic compounds for most commercial uses include triethanolamine, calcium 

formate55.  Calcium acetate, calcium propionate, oxalic acid, lactic acid and various ring 

compounds are also in this group.  These compounds accelerate the hydration of 

tricalcium aluminate and produce more ettringite at early age. The reaction of 

triethanolamine with Portland cement is complex.  However, excessive amounts of these 

compounds can result in retardation effects56. 

Solid materials such as calcium fluoroaluminate or calcium sulfoaluminate can be 

used to obtain rapid-hardening characteristics.  In certain instances, finely ground silicate 

minerals and hydrated Portland cement itself have been found to act as accelerators due 

to the effects of seeding.  Also, introduction of small amounts of calcium-aluminate 

cement can significantly shorten the setting time of Portland cement concrete 55, 57, 58, 59.  

Solid materials are not often used in concrete materials for accelerating hydration.    

Although accelerating admixtures can be expected to increase early strength, the 

increase diminishes with time, and later strengths (at 28 days or more) are likely to be 
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lower than the strength of concretes without an accelerating admixture60.  This reduction 

in later strength is more pronounced when the initial accelerating effects are large.  

Accelerating admixtures may also increase the rate of drying shrinkage and creep, 

although the ultimate values are not affected61.  The early shrinkage leads to high tensile 

stresses in restrained repair material, often resulting in cracking or interface delamination.  

The undesireable effects of accelerating admixture use on concrete material performance 

negate many of its benefits. 

 

2.3.4 Initial Material Composition Selection Based on Strength Requirements 

 The material development of HES-ECC contains three phases.  The first phase is 

matrix design for high early strength (Section 2.3.4).  In this phase, the main factors that 

affect early strength gain rate, including cement type, water/cement ratio, accelerator, and 

curing conditions, are experimentally investigated.  The second phase is composite 

tailoring for saturated multiple cracking and high tensile ductility (Section 2.3.5). The 

third phase is detailed characterization of mechanical properties, including tensile, 

compressive, and flexural properties, of the developed HES-ECC composite material 

(Section 2.3.6).  

 

2.3.4.1 Experimental Program 

The ingredient materials used in this study are listed in Table 2.2 with information 

on product name, manufacturer, chemical composition and particle size.  The trial mixes 

for initial material composition selection are listed in Table 2.3.  Two types of cements 

were investigated.  Type III Portland cement has the same composition as Type I 
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Ordinary Portland Cement (OPC), except that it is finely ground.  ASTM class F fly ash 

is a pozzolantic material that is an integrated part of conventional ECC.  It is eliminated 

from some of the mixes in this study to improve early age compressive strength.   

Fine silica sand is the main aggregate in ECC, with a maximum particle size of 

270 µm and average size of 110 µm.  Polystyrene (PS) bead is another type of aggregate 

that forms a very weak bond with the cementitious matrix so that it behaves as an 

artificial flaw under tensile loading.  As the uniaxial tensile test decribed in Section 2.3.5 

shows, the initially selected mix was not able to meet the target tensile strain capacity 

requirements, so polystyrene beads were deliberately introduced into the mix to control 

initial flaw size and distribution at the material tailoring stage.  By these means, the 

composite material can develop saturated multiple microcracks during the strain-

hardening stage, leading to a large tensile strain capacity. 

The chemical admixtures used in this study include accelerating admixture and 

superplasticizer.  The accelerating admixture is Pozzolith ® NC 534 from Master Builders, 

Inc.  The accelerating species in this brand of admixture are calcium nitrate and sodium 

thiocyanate.  The recommended maximum effective dosage of Pozzolith ® NC 534  is 4 

wt% to cement.  Superplasticizer is necessary to achieve sound workability when the 

mixing composition has a low water/cement ratio.  The superplasticizer used in this 

research project was Glenium® 3200 HES from Master Builders Inc. Glenium® 3200 

HES is a late generation superplasticizer with powerful dispersion capacity at low 

water/cement ratios.  It can better facilitate hydration of cement particles, resulting in a 

stronger accelerating effect.  Due to combined electrostatic and steric repulsion forces, 
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Glenium® 3200 HES requires a lower dosage than other types of superplasticizer, such as 

melamine formaldehyde based ML330, to achieve the same workability. 

The fiber in this study is REC15 Polyvinyl-alcohol (PVA) fiber from Kuraray Co., 

Japan, used at a moderate volume fraction of 2% in ECC materials.  PVA fiber possesses 

great potential as a reinforcing fiber because of its high strength, high modulus of 

elasticity, and relatively low cost.  However, directly applying commercially available 

PVA fiber has resulted in composites with low tensile strain capacities, on the order of 

0.5-1.0%, even when as much as 4% fiber by volume is used62.  This poor composite 

performance can be attributed to the hydrophilic behavior of PVA fiber, that leads to 

excessive chemical bonding (i.e. interface debonding fracture energy Gd) with 

cementitious hydrates and strong slip-hardening response during pullout, which 

consequently results in premature rupture of the fibers63, 64.  In order to maximize Jb’, the 

micromechanical models suggested that the fiber/matrix interfacial bond should be 

significantly reduced.  This leads to the adjusted fiber manufacturing process that applies 

a 1.2% oil agent content coating to the fiber surface65.  This interfacial modifying process 

reduces both chemical bond Gd and frictional bond τ0, and increases Jb
’.  The dimensions 

of the PVA fiber are 12 mm in length and 39 µm in diameter, on average.  The nominal 

tensile strength of the fiber is 1620 MPa and the density of the fiber is 1300 kg/m3.  The 

detailed properties of REC 15 PVA fiber are listed in Table 2.4.  

A Hobart mixer with 13L capacity was used in preparing all ECC mixtures.  Solid 

ingredients, including cement, fly ash, and sand, were first mixed for approximately 1 

minute.  Water and superplasticizer were slowly added into the dry mixture and mixed 

for another 3 minutes.  Once a consistent and uniform state of mortar was reached, fibers 
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were slowly added into the mortar matrix and mixed until they were evenly dispersed.  

The mixture was then cast into molds.  Accelerating admixture, if used, was added after 

the fiber and just before casting.  The molds were covered with plastic sheets and cured 

in air at room temperature (20±3oC).  The specimens were demolded at the earliest 

possible testing age, ranging from 4 hours to 24 hours. 

Compressive testing was carried out according to ASTM C39 “Standard Test 

Method for Compressive Strength of Cylindrical Concrete Specimens” on standard 

cylinders measuring 75 mm (3 in.) in diameter and 150 mm (6 in.) in length.  The ends of 

the specimens were capped with a sulfur compound to ensure a flat and parallel surface, 

and better contact with the loading device.  Tests were conducted on a FORNEY F50 

compression test system (Figure 2.7).  The tests began 4 hours after casting or once 

adequate strength had been developed.  The age of the specimen was recorded as the time 

elapsed from the end of casting to the start of testing. 

 

2.3.4.2 Compression Test Results and Discussion 

The compressive strength development of various mixes are summarized in 

Tables 2.5, 2.6, and 2.7 and plotted in Figures 2.8, 2.9, 2.10, and 2.11.  Three specimens 

were tested for each test series and the average values were plotted.  

The replacement of Type I by Type III cement greatly improved the early age 

compressive strength gain rate (Figure 2.8).  For example, the 12h and 24h compressive 

strengths both increased by more than 60%, even though the 14d and 28d compressive 

strengths exhibited little difference.  However, Mix 2 containing Type III cement was 

unable to achieve the target high early strength.  Its 4h compressive strength was 3.4 - 3.6 

MPa, which is far below the target 17.2 MPa at 4h.  The 6h compressive strength (17.3 – 
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19.1 MPa) also failed to meet the requirement of 20.7 MPa. The high content of fly ash 

was considered to be the factor that delayed the early-age compressive strength 

development.  Therefore, fly ash was eliminated from the following mixes.  

Lowering the water/cement (w/c) ratio was shown to be an effective way to 

improve early-age and late-age compressive strength.  This is more effective for ECC 

mixes than regular concrete, as ECC mixes often contain higher content of cement.  As 

shown in Figure 2.9, reduction of w/c from 0.53 to 0.36 leads to a greater than 100% 

increase in compresive strength at 4h and 28d.  The curing time required to reach the 4h 

compressive strength target of 17.2 MPa was 24h, 8.5h, and 5.5h for w/c 0.53, 0.45, and 

0.36 respectively. The curing time required to reach the 6h compressive strength target of 

20.7 MPa was 36h, 11h, and 6h for w/c 0.53, 0.45, and 0.36 respectively.  Mix 5, with 

w/c = 0.36, met the 6h, 24h, and 28d compressive strength requirements, but not the 4h 

compressive strength requirement.  

The use of polycarboxylate based superplasticizer, e.g. GL3200, was crucial to 

achieve very high early strength when a reduced w/c ratio was used in a type III cement-

based system.   It was also noticed that a higher dosage has a strong retarding effect.  The 

effectiveness of superplasticizer is not only dependent on its composition, but also the 

chemistry of the cementitious phase and the presence of other admixtures, e.g. 

accelerators, retarders, etc.  The compatibility of commercially available superplasticizers 

and other admixtures with type III portland cement is one compelling driver of the 

preference toward portland cement based-systems over proprietary rapid hardening 

cement binder systems.   
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To further improve strength development within the first 6 hours, additional 

accelerator was incorporated (Mix 6).  As shown in Figure 2.10, the use of calcium 

nitrate based accelerator NC534 at dosage of 4.0% reduced the age to reach 17.2 MPa 

compressive strength from 5.5h to less than 4h.  The 6h, 24h, and 28d compressive 

strengths also satisfied the target strength requirements. 

The curing condition was found to have a significant influence on the strength 

gain rate at early ages.  As shown in Figure 2.11, Mix 6 developed strength much faster 

in the first 12 hours under insulated conditions, where the specimens were stored in 

plastic containers with insulation foam.  The target 17.2 MPa at 4h compressive strength 

could be achieved as early as 3 hours.  This can be explained by the temperature 

controlled hydration rate of C3S and formation of C-S-H.  It should also be noted that 

compressive strength was measured using relatively small cylinders in this experimental 

program.  As hydration heat can be better preserved in larger volume, the compressive 

strength development of Mix 6 when processed in a larger volume should be between the 

non-insulated and insulated lab curing conditions. 

Mix 6 remained workable for 20 minutes, which was considered sufficient for 

repair jobs.  For larger-scale mixing that requires a longer working time, a hydration 

control agent can be used to retard the hydration process and retain workability.  Delvo ® 

stabilizer from Master Builders has been tested to work well for this purpose; the details 

of processing optimization for larger-scale mixing are described in Chapter 8.  

As a conclusion, Mix 6 was initially selected as the mix proportion that satisfied 

the early-age and late-age compressive strength and workability requirements.  Further 
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evolution of this mix is necessitated by tensile property demands, as described in the 

following sections. 

 

2.3.5 Microstructure Tailoring for Tensile Ductility 

2.3.5.1 Initial Composite Testing in Uniaxial Tension 

With Mix 6 satisfying target compressive strength requirements, initial tensile 

testing was conducted to evaluate its tensile properties at different material ages.   The 

direct uniaxial tensile test is considered the most convincing method for evaluating 

material strain-hardening behavior66 because some quasi-brittle fiber reinforced concrete 

can also show apparent hardening behavior under flexural loading – a phenomenon 

known as “deflection hardening”.  Figure 2.12 shows the uniaxial tensile test setup and 

Figure 2.13 illustrates the specimen dimensions.  The plate specimens are 228.6 mm (9 

in.) long, 76.2 mm (3 in.) wide and 12.7 mm (0.5 in.) thick.  Before testing, four 

aluminum plates were glued to the four edges of the plate specimen to facilitate gripping.  

Tests were conducted on an MTS machine with 25 KN (5.62 kip) capacity, under a 

displacement control with rate of 0.005 mm/s (1.97×10-4 in./s).  Two external LVDTs 

(Linear Variable Displacement Transducers) were attached to the specimen surface, with 

a gage length of 101.6 mm (4 in.), to measure the displacement.  The mixing procedure 

was the same as described in Section 2.3.4.  Specimens were demolded at 4 hours, cured 

in air at room temperature (20±3oC), and tested at different ages from 4 hours to 28 days.   

The tensile stress-strain curves of Mix 6 at ages of 4h, 24h, 3d, 7d, and 28d are 

shown in Figure 2.14.  The age dependencies of the tensile strain capacity and tensile 

strength of Mix 6 are shown in Figure 2.15 and 2.16.  Three specimens were tested for 
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each age.  Mix 6 exhibited a rapid strain capacity decrease with age, accompanied by an 

increase in first cracking strength.  The tensile strain capacity was around 4% at 4h, 

decreased to 3% at 24h, and further decreased to less than 1% after 3d.  This reduction in 

tensile strain capacity at later ages is unfavorable for durable performance of this repair 

material when undergoing large deformation due to shrinkage, thermal effects, structural 

loading, and expansion of corroded reinforcement, under restrained conditions.  

Therefore, Mix 6 needs further tailoring to maintain tensile ductility at all ages.   

 

2.3.5.2 Microstructure Tailoring of Mix 6 for Tensile Ductility 

To overcome the gradual loss of tensile ductility in Mix 6, it is necessary to 

investigate the fundamental micromechanisms responsible for this undesirable composite 

behavior, and to provide a pathway to minimize this tendency.  Toward these goals, the 

age dependency of micromechanical parameters, including matrix and fiber/matrix 

interface properties, were measured at different ages and used to guide the tailoring 

process.  Based on the conditions for strain-hardening and saturated multiple cracking, it 

is evident that high tensile strain capacity requires a high Jb’/Jtip ratio and sufficient 

number of pre-exsiting flaws larger than cmc.  The matrix toughness Jtip and flaw size 

distribution are matrix properties, while the complementary energy Jb’ is mainly 

controlled by fiber and interface properties.  

To measure the age dependency of Jtip, matrix toughness tests were conducted on 

the Mix 6 matrix (without fibers) at different ages.  This test was similar to ASTM E399 

“Standard Test Method for Plane-Strain Fracture Toughness of Metallic Materials”.  The 

ASTM E399 allows one to use different geometry specimens, such as bending specimens 
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and compact tension specimens, to measure the Km value. The Mix 6 matrix was 

prepared and cured as described in Section 2.3.4, except that fibers were not added.  The 

fresh mix was cast into notched beam specimens measuring 305 mm (12 in.) in length, 76 

mm (3 in.) in height, and 38 mm (1.5 in.) in thickness.  The matrix fracture toughness Km 

at different ages was measured by the three point bending test, as shown in Figure 2.17. 

The span of support is 254 mm (10 in.) and the notch depth to height ratio is 0.4.  Three 

specimens were tested for each test series.  Jtip was calculated from the measured Km by 

use of Equations 2.1 and 2.2. 

To calculate the age dependency of Jb’ of Mix 6, single fiber pullout tests were 

conducted to measure three important interfacial parameters at different ages: chemical 

bond strength Gd, frictional bond strength τ0, and slip hardening coefficient β.  As shown 

in Figure 2.18, single fiber pull-out tests were conducted on small-scale prismatic 

specimens with dimensions of 10 mm × 5 mm × 0.5 mm (0.4 in. ×0.2 in. ×0.02 in.).  A 

single fiber was aligned and embedded into the center of a Mix 6 mortar prism with an 

embedment length of 0.5 mm (0.02 in.).  Three specimens were tested for each test series.  

The load P versus displacement δ curve was obtained through quasi-static testing and 

used to determine the interfacial parameters.  These interfacial parameters, along with 

fiber volume fraction, length and diameter, were then used to calculate the fiber bridging 

law σ(δ).  (More details on σ(δ) are given below).  The snubbing coefficient is closely 

related to fiber surface frictional coefficient, which decreases significantly with increase 

of oiling coating content65.  The snubbing coefficient f = 0.2 was assumed in this study 

for PVA fiber with 1.2% oiling coating, and decreases significantly with increase of 

oiling coating content.  The fiber strength reduction coefficient f’ = 0.33 was measured 
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by single fiber in-situ strength test67.  The resulting complimentary energy J’
b calculated 

from the σ(δ) curve combined with the matrix fracture toughness Jtip obtained from the 

Km measurement were used as inputs to evaluate composite material behavior (i.e. strain-

hardening or tension-softening) and to calculate the PSH index as defined in Equation 2.4. 

The general profile of a single fiber pullout curve (P vs. δ) can be decomposed 

into three major regimes as shown in Figure 2.1968.  Initially, a stable fiber debonding 

process occurs along the fiber/matrix interface (Figure 2.17 a).  While the load carried by 

the fiber increases up to Pa,  the fiber embedded end, l = le, does not become displaced.  

The debond length, ld, increases towards ld = le.  During this “debonding” stage, the 

displacement of the fiber end is the sum of the elastic stretching of the debonded fiber 

segment and of the fiber free length (the portion of the fiber outside the matrix).  This 

debonding process results in a tunnel-like crack that propagates stably from the free end 

towards the embedded end of the fiber.  This tunneling process is stable until the tunnel 

crack tip approaches the embedded end of the fiber at which stage it loses stability and 

the load suddenly drops from Pa to Pb.  At this moment the fiber is held in the matrix only 

by friction.  The chemical debonding energy value, Gd, is calculated from the Pa to Pb 

difference using Equation 2.5: 

                                                         (2.5) 

where Ef is the fiber Young’s modulus, and df is the fiber diameter. 

At the point Pb, the embedded fiber end is just debonded and the frictional bond 

strength τ0 at the onset of fiber slippage can be caculated using Equation 2.6:  

€ 

τ 0 =
Pb

πd f le
                                                                                     (2.6) 
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During the fiber slippage stage, the fiber can undergo sliding with slip hardening, 

constant friction, or slip-softening, characterized by the positive, zero or negative 

coefficient β, respectively69.  Slip-hardening occurs often with polymer fibers including 

PVA fibers used in this study.  Because polymer fibers are less hard than the surrounding 

matrix, they tend to be damaged during pullout process and therefore a jamming effect 

can take place inside the matrix, leading to an increasing load.  Conversely, constant 

friction or slip-softening are often observed when the fiber hardness is higher than that of 

the surrounding matrix.  The β value is calculated from the initial (S’ approaching 0) 

slope of the P versus S’ curve using: 

€ 

β = (d f / l f )[1/τ 0πd f )(ΔP /ΔS') S'−>0 +1]                                                             (2.7) 

Lin et al.69 proposed the formulation of the crack bridging stress versus opening 

relationship σ(δ) based on single fiber pullout P(δ) relation 

€ 

σB (δ) =
4Vf

πd f
2 P(δ)e fφ p(φ)p(z)dzdφ

z= 0

(L f / 2)cosφ∫φ= 0

π / 2
∫                   (2.8) 

where Vf is the fiber volume fraction, df is the fiber diameter, φ is the orientation angle of 

the fiber relative to a crack plane, Lf is the fiber length, z is the centroidal distance of a 

fiber from the crack plane, f is a snubbing coefficient,  and p(φ) and p(z) are probability 

density functions of the fiber orientation angle and centroidal distance from the crack 

plane, respectively.  P(δ) is the pullout load versus displacement relation of a single fiber 

aligned normal to the crack plane, as experimentally measured in this study from the 

single fiber pullout test.  It should be noted that during fiber debonding and pullout stages 

(Figure 2.17), the fiber may rupture if the load P exceeds the fiber strength, σf, which is 

often the case in the PVA-ECC system when the interfacial chemical bond and frictional 

bond are strong. 
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Figure 2.20 presents the age dependency of matrix fracture toughness Km 

determined from the notched beam bending test.  The development of Km at early age is 

fastest during the first 24 hours, and the Km-age curve becomes relatively flat after 3 days.  

 Figures 2.21, 2.22, and 2.23 present the age dependency of Gd, τ0 and β measured 

from the single fiber pullout test.  Despite the scattering of data, the trend clearly shows 

that the development of interface chemical bond Gd and frictional bond τ0 remained 

relatively slow during the first 24 hours, accelerated considerably after 24 hours, and 

finally reached a plateau after 7 days.   

Compared with Km, the development of interface bonding strength was much 

lower at the early age until about 3 days.  The different development rates between 

fracture toughness and interfacial properties can be due to the accelerated hydration at 

early ages in the cementitious matrix, and development of the fiber/matrix interfacial 

bond is less affected by the accelerated hydration process.  These findings were different 

from the age-dependent development of interfacial properties of polyethylene (PE) fibers, 

which are hydrophobic, in a cementitious matrix70.  It was found that the interfacial bond 

strength of PE fibers matured much faster, in less than 7 days, in comparison with the 

development of matrix bulk properties that typically took 14-28 days.  The difference 

between the present study and Chan and Li70  can be attributed to the adoption of a rapid-

strength-gain binder system and different type of fibers (PVA fibers instead of PE fibers) 

in Mix 6.  

It was the difference between the development rates of matrix toughness and 

matrix/fiber interface properties that resulted in the quick change of the pseudo strain-

hardening (PSH) performance index, defined by the Jb’/Jtip ratio.   PVA fibers form strong 



 
96 

chemical and frictional bonds with the cementitious matrix because of their hydrophilic 

nature.  Moreover, PVA fiber has strong slip-hardening behavior during the pullout 

process.  Therefore, the fiber often ruptures instead of being pulled out from the 

surrounding matrix, leading to a reduction in complementary energy Jb’.  For Mix 6,  the 

rapid increase in Gd, τ0 and β after 24 hours led to more occurances of fiber rupture than 

pullout, resulting in a significant decrease in Jb’ (Figure 2.24). This was accompanied by 

an increasing Jtip (Figure 2.24) corresponding to increased matrix toughness Km.  As 

shown in Figure 2.24, Jb’/Jtip dropped from 39 at 4 hours to 5 at 24 hours, then to around 

1 at 3 days, and flattened after 3 days, leading to the deteriorated composite tensile strain 

capacity.  Tensile strain capacity of Mix 6 at different ages is also plotted in Figure 2.24.  

Strong correlation was found between the age dependent development of tensile strain 

capacity and the Jb’/Jtip ratio (PSH index). 

The low tensile strain capacity of Mix 6 after 24 hours is due to a low value of the 

Jb’/Jtip ratio, resulting in unsaturated multiple cracking.  When the margin between Jb’ and 

Jtip is small, it becomes critical to control pre-existing flaw distribution in the matrix to 

retain high strain capacity.  As discussed in Section 2.2.3, a large number of flaws 

slightly larger than cmc  are preferred for saturated multiple cracking and high tensile 

strain capacity.  The critcal flaw size cmc is set such that only those flaws larger than cmc 

can be activated before reaching σ0 and contribute to multiple cracking. The approach 

used in this study is to superimpose a prescribed flaw system to the pre-existing flaws in 

the Mix 6 matrix, as illustrated in Figure 2.25.  The artifical flaws can be any inclusion 

with a weak bond to the cementitious matrix or with relatively low tensile strength 

compared to the tensile strength of the surrounding matrix, such as lightweight 
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aggregates, air bubbles, polymer foams and rubber powder.  In this study, Polystyrene 

(PS) beads (Figure 2.26) with a size of 4 mm were added as artificial flaws at a dosage of 

5% by volume.  The size of 4 mm was chosen because it was slightly larger than the 

calculated critical flaw size cmc
71, so that the PS beads are large enough to initiate 

cracking without significantly lowering the first cracking strength and interrupting fiber 

dispersion.  Possessing a cylindrical shape with sharp edges and extremely weak bond 

with the surrounding cement binder, the PS beads serve as crack initiators.  The modified 

mixing proportion - Mix 7 - is the same as Mix 6 except for the presence of PS beads 

(Table 2.8).  

Figure 2.27 shows the tensile stress-strain curves of Mix 7 at the ages of 4h, 24h, 

3d, 7d, 28d and 50d.  Significant tensile strain-hardening behavior with strain capacity 

above 3% was observed at all ages up to 50d.  Figure 2.28 compares the tensile strain 

capacity of Mix 6 and Mix 7 at different ages.  Greatly improved tensile strain capacity 

was found in Mix 7 at all ages, especially at ages after 24h, compared to Mix 6.  

Moreover, introduction of 5 vol% artificial flaws does not seem to affect the first 

cracking strength and ultimate tensile strength.  This is because of the small dosage, and 

the similarity of the artificial flaw size and pre-existing flaw size in Mix 6.  The 

introduction of artificial flaws with prescribed size was shown to be an effective 

approach to improve tensile strain capacity through increased saturatation of multiple 

cracking.    

The effect of adding PS beads on ECC compressive strength was investigated and 

shown in Figure 2.27.  Comparing the compressive strength development curves for Mix 

6 and 7, this figure shows the minor effect of PS bead presence on the early compressive 
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strength gain rate, although inclusion of the beads greatly improves the multiple cracking 

behavior when the specimen is under tension.  Specifically, small differences in the 

strength gain rate were observed in the first 6h, while compressive strength after 12h was 

reduced by approximately 10%.  Even with this reduction, Mix 7 still satisfied the 

compressive strength requirements at early and late ages as well as the workability 

requirement.  Up to now, HES-ECC (Mix 7) has been successfully developed with the 

target early-age compresseive strength, workability, and high tensile ductility at all ages.  

Its mechanical properties will be characterized in detail in the next section.   

 

2.3.6 HES-ECC Material Characterization 

 In this section, the mechanical properties of the newly developed HES-ECC 

material, including tensile, compressive, and flexural properties, were tested with a larger 

number of specimens and documented in detail.   

Materials  

 The mix proportion of the newly developed HES-ECC is shown in Table 2.9.  It 

contains type III portland cement, fine silica sand F110, water, PVA fibers, PS beads, 

superplasticizer, accelerating admixture, and hydration control admixture (when a longer 

working time is needed).  Mixes were prepared with a Hobart-type mixer with 13 liter  

capacity according to following mixing procedure: 

1) Mix type III Portland cement and silica sand for approximately 1 minute; 

2) Add water slowly and continue mixing for 1-2 minutes; 

3) Add superplasticizer; continue mixing for 1-2 minutes until a consistent mixture is 

reached; 
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4) Add PVA fibers slowly and mix for 2 minutes until fibers are well distributed; 

5) Add polystyrene beads and mix for 1-2 minutes; 

6) Add hydration control admixture and mix for 1 minute unless casting will be 

completed within 15 minutes of completion of mixing;  

7) Add accelerating admixture and mix for 1 minute before casting into molds. 

The whole mixing procedure for each batch took 10-15 minutes.  After mixing, 

the mixture was cast into tensile, compressive and flexural specimen molds with 

moderate vibration applied.  The molds were then covered with plastic sheets, demolded 

in 4 hours, cured in air at room temperature (20±3oC) and relative humidity (RH 40±5%), 

and tested at different ages.  

Uniaxial Tensile Test and Results 

Age-dependent uniaxial tension tests were conducted to measure the tensile 

strength, Young’s modulus, tensile strain capacity, crack width and crack pattern of HES-

ECC.  Testing procedure and specimen preparation were the same as described in Section 

2.3.5.  Specimens were tested at ages of 4, 6, 12 and 24 hours, and 3, 7, 14, 28 and 60 

days, measured as the time between the end of casting and start of testing.  Ten to 

fourteen specimens each were tested at each age. 

Under uniaxial tensile loading, HES-ECC specimens exhibit significant tensile 

strain-hardening behavior.  HES-ECC first undergoes “elastic straining” until the first 

microcrack appears.  Then, the material undergoes “strain-hardening” similar to the 

“plastic yielding” in metals.  The strain-hardening stage is accompanied by the formation 

of many closely-spaced microcracks with controlled crack width.  These cracks are 

unlike the localized fracture in concrete or other brittle materials as they continue to carry 
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increasing stress across the crack faces after formation.  The multiple microcracks 

eventually “saturate” (reach the minimum spacing) along the specimen and a localized 

fracture occurs due to exhaustion of the local fiber bridging capacity.  At this moment, 

the load starts dropping and the HES-ECC enters the “tension softening” stage until final 

failure.  The peak stress prior to the tension-softening stage is defined as the tensile 

strength of the HES-ECC.   

Table 2.10 and Figures 2.30, 2.31, 2.32 and 2.33 summarize the uniaxial tensile 

test results of HES-ECC.  As shown in Figure 2.30, The tensile strength of HES-ECC 

increases rapidly during the first 24 hours, from 3.5 ± 0.1 MPa (501 ± 12 psi) at 4 hours 

to 4.7 ± 0.1 MPa (680 ± 12 psi) at 24 hours. It continues increasing at a lesser rate during 

later ages, and reaches 5.8 ± 0.2 MPa (840 ± 28 psi) at 60 days.   

The Young’s modulus (E) of HES-ECC is determined from its tensile stress-strain 

curve, defined as the slope of the line drawn between the starting point and the point 

corresponding to a strain of 0.015%.  The 0.015% tensile strain is an approximate elastic 

strain capacity of ECC material32.  The age dependency of the HES-ECC Young’s 

modulus is plotted in Figure 2.31.  Young’s modulus of HES-ECC increases with age, 

from 13.1 ± 0.8 GPa (1900 ± 111 psi) at 4 hour to 23.8 ± 0.7 GPa (3452 ± 103 psi) at 60 

days.  The Young’s modulus of HES-ECC is generally lower than that of concrete 

materials, due to the absence of coarse aggregates in its mix.  This lower Young’s 

modulus is in fact desirable for a concrete repair material because it lowers the induced 

tensile stress build-up caused by shrinkage restrained by the existing surrounding 

concrete72, 73, 74, thereby reducing the tendency toward cracking and repair/substrate 

material interface delamination. 
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The tensile strain capacity of each specimen was defined as the tensile strain 

value corresponding to tensile strength (prior to tension softening).  Figure 2.32 shows 

the age-dependent development of HES-ECC tensile strain capacity that exceeds 5% at 4 

hours, decreases to 4% at 3 days, and stablizes to an average of 3.5% beyond 7 days (test 

data extend up to 60 days).  This long-term high tensile strain capacity is several hundred 

times larger than the 0.01% assumed for normal concrete materials.  

The crack width of HES-ECC microcracks at the strain-hardening stage was 

measured because it determines the HES-ECC’s resistance to the penetration of 

aggressive agents.  Research has shown that the narrow crack width of ECC reduces 

water permeability75 and chloride diffusion penetration76; these issues will be discussed in  

detail in Chapter 6.  Figure 2.33 shows the multiple microcracking behavior and crack 

width of HES-ECC at the ages of 4 hours, 24 hours, 3 days and 28 days.  To enhance 

resolution of these microcrack images, epoxy glue was applied to the surfaces of the 

specimens before the photos were taken.  Near-saturated multiple microcracks with crack 

width below 60 µm were observed at all ages.  It should be noted that the crack width at 

the very early age of 4h is as low as 10 µm while the tensile strain capacity is as high as 

6%.  This high tensile ductility and very tight crack width at early age of the repair 

material are crucial for the repair’s resistance to early-age cracking due to restrained 

shrinkage and chloride penetration, which start as soon as the repair is re-opened to 

service.  

Uniaxial Compressive Test and Results 

Age dependent tests in uniaxial compression were conducted to establish a 

database of HES-ECC compressive strength development as a function of material age.  
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Compressive testing was conducted according to the procedure described in Section 2.3.4.  

Specimens were tested at ages of 4, 6, 12 and 24 hours, and 3, 7, 14, 28 and 60 days.  Ten 

to fourteen specimens each were tested at each age. 

Table 2.11 and Figure 2.34 summarize the compressive strength of HES-ECC at 

different ages.  HES-ECC reaches compressive strengths of 23.6 ± 1.4 MPa (3422 ± 203 

psi) at 4 hours, 34.2 ± 1.4 MPa (4963 ± 182 psi)  at 6 hours, and 42.3 ± 1.4 MPa (6130 ± 

202 psi) at 24 hours.  The increasing trend slows down at later ages, leveling off at 55.6 ± 

2.2 MPa (8063 ± 315 psi) at 28 days, and 56.8 ± 1.7 MPa (8233 ± 250 psi) at 60 days.  

The compressive strength development of HES-ECC is shown in Figure 2.35 along with 

the target requirements, and requirements given by NJSDOT 199732, MDOT QA/QC 

200340, Zia et al. 199142 and FHWA 199943. 

  

Flexural Test and Results 

A minimum flexural strength of the repair material, apart from its compressive 

strength, is usually specified as a requirement for reopening a roadway to traffic.  NJDOT 

specified a target flexural strength of 350 psi (2.4 MPa) in 6 hours for the “Fast-track mix” 

developed in mid-90’s32.  Caltran requires a minimum flexural strength of 400 psi (2.8 

MPa) prior to opening to traffic for full depth pavement repairs33.  FHWA43 recommends 

a minimum flexural strength of 450 psi (3.1 MPa) for Rapid-setting Cementitious 

Concretes.   

For high early strength concrete, the flexural strength requirements are more 

stringent than the compressive strength requirements because of the material’s brittle 

nature.  In contrast, ECC materials feature very high flexural strength, or modulus of 
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rupture (MOR), because of its high ductility and strain-hardening behavior77.  The 

flexural strength of ECC normally approaches three times the flexural strength of its 

matrix.  It was expected, and verified in this study, that once the compressive strength 

and tensile ductility requirements are met, the flexural strength targets of HES-ECC can 

be easily attained. 

A flextual test was conducted on HES-ECC prism specimens to measure the 

stress-deformation curves and material flexural strength (MOR) at different ages. 

Flexural testing procedures followed the ASTM C7878 standard.  Figure 2.36 shows the 

three-point bending test set-up and specimen dimensions.  Each beam specimen measured 

406.4 mm (16 in.) long, 76.2 mm (3 in.) wide and 101.6 mm (4 in.) thick, with a test span 

length of 304.8 mm (12 in.).  Specimens for flexural testing were demolded at 4 hours, 

cured in air, and tested at different ages from 4 hours to 60 days.  The air-curing 

condition was different from that specified in ASTM C78 because it was intended to 

simulate the curing condition in field applications, where the repair was expected to be 

exposed to air and open to traffic in 4 hours.  The three-point bending test was conducted 

with an MTS 810 machine under displacement control at a loading rate of 0.02 mm/s 

(7.87×10-4 in./s).  Five specimens were tested at each age.   

Table 2.12 summarizes the flexural strength (MOR) and deflection at failure of 

HES-ECC.  Figure 2.37 shows the typical flexural stress versus deflection curves of 

HES-ECC at ages of 4 hours, 24 hours, and 28 days.  Significant deflection hardening is 

observed at these ages.  The flexural strength (MOR) of HES-ECC increases rapidly 

during the first 24 hours from 9.8 ± 0.2 MPa (1422 ± 34 psi) to 11.4 ± 0.2 MPa (1656 ± 

30 psi).  This increasing trend slows down at later ages and reaches 15.1 ± 0.4 MPa (2188 
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± 50 psi) at 28 days.  At the same time, specimen flexural ductility (defined as the 

maximum deflection when local failure starts) decreases after 6 hours, but approaches a 

constant after 3 days.  It should be noted that HES-ECC attains a flexural strength of 9.8 

± 0.3 MPa (1422 ± 34 psi) at 4 hours, which is significantly higher than the requirements 

of NJDOT, Caltran and FHWA.  The 28-day flexural strength of HES-ECC is 15.1 ± 0.3 

MPa (2188 ± 50 psi), more than double the flexural strength of normal concrete with 

similar compressive strength.   

 

2.4 Conclusions 

 Material engineering for durable repair materials is possible through the 

application of micromechanical tools developed for ECC materials.  This has been 

demonstrated through the development of the high early strength and ductile repair 

material HES-ECC.  Micromechanics can be used as a tool for designing HES-ECC 

composites that meet the two strain-hardening criteria as well as conditions for saturated 

multiple cracking to achieve large tensile ductility above 3% and self-controlled crack 

widths below 100 µm at both early and late ages.  These properties are crucial for repair 

durability, as they prevent restrained volume change or stress concentration induced 

cracking and penetration of aggressive agents, which are typical deterioration causes in 

concrete repairs.      

Through strategic combination of type III Portland cement, low water/cement 

ratio, polycarboxylate based superplasticizer and calcium nitrate based accelerator, the 

newly developed HES-ECC material is capable of attaining compressive strength of 23.6 

± 1.4 MPa (3422 ± 203 psi) in 4 hours and 55.6 ± 2.2 MPa (8062 ± 315 psi) in 28 days, 
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which exceeds HES-ECC design targets as well as federal and state transportation agency 

requirments.  HES-ECC attains flexural strength of 9.8 ± 0.2 MPa (1422 ± 34 psi) in 4 

hours and 15 ± 0.3 MPa (2187 ± 50 psi) in 28 days, which exceeds twice the flexural 

strength of concrete with similar compressive strength.  Its tensile strength is 3.5 ± 0.1 

MPa (501 ± 12 psi) at the age of 4 hours and 5.7 ± 0.2 MPa (823 ± 20 psi) at age of 28 

days.  

The age dependencies of micro-parameters and their effects on the age 

dependency of composite tensile strain capacity were investigated using experimental 

methods and micromechanics-based analytical tools.  The significant increase of 

interfacial properties τ0, Gd and β after 24 hours led to more fiber ruptures during the 

pullout process, resulting in a diminishing complementary energy Jb’.  Meanwhile, the 

matrix fracture toughness increased at a faster pace within the first 24 hours and achieved 

a relatively high value after 24 hours.  The micromechanics model revealed that the quick 

deterioration in composite tensile strain capacity after 24 hours was attributed to the rapid 

drop in complementary energy Jb’ and continuous rise of J tip, which leads to a significant 

reduction in the PSH index measured by Jb’/Jtip.  

When there is a small margin of Jb’/Jtip, it is important to have large amounts of 

flaws in the matrix with sizes above cmc, which can be activated during material strain-

hardening stage before the maximum fiber bridging stress is reached.  Introduction of 

artificial flaws (PS beads) with prescribed size distribution proved to be an effective 

approach to achieve saturated multiple cracking, therefore retaining large tensile strain 

capacity at late ages.  The presence of small volume fraction (e.g. 5%) of PS beads did 
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not impair the early age compressive strength gain rate before 24 hours, although it did 

decrease the compressive strength at late ages by approximately 10%. 

 Detailed characterization of mechanical properties of HES-ECC further validated 

the material performance, and provided a database of the tensile, compressive, and 

flexural properties of the newly developed repair material for future engineering 

applications.    
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Table 2.1 – Three phases of ECC microstructure and corresponding micro-parameters. 

Phase  Micro-Parameters 

Fiber Length Lf, Diameter df, Volume Fraction Vf 
Tensile Strength σf, Elastic Modulus Ef 

Matrix Fracture Toughness Km, Elastic Modulus Em, Initial 
Flaw Size Distribution a0 

Fiber/Matrix Interface 
Chemical Bond Gd , Frictional Bond τ0, Slip Hardening 
Property β, Snubbing Coefficient f, Fiber Strength 
Reduction factor f’ 
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Table 2.2 – List of materials used. 

Category Product 
Name Manufacturer Chemical 

Composition Particle Size 

Portland 
Cement  
Type I 

LaFarge Co.,  
USA 

Ordinary 
Portland 

Cement (OPC) 

Blaine Surface area:  
3300 cm2/g 

Portland 
Cement  
Type III 

Holcim Co.,  
USA 

Finely ground  
OPC 

Blaine Surface area:  
5000 cm2/g 

Cementitious 
Material 

Normal  
Fly Ash 

Boral Material  
Tech. Inc., 

USA 

ASTM C618  
Class F 

Mean size:  
10-20 µm 

Accelerating 
Admixture 

Pozzolith®  
NC 534 

Master 
Builders,  
Inc., USA 

Calcium nitrate 
<43%, 
Sodium 

thiocyanate 
<5% 

Specific weight:  
1.39g/ml 

  

Silica 
sand F110 U.S. Silica Co. Silica Mean size: 110 µm, 

Max. size: 250 µm 
Aggregate 

PS Beads Dow Chemical  
Co., USA Polystyrene Size: 4mm, Density: 

1.4g/cm3 

Superplasticizer Glenium®  
3200 HES 

Master 
Builders,  
Inc. USA 

Polycarboxylate 
Based 

Specific weight:  
1.05 g/ml 

Hydration 
Control 

Delvo® 
Stabilizer 

Master 
Builders,  
Inc. USA 

    

Fiber REC15 Kuraray, Co,  
Japan 

Polyvinyl 
Alcohol (PVA) 

Fiber 
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Table 2.3 – Mixing proportions for initial material composition selection based on 
strength requirements. 

 

Mix Cement 
Silica 

Sand 

Fly 

Ash 
Water Admixtures 

Fiber, 

 Vf (%) 

1 Type I  1.0 0.8 1.2 0.53 GL3200 0.75% 2.0 

2 Type III  1.0 0.8 1.2 0.53 GL3200 0.75% 2.0 

3 Type III  1.0 1.0 - 0.53 - 2.0 

4 Type III  1.0 1.0 - 0.45 GL3200 0.35% 2.0 

5 Type III  1.0 1.0 - 0.33 GL3200 0.75% 2.0 

6 Type III  1.0 1.0 - 0.33 
GL3200 0.75%, 

NC534 4.0% 
2.0 

 

 

 

 

Table 2.4 – Properties of REC 15 PVA fiber from Kuraray, Co, Japan. 

Fiber Type 
Nominal 
Strength 
(MPa) 

Apparent 
Strength 
(MPa) 

Fiber 
Diameter 

(µm) 

Fiber 
Length 
(mm) 

Young’s 
Modulus 

(GPa) 

Elongation 
(%) 

REC15 1620 1092 39 12 42.8 6.0 
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Table 2.5 – Compressive strength of Mix 1 and 2 at different ages. 

Age Compressive Strength (MPa) 
(Hour) Mix 1 Mix 2 

4    3.4 3.4 3.6 
5    7.1 8.2 9.4 
6    17.3 18.8 19.1 
10    24.3 25.5 28.3 
12 17.8 17.9 18.3 28.8 30.4 32.3 
24 22.0 22.6 24.4 35.4 38.5 38.6 
48 31.1 32.3 32.6 41.6 42.6 44.8 
72 40.9 44.3 46.9 44.5 46.8 48.4 
144 55.9 57.9 60.2 55.1 56.6 57.7 
672 62.7 65.5 66.7 59.7 62.0 65.7 

 

Table 2.6 – Compressive strength of Mix 3, 4 and 5 at different ages. 

Age Compressive Strength (MPa) 
(Hour) Mix 3 Mix 4 Mix 5 

4    1.8 1.9 2.0 4.7 5.0 5.3 
5    5.2 5.2 5.4 8.9 10.2 11.7 
6    5.9 5.9 6.3 23.1 26.1 26.4 
7    9.7 11.2 12.8 30.3 31.1 31.6 
8 1.4 1.9 2.5 14.0 15.2 17.1 32.8 34.0 35.7 
9 3.2 3.4 4.1 18.6 20.0 20.0 33.1 36.0 38.3 
10 4.0 4.7 5.5 18.8 20.0 21.1 37.3 37.7 39.0 
12 9.7 10.9 12.4 21.4 22.3 22.8 36.7 38.8 41.0 
24 16.4 17.7 19.2 29.3 30.3 30.8 41.9 43.5 44.5 
48 24.8 25.5 26.9 31.8 33.1 34.1 47.9 50.2 51.9 
72 24.8 26.7 28.1 33.1 34.2 34.7 52.6 55.3 56.2 
96 25.7 27.0 28.0 35.6 36.4 37.7 53.7 55.2 56.4 
120 27.6 28.6 28.7 37.2 38.5 39.9 56.3 57.4 58.2 
144 27.1 29.1 30.6 40.1 43.0 43.5 55.8 57.9 60.0 
168 27.7 29.4 29.8 42.7 43.7 45.1 56.9 58.7 61.4 
336 28.3 29.7 30.7 46.1 47.2 48.0 59.9 62.3 63.8 
480 29.2 30.3 29.6 48.0 49.3 49.6 62.3 64.3 64.5 
672 29.0 30.3 31.8 47.6 49.0 50.6 62.9 65.4 66.7 
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Table 2.7 – Compressive strength of Mix 6 (w/ and w/o insulation) at different ages. 

Age Compressive Strength (MPa) 
(Hour) Mix 6 (w/ insulation) Mix 6 (w/o insulation) 

2.7    12.4 12.5 12.6 
3 7.6 7.7 8.7 21.3 22.0 22.7 
4 17.4 17.9 18.0 26.6 28.1 29.3 
5 28.6 29.7 31.7 34.3 34.6 34.6 
6 33.0 34.3 34.7 38.3 40.1 41.0 
7 34.8 36.4 37.4 39.5 40.8 41.7 
8 37.1 38.6 39.8 40.4 41.5 42.5 
9 39.3 40.2 40.5 41.8 43.3 44.5 
10 39.5 40.0 41.1 42.5 43.9 45.6 
12 39.9 41.1 42.3 44.8 44.8 45.1 
24 44.5 45.7 47.5 45.7 48.0 50.5 
48 47.6 49.3 50.0 51.0 51.8 53.2 
72 51.8 53.0 54.2 53.2 56.4 57.8 
96 52.9 54.1 55.9 54.7 56.6 58.3 
120 54.4 55.2 56.0 56.2 57.2 57.4 
144 54.3 55.9 56.9 56.5 58.6 59.0 
168 57.0 58.1 58.9 57.2 58.5 58.9 
336 59.8 60.7 61.0 59.5 60.0 60.6 
480 60.7 62.2 63.4 62.7 63.2 64.0 
672 61.6 63.0 64.4 62.4 63.7 65.3 

 
 

 

Table 2.8 – Mixing proportion of HES-ECC before / after adding artificial flaws. 

Mix Cement Silica 
Sand Water 

Other 
Aggregates 

Admixtures 
(wt% of cement) 

Fiber Vf 
(%) 

6 Type III, 1.0 1.0 0.33 - GL3200 0.75%, 
NC534 4.0% 

2.0 

7 Type III, 1.0 1.0 0.33 PS Beads 
0.064 

GL3200 0.75%, 
NC534 4.0% 

2.0 
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Table 2.9 – Mix proportion of HES-ECC. 

HES-ECC Mix Design Parameter Value (kg/m3) 

Portland Cement, Type III  918 

Silica sand, F110  918 

Water  301 
Poly-vinyl-alcohol  Fiber  26.1 

Polystyrene Beads 58.8 
Superplasticizer, Glenium® 3200HES 6.89 

Accelerating Admixture, 

Pozzolith® NC 534  36.7 

 Hydrating Control Admixture, 

Delvo® Stabilizer Optional 

 

 

Table 2.10 – HES-ECC tensile properties at different ages (mean ± standard deviation). 

Age  Young’s Modulus,  
×103 MPa (ksi) 

Tensile Strength, 
MPa (psi) 

Strain Capacity, 
% 

4 h 13.10 ± 0.77 
(1900.12 ± 111.44) 

3.46 ± 0.08 
(501.23 ± 11.64) 5.97 ± 0.22 

6 h 14.98 ± 0.79 
(2173.37 ± 114.11) 

4.21 ± 0.13 
(610.41 ± 19.42) 4.97 ± 0.38 

12 h 16.05 ± 1.02 
(2328.26 ± 147.29) 

4.57 ± 0.17 
(662.27 ± 25.18) 4.41 ± 0.33 

24 h 18.30 ± 0.59 
(2654.19 ±  84.87) 

4.69 ± 0.08 
(680.35 ± 11.50) 3.99 ± 0.27 

3 d 19.10 ± 0.81 
(2770.22 ± 116.91) 

5.09 ± 0.16 
(738.32 ± 23.62) 3.61 ± 0.28 

7 d 20.59 ± 0.70 
(2986.32 ± 100.90) 

5.56 ± 0.11 
(806.82 ± 16.42) 3.52 ± 0.29 

14 d 22.18 ± 1.02 
(3216.27 ± 147.47) 

5.88 ± 0.16 
(852.42 ± 23.01) 3.64 ± 0.37 

28 d 23.20 ± 0.96 
(3364.88 ± 139.77) 

5.98 ± 0.14 
(867.33± 20.39) 3.47 ± 0.62 

60 d 23.80 ± 0.71 
(3451.90 ± 103.45) 

5.99 ± 0.19 
(868.78± 28.11) 3.52 ± 0.57 
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Table 2.11 – HES-ECC compressive properties at different ages  
(mean ± standard deviation). 

 

Age (h) Compressive Strength , 
MPa (psi) 

3h 9.82 ± 0.56 
(1424.82 ± 81.54) 

4 h 23.59 ± 1.40 
(3422.16 ± 203.33) 

6 h 34.22 ± 1.40 
(4963.22 ± 181.51) 

12 h 37.01 ± 1.84 
(5367.54 ± 266.43) 

24 h 42.26 ± 1.39 
(6129.62 ± 201.55) 

3 d 44.70 ± 2.37 
(6482.65 ± 343.99) 

7 d 47.47 ± 1.89 
(6884.56 ± 274.83) 

14 d 50.79 ± 2.38 
(7366.43 ± 344.71) 

28 d 55.59 ± 2.17 
(8062.90 ± 315.03) 

60 d 56.76 ± 1.72 
(8233.13 ± 250.08) 

 

 

Table 2.12 – HES-ECC flexural properties at different ages (mean ± standard deviation). 

Age (h) Flexural Strength / MOR, 
MPa (psi) 

Deflection at Failure, 
mm (in) 

4 h 9.81 ± 0.24 
(1422.19 ± 34.22) 

14.73 ± 0.50 
(0.58 ± 0.02) 

6 h 11.02 ± 0.36 
(1598.67 ± 51.94) 

15.49 ± 0.50 
(0.61 ± 0.02) 

24 h 11.41 ± 0.21 
(1655.54 ± 29.78) 

12.45 ± 0.50 
(0.49 ± 0.02) 

3 d 12.96 ± 0.35 
(1879.63 ± 50.79) 

10.67 ± 0.50 
(0.42 ± 0.02) 

7 d 13.55 ± 0.43 
(1965.28 ± 62.61) 

9.91 ± 0.30 
(0.39 ± 0.01) 

28 d 15.08 ± 0.34 
(2187.64 ± 49.87) 

9.91 ± 0.50 
(0.39 ± 0.02) 
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Figure 2.1 – Uniaxial tensile stress-deformation relation of concrete, FRC, and HPFRCC. 
For concrete, formation of the crack corresponds to the sudden drop of tensile load 
carrying capacity.  For FRC, after a crack is formed, deformation is associated with crack 
opening δ.  Tensile load capacity drops at a slower rate (compared to concrete) as a single 
crack enlarges.  This is a typical “tension softening” behavior.   For HPFRCC, 
deformation during the elastic and strain-hardening stages is described as straining.  After 
the first crack forms, tensile load capacity continues to rise with increasing strain through 
multiple micro-cracking behavior.  The strain capacity of HPFRCC is defined as the 
strain value at which peak tensile load is reached.   
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Figure 2.2 – Scale linking in ECC material development. 
 

 
 

 

 

 

 

 

 
 

Figure 2.3 – Typical fiber bridging stress vs. crack opening σ(δ) curve for a tensile strain-
hardening composite. Hatched area represents complimentary energy J’

b. Shaded area 
represents crack tip toughness Jtip. 
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Figure 2.4 – (a) Steady-state cracking with a constant crack opening δss accompanied by a 
constant ambient load σss; (b) Griffith cracking with a widening crack opening δm 
accompanied by a descending ambient load.  

 
 

 

 

Figure 2.5 – Theoretically predicted effect of initial flaw size on the cracking strength of 
PVA-ECC containing 2% by volume PVA fiber.  The maximum fiber bridging strength is 
also shown in the plot.  The critical flaw size (cmc) seperates inert and active flaws. 
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Figure 2.6 – State and federal compressive strenght requirements, and target compressive 
strength at different ages for HES-ECC. 

 

 

 
 

Figure 2.7 – Uniaxial compressive test setup. 
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Figure 2.8 – Effect of cement type on compressive strength development. 

 
 
 

 
Figure 2.9 – Effect of water/cement ratio on compressive strength development. 
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Figure 2.10 – Effect of accelerator on compressive strength development. 

 
 
 
 

 
Figure 2.11 – Effect of curing condition on compressive strength development. 
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Figure 2.12 – Uniaxial tensile test setup. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13 – Dimensions of tensile test specimen. 
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Figure 2.14 – Tensile stress - strain curves of Mix 6 at ages of  4h, 24h, 3d, 7d, and 28d. 
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Figure 2.15 – Age dependency of tensile strain capacity of Mix 6. 

 
 
 

 
 

Figure 2.16 – Age dependency of tensile strength of Mix 6. 
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Figure 2.17 – Matrix fracture toughness test set-up. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.18 – Single fiber pull-out test set-up. 
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Figure 2.19 – General profile of a single fiber pullout curve. 

 
 

 
Figure 2.20 – Age dependency of matrix fracture toughness. 
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Figure 2.21 – Age dependency of matrix/fiber interface chemical bond.  

 
 
 

 
Figure 2.22 – Age dependency of matrix/fiber interface frictional stress. 
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Figure 2.23: Age dependency of slip hardening coefficient. 
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(a) 

 
(b) 

Figure 2.24: Evolution of (a) Jb’ and Jtip, (b) Jb’/Jtip ratio and tensile strain capacity with 

age (Mix 6). 
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Figure 2.25 – Optimization scheme for pre-existing flaw size distribution in matrix: (a) 
natural flaw size distribution with random nature inherent from processing; (b) artificial 
flaws larger than critical size cmc imposed to ensure saturation of multiple-cracking 
(Wang and Li, 2004). 
 
 
 

 
Figure 2.26: Aggregates used as artificial flaws: polystyrene (PS) beads. 
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Figure 2.27 – Age dependent tensile stress vs. strain curve of Mix 7.  
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(a) 

 
(b) 

 
Figure 2.28 – Age dependency of tensile strain capacity: (a) before adding artificial flaws 

(Mix 6); (b) after adding artificial flaws (Mix 7). 
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Figure 2.29 – Effect of PS beads on compressive strength development. 
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Figure 2.30 – HES-ECC tensile strength development with ages. 

 

        
Fig. 2.31 – HES-ECC Young’s modulus (E) development with ages. 
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Figure 2.32 – HES-ECC tensile strain capacity development with ages. 

 

 

 

Figure 2.33 – HES-ECC multiple microcracking pattern at different ages. 
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Figure 2.34 – HES-ECC compressive strength development with age. 

 

 

 

Figure 2.35– Compressive strength (average value) development of HES-ECC compared 
with requirements by DOTs and FHWA. 
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Figure 2.36 – Third-point bending test setup and specimen dimensions. 

 

 
 

 
Fig 2.37 – HES-ECC flexural stress – displacement curves at 4 hours, 24 hours, and 28 

days. 
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CHAPTER 3   

 

 

ECC Processing and Quality Control for Optimized Material Properties and 

Robustness 

 

The capability of consistently processing and producing robust ECC materials 

plays a crucial role in its ascendancy as a new construction material in various structural 

applications.  ECC strain-hardening behavior and tensile strain capacity are closely 

related to fiber dispersion uniformity.  Non-uniform fiber dispersion within ECC can 

result in huge variation in its tensile properties, and even switch ECC from a strain-

hardening material to a tension-softening normal fiber reinforced concrete (FRC) material. 

This can lead to material properties less than originally designed for based on the 

micromechanical theory described in Chapter 2; this theory assumes uniform fiber 

dispersion.   

This study focuses on the development of a simple and practical quality control 

method for ECC processing.  Through measuring ECC mortar rheological parameters, 

fiber dispersion, and ECC tensile properties, the correlation between the three was 

established.  The optimal range of Marsh cone flow rate, which is an indicator of plastic 
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viscosity of ECC mortar, was then indentified and used to guide ECC quality control.  

Based on these experimental findings, it is proposed that ECC material can achieve 

maximized fiber dispersion and hardened tensile properties, as well as improved 

robustness, through plastic viscosity control of ECC mortar within this optimal range.  

With this method, more widespread adoption of ECC material in structural applications 

as well as laboratory testing can be realized with confidence.  A material with more 

robust properties will also lead to enhanced reliability in structural design, and more 

complete utilization of the material performance (e.g. by use of a smaller factor of safety). 

Within the material engineering phase of the Integrated Material and Structural 

Engineering framework, the material processing technique developed in this chapter, 

together with the microstructure tailoring emphasized in Chapter 2, converge to 

ultimately produce composite materials with desired combinations of properties and 

robustness. 

 

3.1  Introduction 

The laboratory and on-site processing and mixing capacities of ECC play a crucial 

role in its ascendancy as a construction material for structural applications.  The ability to 

produce robust ECC materials with controlled quality in laboratories and on construction 

sites using existing equipment is essential for standardized testing of this new material 

and its successful introduction to the construction industry.  Variation in ECC tensile 

behavior has been observed in laboratory small-scale and on-site large-scale production 

depending on the type of mixers, mixing procedure, source of local ingredients, and 

mixing personnel’s experience.  This variation is reflected in the standard deviation of 
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measured material tensile strain capacity, ultimate tensile strength, and width and density 

of microcracks.  Figure 3.1 shows an extreme example of such variation in tensile stress-

strain curves of one ECC mix produced from different batches using a gravity mixer with 

capacity of 0.6 m3 (2 ft.3).  Although the mixing proportion is identical, the specimens 

showed tensile strain capacity ranging from 0.6% to 3.4%.  Some specimens formed 

closely spaced “saturated” microcracks during the strain-hardening stage, and therefore 

had larger tensile strain capacity before the tension-softening stage started.  Other 

specimens reached the tension-softening stage soon after a limited number of 

microcracks formed, leading to a lower tensile strain capacity.  Although this example 

reveals a somewhat exaggerated variation, it serves to illustrate the need for a simple and 

effective quality control methodology in ECC processing for consistent and optimized 

properties.  

The variation in ECC tensile ductility is mainly due to the influence of processing 

details on composite microstructure that governs ECC material properties1.  Notably, 

ECC utilizes short, randomly distributed polymer fibers at a moderate volume fraction 

(2% or less in general).  During ECC mixing, fibers are added after the other ingredients, 

i.e. cementitious and pozzolanic ingredients, water, and admixtures are all mixed and 

have achieved a consistent mortar state.  Based on past experience, it is known that 

processing details such as mixer type, mixing speed, time and sequence, and mixing 

personnel’s experience level can influence the rheological properties of ECC mortar 

(before adding fibers) while in fresh state, which in turn can strongly affect fiber 

dispersion uniformity, size distribution of entrapped air pores in the cementitious matrix, 

and bonding properties at the fiber/matrix interface in the hardened state.  Using ECC 
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ingredients from different sources can also lead to a change in ECC rheological 

properties and composite microstructure.  

Research has been conducted on the influence of rheological characteristics on the 

fiber dispersion in cementitious materials.  Ozyurt et al, 2006 2  found that fresh 

rheological properties affect segregation of steel fibers and mechanical properties of steel 

fiber reinforced concrete.  Standard deviation of the steel fiber contents throughout the 

specimen decreases when viscosity increases.  Chung 20053 assessed the degree of 

dispersion of short microfibers, e.g. carbon and steel fibers, in cement mortar or paste 

through measuring the volume electrical resistivity, and found that the degree of 

dispersion is improved by the use of silica fume, acrylic particle dispersion, 

methylcellulose solution, silane, and use of fiber surface treatment.  Yang et al4 

investigated the effects of fly ash type, water-binder ratio, and chemical admixtures on 

the fresh and hardened properties of ECC by means of design of experiments.  Test 

results indicated that ECC tensile properties correlated well with the viscosity of fresh 

ECC mortar.  

 Within this chapter, a simple and effective quality control approach is presented 

for the production of robust ECC materials with optimized tensile properties and 

minimized material variation.  To achieve this goal, we build on the findings of Yang et 

al4.  Specifically, a systematic experimental framework is designed in this study to 

establish the correlation between ECC mortar rheological properties in fresh state, fiber 

dispersion in hardened state, and composite tensile properties in hardened state.  Based 

on this correlation, the desired range of ECC mortar rheological properties is indentified.  

Through controlling ECC mortar rheology within this range, it is confirmed that 
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optimized composite properties can be achieved through more uniform fiber dispersion.  

Intended applications for this quality control approach are standardized laboratory 

production of ECC for research purposes, as well as ECC factory precast, truck mixing, 

and on-site processing for various construction projects.  

 

3.2  Effect of Processing on ECC Micromechanical Parameters 

As discussed in Chapter 2, tensile strain-hardening behavior of ECC is realized by 

tailoring the synergistic interaction between fiber, matrix, and fiber/matrix interface 

based on micromechanics theory.  As a fiber-reinforced brittle mortar matrix composite, 

ECC’s pseudo strain-hardening behavior is achieved through sequential formation of 

matrix multiple cracking.  The fundamental requirement for matrix multiple cracking is 

that steady-state flat crack propagation prevails under tension, which was first 

characterized by Marshall and Cox5 for continuous aligned fiber-reinforced ceramics, and 

extended to discontinuous fiber-reinforced cementitious composites by Li and Leung6.   

To ensure steady-state cracking, the crack tip toughness Jtip must be less than the 

complementary energy Jb’ calculated from the fiber bridging stress σ versus crack 

opening δ curve, as illustrated in Figure 3.2.  This energy-based criterion determines 

whether the crack propagation mode is steady-state flat crack or Griffith crack7, as 

illustrated in Figure 2.4.  

The fiber bridging stress versus crack opening relationship σ(δ), which can be 

viewed as the constitutive law of fiber bridging behavior, is analytically derived based on 

fracture mechanics, micromechanics, and probabilistics tools.  In particular, the 

energetics of tunnel crack propagation along fiber/matrix is used to model the debonding 
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process of a single PVA fiber from the surrounding cementitious matrix.  After 

debonding is completed, the fiber pullout stage begins, and is modeled as slip-hardening 

behavior assuming a non-linear frictional stress increase with slip distance.  By these 

means, the full debonding-pullout process of a single fiber with given embedment length 

is quantified as the fiber bridging force vs. fiber displacement relation6.  Probabilistics is 

then introduced to describe the randomness of fiber location and orientation with respect 

to a crack plane, with the assumption of uniform random fiber distribution8.  The random 

orientation of the fibers also necessitates the accounting of the mechanics of interaction 

between an inclined fiber and the matrix crack.  In addition, snubbing coefficient f and 

strength reduction factor f’ are introduced to account for the interaction between fiber and 

matrix as well as the reduction of fiber strength when pulled at an inclined angle.  As a 

result, the σ(δ) curve is expressible as a function of micromechanics parameters, 

including fiber volume content Vf, fiber diameter df,  fiber length Lf, fiber Young’s 

modulus Ef, matrix Young’s modulus Em, interface chemical bond Gd, interface frictional 

bond τ0, and slip-hardening coefficient β, as well as f and f’.  

Apart from the energy criterion (1), another condition for pseudo strain-hardening 

is that the matrix tensile cracking strength σc must not exceed the maximum fiber 

bridging strength σ0.  

 For ECC materials with pseudo strain-hardening behavior, high tensile strain 

capacity results from saturated formation of multiple microcracks.  Material tensile 

strength increases as the number of microcracks increases.  While the steady-state 

cracking criteria ensure the occurrence of multiple-cracking, it is not directly related to 

the intensity of multiple cracking.  Once the steady-state cracking criteria is satisfied, the 
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number of microcracks that can be developed before reaching the maximum bridging 

stress σ0 is determined by (i) the maximum fiber bridging stress σ0, and (ii) the matrix 

properties, in particular the pre-existing flaw size distribution, and the matrix fracture 

toughness.  Considering that ECC is a non-homogenous brittle-matrix composite, first-

cracking strength is determined by the largest flaw size in the section where the first 

microcrack is initiated.  Its ultimate tensile strength is determined by the "weakest" 

section, where the fiber bridging capacity (maximum bridging stress σ0) is the lowest 

among all sections subjected to the same level of stress.  Therefore, the maximum fiber 

bridging stress σ0 at the "weakest" section imposes a lower bound of critical flaw size cmc 

so that only those flaws larger than cmc can be activated and contribute to multiple 

cracking.  There also exists a minimum crack spacing controlled by interface properties, 

which imposes an upper bound for the density of multiple cracking. 

 Rheologistic characteristics of fresh ECC during processing affect fiber dispersion, 

which influences the possibility and density of multiple-cracking.  During ECC material 

design through microstructure tailoring, determination of the fiber bridging stress versus 

crack opening relationship σ(δ) from single fiber pullout test results is based on the 

assumption of uniform random fiber distribution, which can hardly be ensured in actual 

processing.  The uniformity of fiber dispersion in reality determines the maximum 

bridging stress σ0 , the shape of the σ(δ) curve at the "weakest" section, and the critical 

flaw size cmc, as illustrated in Figure 3.2.  Non-uniform fiber dispersion leads to a 

reduction of the value of σ0 at the “weakest” section, which increases the critical flaw size 

cmc.  Therefore, less pre-existing flaws with sizes larger than cmc can be triggered and 

contribute to multiple cracking, resulting in a relatively lower tensile strain capacity. 
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Non-uniform fiber dispersion also shifts the σ(δ) curve downwards, and may reduce 

complementary energy Jb’ to less than Jtip.  In this case, the steady-state criteria are 

violated and tension-softening behavior results.  Therefore, ECC loses its ductile 

behavior and becomes a regular FRC material.  Ideally, processing of ECC should 

optimize fiber dispersion to achieve a uniform random distribution state, therefore 

minimizing the probability of creating “weak” sections with lower fiber content.  By 

these means, the largest possible tensile strain capacity can be achieved through 

maximizing multiple cracking behavior.   

In the following experimental study, the correlation between fiber dispersion 

uniformity and tensile strain capacity, as described above, is validated.  The optimal 

range of ECC fresh properties that correspond to the largest fiber dispersion coefficient 

and tensile strain capacity are determined.   

 

3.3  Experimental Program 

The experimental program contains four sets of investigations.  First, fresh 

viscosity and flowabilty of seven ECC mortar mixes were measured using the Marsh 

cone flow test and mini slump test.  Second, ECC tensile specimens made from the seven 

mixes were tested under uniaxial tensile load to measure their tensile stress-strain curves 

and tensile strain capacity.  Third, fiber dispersion at the “weakest” section was measured 

using fluorescence imaging technology.  Based on data from the three tests, the 

relationships between ECC fresh properties, tensile strain capacity, and fiber dispersion 

were established, and the optimal range of fresh properties was indentified.  Finally, to 

prove the effectiveness of this method, several versions of ECC were processed by 
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optimally controlling rheology to achieve improved and robust hardened material 

properties.  The experimental program is shown in Figure 3.3.  

 

3.3.1 Materials 

Seven mixtures with the same mix proportion but increased viscosity were 

produced.  The mix proportion was determined according to ECC micromechanics-based 

design theory described above for strain-hardening behavior.  Increased viscosity of the 

seven mixtures was achieved by adding a Viscosity Modifying Agent (VMA), V-MAR®, 

with increased dosage of 0, 0.01%, 0.015%, 0.02%, 0.025%, 0.03% and 0.04% of cement 

weight.  V-MAR® 3 is a high efficiency, milky white liquid admixture designed by W. R. 

Grace, which enables production of Self Consolidating Concrete by modifying the 

rheology of concrete9.  It works by increasing the viscosity of the concrete while still 

allowing the concrete to flow without segregation.  V-MAR® 3 is recommended for use 

in conjunction with ADVA® Cast 530, which is the common superplasticizer 

incorporated into different versions of ECC materials, to achieve self-consolidating 

properties.  

 The material mix proportions of the seven mixes are shown in Table 3.1.  The 

cement is Ordinary Portland Cement (OPC) type I from Holcim Inc., USA, with Blaine 

Surface Area of 3300 cm2/g (2.320×105 in2/lb).  The fly ash is ASTM standard type F fly 

ash with mean grain size of 10-20 µm (3.937×10-4-7.874×10-4 in.) from Boral Material 

Tech. Inc., USA.  F-110 fine silica sand from US silica, with 250 µm (9.843×10-3 in.) 

maximum grain size and 110 µm (4.331×10-3 in.) mean grain size, was used as fine 

aggregate.  The superplasticizer is a polycarboxylate-based high range water reducer 
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(ADVA® Cast 530) from W.R. Grace & Co. Polyvinyl Alcohol (PVA) fiber REC-15 

from Kuraray Co., Ltd., Japan, is used at a volume fraction of 2% in this study.  This 

particular volume fraction and other fiber properties were determined by the ECC 

micromechanical model to satisfy strain-hardening criteria.  The PVA fibers are 8 mm 

(3.150×10-1 in.) long and 39 µm (3.150×10-4 in.) in diameter, with nominal tensile 

strength of 1600 MPa (232 ksi) and density of 1300 kg/m3 (81.156 lb/ft3).  The fiber is 

surface-coated with oil (1.2% by weight) to reduce the interfacial bond with the 

surrounding cementitioius matrix. 

 

3.3.2 Mixing, Testing of Fresh Properties, and Casting  

In this study, all mixtures were prepared using the same 12 L (3.170 gallon) 

capacity Hobart mixer, and followed the same mixing sequence, speed, and time under 

controlled room temperature 20±1 °C (66-70 °F) and relative humidity conditions 50±5 

% RH.  By these means, the isolated effect of plastic viscosity could be investigated.  

Solid ingredients, including cement, fly ash, and silica sand, were first mixed at 100 rpm 

for one minute.  Water and chemical admixtures, including superplasticizer and VMA, 

were then added into the dry mixture and mixed at 150 rpm for three minutes to produce 

a consistent and uniform ECC mortar (w/o PVA fiber).  The fresh mortar was then 

measured for its workability and rheological parameters. 

 Mortar is generally assumed to be a non-Newtonian fluid, and the Bingham model 

is often used to describe its rheology10.  According to this model, fresh mortar must 

overcome a yield stress before it can flow.  Once the mortar starts to flow, shear stress 

increases linearly with an increase in strain rate, the slope of which defines the plastic 
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viscosity.  The “plastic viscosity” measures how easily the material can flow, once the 

yield stress is overcome.  The “deformability” measures the ultimate extent to which the 

material can flow.  In this study, plastic viscosity of the seven mortars was measured 

using a rotational viscometer as a direct method, and Marsh cone flow time as an indirect 

method.  While the direct method is more complicated and requires computer software to 

analyze data, the indirect method is simpler and the device is portable to mixing sites. 

The objective was to validate that the Marsh cone flow time correlates well with the 

plastic viscosity of ECC mortar measured using the rotational viscometer, so that the 

Marsh cone flow rate test can be adopted as a practical and reliable method for quality 

control during ECC processing on-site.  The deformability of ECC mortar was measured 

using mini-slump flow test.  

Fresh rheology test equipment is shown in Figure 3.4.  A Viskomat-NT rotational 

viscometer11, (Figure 3.4 (a)) was used to measure the plastic viscosity and yield stress of 

seven ECC mortars at a controlled temperature of 20±1 °C (66-70 °F).  The material was 

stirred at a rotation rate N, generating shear resistance of torque T.  A series of data 

points of T and N were recorded by a computer.  Through linear regression, the relative 

yield stress g (N-mm) and relative plastic viscosity h (N-mm/rpm) can be determined12, 13 

by: 

T = g + Nh                                                                                                       (3.1) 

Relative plastic viscosity (N-mm/rpm) can be converted to plastic viscosity (Pa.s) using  

a calibration liquid14. 

A Marsh cone (Figure 3.4 (b)), also called a “Marsh funnel” or “Marsh funnel 

viscometer”, is a simple device for measuring viscosity according to the time it takes a 

known volume of liquid to flow from the bottom of the cone though a short tube15,16.  It is 
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often used in the concrete and oil industry to check the quality of cement grout mixtures 

or drilling mud.  In this test, a funnel was filled completely with ECC mortar and then the 

bottom outlet was opened, allowing the mortar to start flowing.  The Marsh cone flow 

time of mortar was determined as the elapsed time (t) in seconds between the opening of 

the bottom outlet until light first became visible at the bottom, when observed from the 

top. 

The mini-slump test measures the consistency of mortar, and its results are 

correlated with the yield stress17.  As shown in Figure. 3.4 (c), the mini-slump cone has a 

top diameter of 70 mm (2.76 in.), a bottom diameter of 100 mm (3.94 in.), and a height of 

60 mm (2.36 in.).  The cone was placed in the center of a square piece of glass and filled 

with ECC mortar.  The cone was then lifted up to allow the mortar to flow.  Once the 

flowing stopped, the spread of the mortar was recorded as the average of the diameters 

measured along two diagonals.  

After these tests of the fresh properties of ECC mortar, another batch of the same 

mix was made following the same procedure, with the exception that fibers were added to 

the ECC mortar and mixed at 150 rpm for three more minutes.  The mixtures were then 

cast into tensile plate molds, covered with plastic sheets, and demolded after 24 hours. 

The specimens were then moisture-cured in plastic bags at 95±5 % RH and 20±1 °C (66-

70 °F) for 7 days, and air cured at 50±5 % RH and 20±1 °C (66-70 °F) for 21 days until 

the age of 28 days for testing.  Five specimens were prepared for each mixture. 

 

3.3.3 Testing of Hardened Tensile Properties  

 At the age of 28 days, five specimens from each mixture were subjected to 

uniaxial tensile test.  The direct uniaxial tensile test is considered the most convincing 
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method to evaluate material strain-hardening behavior18.  Fig. 7 illustrates the test setup 

and specimen dimensions.  The plate specimens were 228.6 mm (9 in.) in length, 76.2 

mm (3 in.) in width and 12.7 mm (0.5 in.) in thickness.  Before testing, four aluminum 

plates were glued to both ends of the plate specimen to facilitate gripping.  Tests were 

conducted using an MTS machine with a 25 kN (5.620×103 lbf) capacity under a 

displacement control of rate of 0.0025 mm/s (9.843×10-5 in./s) to simulate a quasi-static 

loading condition.  Two external LVDTs (Linear Variable Displacement Transducers) 

were attached to the specimen surface with a gage length of 101.6 mm (4 in.) to measure 

the displacement.  The tensile stress-strain curve of each specimen was recorded.  

 

3.3.4 Measurement of Fiber Dispersion Coefficient 

After the uniaxial tensile test, a 5 mm–thick small sample was cut from each 

tensile specimen at the final failure section, as shown in Figure 3.5.  This failure section 

is considered as the “weakest section” where σ0 is the lowest (among all the multiple 

microcracks present at failure) for the specimen.  Fluorescence imaging technique was 

used to quantify the fiber distribution at this section.  It is known that many materials 

show fluorescence when irradiated with light19,20.  Compared to the optical microscopic 

method and the X-ray method, fluorescence technology has a very high level of 

sensitivity to detect organic fibers from the surrounding cementitious matrix due to a low 

background signal21, 22.  

Figure 3.6 illustrates the fluorescence imaging technology, and Figure 3.7 shows 

the testing devices and setup.  Without polishing, each of the forty-two samples from 

seven mixtures were observed through a fluorescence microscope (TE300 Nikon).  The 
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light source of the fluorescence microscope was the mercury lamp, which generated light 

with a broad range of wavelengths.  The sample was illuminated with light at a specific 

wavelength, which was absorbed by the luorophores, causing them to emit longer 

wavelengths of light as the result of well-established physical phenomena described as 

fluorescence or phosphorescence.  The emission of light through the fluorescence process 

is nearly simultaneous with the absorption of the excitation light due to less than a 

microsecond delay between photon absorption and emission23.  The illumination light 

was separated from the much weaker emitted fluorescence through the use of a UV filter. 

Through this process, under the fluorescence microscope the fibers appeared brightly 

colored while the surrounding cementitious matrix appeared dark grey.  The fluorescence 

image was then captured by a CCD camera (Hamamatsu 1394 ORCA-ER).  

The whole cross sectional 76.2 mm × 12.7 mm (3 in. × 0.5 in.) image of each 

sample, with 23005 × 4186 pixels, was constructed by connecting 105 (21 × 5) images 

with image processing software.   

 

3.4  Experimental Results and Discussion  

The Marsh cone flow time of the seven ECC mortar mixtures is shown in Figure 

3.8.  Through adding an increased dosage of VMA, ECC mortar mixtures with the same 

material composition but a broad range of plastic viscosity were achieved.  From ECC_0 

(0% VMA content) to ECC_0.04% (0.04% VMA content), the Marsh cone flow time 

increased from 9 seconds to 40 seconds due to increased plastic viscosity.  The same 

trend was observed for the plastic viscosity measured using the rotational viscometer.  A 

strong correlation (R = 0.95) was found in this study between the Marsh cone flow time 
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and plastic viscosity, showing that the Marsh cone flow test should be a reliable indirect 

method for onsite or laboratory viscosity measurement.  

The mini-slump flow diameters of these seven mixes before and after adding 

fibers are shown in Figure 3.9.  For the same mix, adding 2% fibers reduced the mini-

slump flow diameter.  Increasing VMA content seems to have a very slightly or no effect 

on the mini-slump diameter, except for ECC_0 that showed little change before and after 

adding fibers.  These test results indicate that including VMA can adjust the plastic 

viscosity of ECC mortar without sacrificing ECC flowability, as indicated by the non-

changing mini-slump flow diameter.  

Figure 3.10 shows the tensile stress-strain curves of the seven ECC mixtures from 

the uniaxial tensile test.  For ECC_0, only one specimen shows slight strain-hardening 

behavior with 0.44% tensile strain capacity, while the other specimens show tension-

softening behavior.  Large variation exists not only in material tensile strain capacity, but 

also in the ultimate tensile strength.  For ECC_0.01%, although all of the specimens show 

tensile strain-hardening behavior, their tensile strain capacity is relatively low (0.32% – 

1.19%).  Large variation in tensile strain capacity and ultimate tensile strength was also 

found in ECC_0.015%.  While some specimens had improved tensile strain capacity up 

to 1.97%, others had tensile strain capacity lower than 1%.  ECC_0.02% exhibited more 

consistent tensile behavior as well as greatly improved tensile strain capacity, with an 

average value of 3.1%.  Specimens from ECC_0.025%, ECC_0.03%, and ECC_0.04% 

also all have tensile strain capacity around 3%, and greatly improved consistency in 

tensile test data.   

Figure 3.11 plots the mean value and standard error (as described by the error bar) 
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of tensile strain capacity versus VMA/cement ratio.  The trend contains two parts: (i) 

From VMA/cement ratio of 0 to 0.02%, tensile strain capacity increases while the 

standard error decreases.  Note that the tensile strain capacity standard error of ECC_0 is 

lower than ECC 0.01% because of its lower mean value (standard error is an absolute 

value);  (ii) From VMA/cement ratio of 0.02% to 0.04%, there is no significant increase 

in tensile strain capacity and a decrease in the standard error.  

Figure 3.12 shows the mean value and standard error (as described by the error 

bar) of tensile strength versus VMA/cement ratio.   Again the trend contains two parts: (i) 

From VMA/cement ratio of 0 to 0.02%, tensile strength increases while the standard error 

decreases;  (ii) From a VMA/cement ratio of 0.025% to 0.04%, tensile strength decreases 

while the standard error remains low.  Microscopy of the failure section revealed that 

bigger air pores were entrapped during processing in ECC_0.04% compared with other 

mixes due to a larger plastic viscosity.  This effect, combined with less area of net cross 

section available for fiber bridging, resulted in the lowered first-cracking strength and 

ultimate tensile strength of ECC_0.04%.  Future research is needed for detailed study of 

the effect of plastic viscosity on ECC pore structure and tensile behavior.  

Figures 3.11 and 3.12 together suggest an optimal VMA/Cement Ratio of 0.02% 

for maximizing the composite tensile strain capacity without reducing the tensile strength. 

Figure 3.13 shows the assembled fluorescence image of the whole cross section of 

a sample specimen.  Image processing software was used to increase the contrast of the 

image to better reveal the fibers.  This whole image was then divided into 6 × 26 unit 

areas.  The number of fibers in each unit area was counted.  The fiber dispersion 

uniformity of the whole cross section was quantified by a fiber dispersion coefficient, 
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which expresses the deviation of the number of fibers in a unit area from the average 

number of fibers.  The fiber dispersion coefficient α is calculated using Equations 3.2 and 

3.324: 

 

                                                                                                                                    (3.2) 

 

                                                                                                           (3.3) 

 

           where ψ(x) is the coefficient of variation, xi is the number of fibers in the unit area 

i,  is the average number of fibers in each unit area, and n is the number of unit area. α 

equals to 1 when the fiber dispersion is uniform, and approaches 0 when the coefficient 

of variation of fiber dispersion becomes larger.  

Table 3.2 summarizes the Marsh cone flow rate of fresh ECC mortar before 

adding fibers, fiber dispersion, and hardened tensile strain capacity of ECC after adding 

fibers.  The relationships between the three parameters is illustrated in Figure 3.14.  A 

strong positive correlation is found between the fiber dispersion coefficient and 

composite tensile strain capacity (Figure 3.14 (a)).  This observation validates the concept 

discussed earlier that when the fibers are more-uniformly distributed in an ECC specimen, 

the fiber bridging capacity σ0 at the “weakest” section is larger, leading to a smaller 

critical flaw size ccm.  Therefore, more pre-existing flaws with size larger than ccm can be 

activated to form microcracks before the fiber bridging capacity at the “weakest” section 

is exhausted, resulting in a larger tensile strain capacity. 

 Figure 3.14 (b) also shows that the fiber dispersion coefficient increases with 

Marsh cone flow time in ECC mortar.  This increasing trend reaches a plateau after the 

Marsh cone flow time reaches 24 s.  At the Marsh cone flow time of 39 s, a reduction in 
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the first cracking strength and ultimate tensile strength was found despite a high value for 

the fiber dispersion coefficient.  This means that there exists an “optimal” range of Marsh 

cone flow time between 24 s and 33 s for desired good fiber distribution, but without the 

attendant larger air voids as discussed earlier.  This Marsh cone flow time vs. fiber 

dispersion coefficient relation can be used as a guideline for quality control during ECC 

processing to achieve close-to-uniform fiber dispersion.  It should be noted that mortar 

from different versions of ECC can have different plastic viscosities at fresh state due to 

variation in ingredients and composition.  In this study, variation in VMA dosage was 

used to achieve various plastic viscosities for the same ECC mix (Figure 3.8).  For this 

particular mix, an optimal dosage of 0.02-0.03% is suggested by this study.  However, 

this optimal dosage value may not apply to other ECC mixes, which have different 

original viscosities (before viscosity control) due to different ingredients and composition.  

The optimal range of viscosity is the most important factor in achieving uniform fiber 

dispersion, which should not depend on the difference in mixes.  In this sense, addition of 

various dosages of VMA, together with other potential viscosity control methods (e.g. 

modifying ingredient particle size distribution, adjusting water/cement ratio, using 

superplasticizer), are only tools to achieve the objective of controlling viscosity within 

the identified optimal range.   

Figure 3.14 (c) shows the effect of ECC mortar Marsh cone flow rate on tensile 

strain capacity.  Due to the strong positive correlation between tensile strain capacity and 

the fiber dispersion coefficient, the effect of Marsh cone flow time on tensile strain 

capacity is similar to its effect on the fiber dispersion coefficient.  Tensile strain capacity 

increases with Marsh cone flow time, and reaches a plateau at 24 s.  This trend indicates 
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that by controlling ECC mortar plastic viscosity so that its Marsh cone flow time falls 

into the range between 24 s and 33 s before adding fibers, the hardened ECC material can 

achieve maximum tensile strain capacity as originally designed, based on 

micromechanics tools which assume fiber dispersion uniformity.  

 

3.5  Rheology Control Concept and Case Study 

Once the correlations between ECC mortar Marsh cone flow rate, fiber dispersion, 

and ECC tensile strain capacity were established, Figure 3.14 (b) became available as a 

guideline to control the plastic viscosity of ECC mortar before adding fibers so that 

maximized fiber dispersion and tensile strain capacity can be achieved.  Plastic viscosity 

is indirectly quantified as the Marsh cone flow time (in seconds) in this figure, and the 

fiber dispersion coefficient is strongly correlated with tensile strain capacity.  While the 

rheology control methodology was demonstrated using an ECC of the composition given 

in Table 3.1, the methodology itself is general and can be applied to other ECC 

compositions.  This concept is illustrated with a case study of a newly developed 

pigmentable ECC for achitectural applications, as described below. 

WHITE ECC has the mix proportions shown in Table 3.3.  This material was 

developed based on ECC strain-hardening theory, but was different from the ECC used to 

establish the rheology control methodology in terms of mix proportion and cement type. 

WHITE ECC contains type I white cement from Lehigh Cement Company instead of 

type I ordinary Portland cement.  Also, fly ash was deliberately removed in its mix design. 

No VMA was used in this initial mix design.  Using white cement and eliminating fly ash 

both reduce plastic viscosity of the mortar of WHITE ECC, making it challenging to 



 164 

achieve robust composite properties due to the observed tendency of fiber clumping 

during mixing.  As shown in Figure 3.15(a), tests on three specimens of WHITE ECC 

without rheology control showed large variation in tensile properties, with tensile strain 

capacity ranging from 1.1% to 2.7%.  

To conduct rheology control on WHITE ECC, the Marsh cone flow rate test was 

performed on WHITE ECC mortar.  Without any VMA, the Marsh cone flow rate for this 

mix was experimentally determined to be 12 s, corresponding to a fiber dispersion 

coefficient around 0.53 based on Figure 3.14 (b).   This indicates that the fiber dispersion 

in this material was relatively poor.  By adding VMA at a dosage of 0.05% cement 

content, the Marsh cone flow rate of WHITE ECC mortar was increased to 28 s, 

corresponding to a fiber dispersion coefficient of around 0.8 (Figure 3.14 (b)).  As shown 

in Figure 3.15(b), this method greatly improved the average tensile strain capacity of 

WHITE-ECC from 2% to 3%, and reduced the variation in tensile properties.  Adding 

more VMA, at a dosage of 0.1% of cement content, brought the Marsh cone flow rate up 

to 38 s, which was close to the upper bound of the optimal range of Marsh cone flow time. 

Tensile test results (Figure 3.15(c)) again showed greatly improved average tensile strain 

capacity as well as reduced variation.  However, the first cracking strength and ultimate 

tensile strength were slightly reduced due to the higher value of plastic viscosity and 

likely entrappment of air.  For this WHITE ECC mix, therefore, the optimal amount of 

VMA is 0.05% of cement content.  This is more than twice the optimal amount 

recommended for the ECC mix discussed earlier (Table 3.1 ECC_0), due to the 

substantially lower plastic viscosity of the WHITE-ECC mortar mix.   

This case study verified the effectiveness of the rheology control methodology.  
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This methodology can be used for quality control of any fresh ECC mortar before adding 

fibers in order to achieve maximum fiber dispersion uniformity and composite tensile 

strain capacity.  The findings above reiterate the fact that the optimal amount of VMA 

varies for different ECC mix compositions.  However, the optimal plastic viscosity (or 

Marsh cone flow rate) is a universal parameter. 

 

3.6  Conclusions 

Within this work, a simple and practical quality control method for ECC 

processing was developed.  Seven ECC mixes with the same mix proportions but with 

viscosities varied by viscosity agent content were experimentally investigated to 

determine rheological properties, hardened tensile properties, and fiber dispersion at the 

final failure section.  The following conclusions can be drawn: 

A strong correlation, with R = 0.95, was found between the Marsh cone flow time 

and plastic viscosity measured using a Viskomat-NT rotational viscometer, showing that 

the simple Marsh cone flow test should serve as a reliable indirect method for onsite or 

laboratory viscosity measurement.  

Through measurements of the ECC mortar plastic viscosity and Marsh cone flow 

rate, and ECC mini-slump flow diameter, it was found that incorporation of VMA can be 

an effective method to control plastic viscosity of ECC mortar without sacrificing ECC 

flowability after adding fibers.  

Fluorescence imaging technique is a useful tool for quantifying the distribution of 

short discontinuous PVA fibers within a cementitious matrix.  Fiber dispersion 

coefficient for the seven mixes was found to range from 0.29 to 0.89.  This quantifies the 
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effectiveness of adding VMA as a rheology control method for achieving more uniform 

fiber dispersion in hardened ECC.  This is the first time that fiber dispersion has been 

directly and quantitatively correlated with deliberate viscosity control for optimal 

composite tensile capacity performance. 

Fiber uniformity as measured by the fiber dispersion coefficient was found to 

have a strong effect on ECC tensile strain capacity.  A lower fiber dispersion coefficient 

not only reduces ECC tensile strain capacity and ultimate tensile strength, but also 

increases the variation in both properties.  A very low value for the fiber dispersion 

coefficient can switch ECC from a strain-hardening material to a tension-softening 

material. 

ECC mortar plastic viscosity is established experimentally as a fundamental 

rheological parameter that affects dispersion of PVA fibers in ECC mixes.  An ECC 

mortar with low plastic viscosity and Marsh cone flow time tends to have poorly 

distributed fibers.  Increasing plastic viscosity of ECC mortar improves fiber dispersion, 

and the improvement reaches a plateau once the Marsh cone flow time reaches 24 s. 

Further increasing viscosity can potentially lead to a reduction in ECC first cracking 

strength and ultimate tensile strength due to more larger-size entrapped air pores. 

Therefore, an optimal range of plastic viscosity (and corresponding optimal Marsh cone 

flow time) was revealed, which can be used to guide ECC rheology control during 

processing before fibers are added.  

For ECC to achieve robust tensile strain-hardening behavior with designed tensile 

ductility, micromechanical material design should be combined with controlled material 

processing – neither of the two should be ignored.  This is because material processing 
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strongly affects the composite microstructure, which in turn determines whether the 

strain-hardening criteria are satisfied in the produced material as originally designed.  

This concept was verified by the experimentally established relationship between ECC 

mortar Marsh cone flow rate and ECC composite tensile properties, accompanied by 

rheology control as demonstrated in this study.  

Through the establishment of correlation between Marsh cone flow rate of ECC 

mortar, fiber dispersion at the “weakest” section, and ECC tensile strain capacity, the 

optimal range of Marsh cone flow time was identified.  The present study results in a 

practical methodology to control the quality of ECC during laboratory or onsite large-

scale processing for maximized material tensile properties and robustness, by simple use 

of a portable Marsh cone and adjustment of VMA content to result in a flow time 

between 24 s and 33 s.  The effectiveness of this method was further confirmed using a 

special version of WHITE-ECC.  
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Table 3.1 – Mix proportion of materials. 

Mix # Cement 
Silica 

Sand 

Fly 

Ash 
Water 

Fiber, 

(Vf) 
Superplasticizer 

VMA 

(%) 

ECC_x 1.0 0.8 1.2 0.66 2.0% 0.013% x 
* Content of PVA fibers is expressed as volume proportion of the mix, while all the other ingredients are 
expressed as weight proportion of cement content. Seven mixes were investigated, with x = 0, 0.01, 0.015, 
0.02, 0.025, 0.03 and 0.04. 
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Table 3.2 – Material fresh and hardened properties. 

Marsh Cone Flow Time (s) 9 
Fiber Dispersion Coefficient 0.5 0.42 0.38 0.39 0.29 ECC_0 

Tensile Strain Capacity (%) 0.44 0.06 0.13 0.09 0.03 
Marsh Cone Flow Time (s) 12 

Fiber Dispersion Coefficient 0.49 0.52 0.57 0.53 0.54 ECC_0.01% 

Tensile Strain Capacity (%) 0.34 0.32 1.19 0.69 0.52 
Marsh Cone Flow Time (s) 17 

Fiber Dispersion Coefficient 0.66 0.55 0.6 0.58 0.65 ECC_0.015% 

Tensile Strain Capacity (%) 1.97 0.76 0.85 0.75 1.38 
Marsh Cone Flow Time (s) 24 

Fiber Dispersion Coefficient 0.84 0.77 0.74 0.73 0.83 ECC_0.02% 

Tensile Strain Capacity (%) 3.5 3.1 2.87 3.2 3.0 
Marsh Cone Flow Time (s) 30 

Fiber Dispersion Coefficient 0.89 0.81 0.75 0.83 0.72 ECC_0.025% 

Tensile Strain Capacity (%) 3.35 3.27 2.94 3.01 2.68 
Marsh Cone Flow Time (s) 33 

Fiber Dispersion Coefficient 0.84 0.75 0.7 0.8 0.67 ECC_0.03% 

Tensile Strain Capacity (%) 3.25 3.18 2.82 3.12 2.71 
Marsh Cone Flow Time (s) 39 

Fiber Dispersion Coefficient 0.88 0.79 0.82 0.80 0.77 ECC_0.04% 

Tensile Strain Capacity (%) 3.33 3.27 3.30 2.83 3.23 
 

 

Table 3.3 – Mix proportion of WHITE ECC. 

Material Cement Sand Water Superplasticizer 
PVA Fiber, 

(Vf) 

WHITE 

ECC 
1 0.5 0.31 0.003 2.0% 
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Figure 3.1 – Variation in tensile stress vs. strain curves of ECC with same mixing 

proportion. 

               
 

 

 

 

 

 

 

 

 

Figure 3.2 – Effect of fiber dispersion on σ(δ) curve and cmc. 
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Figure 3.3 – Experimental program. 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 – Rheology properties tests: (a) Viskomat NT rotational viscomter (b) marsh 
cone flow rate test (c) mini-slump test. 
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Figure 3.5 – Specimen preparation for measuring fiber dispersion at the final failure 
section. 
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Figure 3.6 – Fluorescence imaging technology. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9:  

 

 

Figure 3.7 – Fluorescence imaging test setup. 
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Figure 3.8 – Marsh cone flow time versus plastic viscosity.  

 

 

 
Figure 3.9 – Mini-slump flow diameter of the seven ECC mixes before/after adding fibers. 
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Figure 3.10 – Tensile stress versus strain curves of ECC with different VMA content. 
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Figure 3.11 – Tensile strain capacity vs. VMA/cement ratio (error bars describe standard 
error of the data). 

 

 

 

Figure 3.12 – Tensile strength vs. VMA/cement ratio (error bars describe standard error 
of the data). 
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Figure 3.13 – Fluorescence image of a sample specimen. 
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Figure 3.14 – Relation between marsh cone flow time before adding fiber, fiber 

dispersion coefficient, and tensile strain capacity. 
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Figure 3.15 – Effect of rheology control on tensile properties of WHITE ECC: (a) A 
version of WHITE ECC - “MMX-ECC v4” with 0 VMA content and Marsh cone flow 

rate of 12 s in fresh state; (b) “MMX-ECC v4” with 0.05% VMA content and Marsh cone 
flow rate of 28 s in fresh state; (c) “MMX-ECC v4” with 0.1% VMA content and Marsh 

cone flow rate of 38 s in fresh state. 
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