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Environmental factors and physical properties of latex modified concrete (LMC)

are hypothesized to contribute to early age cracking in bridge deck overlays. Cracking

permits the ingress of moisture and aggressive solutions into the substrate and may

contribute to other subsequent distresses. Understanding the material properties and

mechanisms involved is necessary to minimize these distresses.

This research consisted of a two part study: first, the development of LMC

strength and fracture properties at ages ranging from 5 hours to 28 days was studied, and

secondly, the effects of the environment on LMC distresses were modelled.

Environmental conditions: temperature, solar energy, and wind speed were determined

from weather records. A fracture mechanics based model, the Fictitious Crack Model

(FCM), incorporating finite element analyses and superposition techniques was employed

with material properties from the first part of study on LMC performance. Different

bilinear strain softening diagrams were used to predict fracture performance at different

ages. The predictions agreed well with the test data. The impacts of temperature

differentials on crack development were studied. The shrinkage effect was also indirectly

incorporated through the temperature analysis.
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The material properties study indicated significant changes in strength, deformability

and fracture properties, particularly during the early age. The developments differ slightly from

conventional concrete. Test results indicated a significant improvement in reducing and

bridging microcracks, especially in the prepeak-load region. Fracture toughness and

deformability increased significantly with time. Fracture energy varied from 2.3 to 133.1 N/m,

depending on age, and to some degree, on notch depth ratio.

In the second stage, the FCM provided a reasonable prediction for crack initiation

and propagation when only temperature effects are of concern. Age, surface conditions

and structural restraint strongly affect crack resistance of the overlays. Only slight effects

were observed from the overlay thickness in the study range (51-76mm). Shallow pre-

existing cracks possibly reduce the crack resistance of the overlay about 30 percent. A

prolonged moist cure for 48 hours after placing is suggested to reduce the risk of

cracking. With available environmental information, it is possible to develop guidelines for

appropriate environmental conditions for LMC bridge deck construction to minimize the

risk of early age cracking.
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Glossary

A cross sectional area

E modulus of elasticity

EC S Environmental Control System

FCM Fictitious Crack Model, a fracture mechanics-based model which
stress transfer ability is assumed in a partial damaged zone

FPZ Fracture process zone, a partial damaged zone with assumed stress transfer
ability

G Strain energy release rate, dU/da

Ge critical strain energy release rate

Gf Fracture energy, a required energy to create a new unit area of crack
surface, calculated from the area under cr-w curve

Gic Critical energy release rate

Inc Stress intensity factor

L element length

L' total thickness of the medium

LEFM Linear Elastic Fracture Mechanics, a mean to characterize fracture behavior
of structural material, based on stress analyses, flaw effect, material
toughness and assumed homogenous elastic material

LMC

R

Rs

latex-modified concrete, a mixture of portland cement, fine and coarse
aggregates combined with organic polymers that are dispersed in water
during mixing

crack resistance, dw/da

bridge temperature on absolute scale

air temperature on absolute scale



S

S2

TSL

Tmax

Triun

Ts

T

U

a

b

dA

dx

f

h1

h2

h

k

11, 12

la

total daily solar radiation, Watt hr/m2/hr

changing rate rate of crack mouth opening displacement to mid span
deflection

length of the solar day

maximum temperature in the day, °C

minimum temperature in the day, °C

tensile stress in the far region

temperature

strain energy

half length of ellipse along major axis

half length of ellipse along minor axis

specific heat, 960 J/kg°C

area increment

crack propagation increment

compressive strength

tensile strength

heat transfer coefficient including convective and radiative heat losses

heat transfer coefficient at bottom surface

convection

conductivity of the medium, 1.4w/m°C for concrete

excess deformation of gauge lengths in zone B and A, respectively

gauge length



L Characteristic length, a fracture parameter which is a function of modulus of
elasticity, tensile strength and fracture energy

q boundary heat input(lost)/unit area

r,0 polar coordinates

s1 defined ordinate of the strain softening diagram

t time

t' thickness

vv wind velocity, mph

v vertical opening of a crack length 2a

w additional deformation due to fracture zone or crack width

we Critical crack width, w-value for a = 0

w1 defined abscissa of the strain softening diagram at any stress level

w2 defined abscissa of the strain softening diagram at zero stress level

w(x) crack width at distance x

x measured distance from the fictitious crack tip (x=0), based on a moving
coordinate system with the origin at the tip. x increases in the direction
opposite to the direction of crack propagation

p density of the medium, 2400 kg/m2 for concrete

nt/Tsi,

strain

gsh shrinkage strain at time t

a stress at edge of ellipse

aSB Stefan-Boltzman's constant

ax,Gy,xy stresses acting on the element



suoP normal stress at crack tip due to a unit external load

cyi(0) normal stress at crack tip due to a unit internal load at node i in the
process zone

Poisson ratio

shear modulus

a absorptivity coefficient of top surface

0(04 load multiplication factor for unit external and unit internal loads
respectively, applied at node i in the process zone
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Early Age Performance of Latex-Modified Concrete Bridge Deck Overlays

1. INTRODUCTION

1.1 Background

Transportation systems strongly influence national development, economics,

lifestyle, and defense. Roads and bridges provide important links for population movement

and conveying goods and technology from place to place. Enormous sums have been

invested in the construction and maintenance of these national systems.

The system must be well maintained to maximize its benefit, both in terms of

economics and safety. However, deterioration of the system is inevitable. Infrastructure

deterioration may be due to environmental conditions, age, material degradation and/or

increased loading spectra.

Bridge deck deterioration is one major concern because it affects the service life and

maintenance costs of the bridge as well as user safety and convenience. The deterioration,

which is often manifested in surface cracking and spalling, is often related to corrosion of

the reinforcing steel. Several factors are believed to contribute to this type of deterioration

such as the quality of concrete and workmanship, environment, and cracking as well as

increasing traffic density and loading.

Furthermore, most existing bridges have no protection systems for salt infiltration.

Intruded salt accumulation through the open-pore structure of concrete may initiate and

certainly exacerbates steel corrosion. This action is followed by concrete cracking, spalling,
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or delamination resulting from the increased volume of corroded steel (1). These factors

reduce the service lives of concrete pavements and bridge decks. Therefore, good

performing repair materials and cost-effective application of these materials are of interest.

Repair materials must serve two purposes. First, effective materials and efficient

repair techniques reduce public inconvenience, and, as a result, user costs. Secondly,

materials that reduce the bridge deck permeability provide a protection system against

aggressive solution seepage. The reduced permeability is believed to delay the corrosion of

reinforcing steel, a major factor in bridge deck deterioration. In 1990, FHWA estimated the

cost to rehabilitate and replace 40 percent of all bridges in the United States at about 50

billion dollars. Half of the rehabilitation /replacement cost of bridge decks could be related

to deterioration problems caused by steel corrosion (2, 3).

Impermeability and durability are two important factors that are used to judge the

effectiveness of bridge deck overlays. Although normal concrete is extensively used for

structural members, it is not appropriate for such overlays due to relatively high material

permeability. Lower permeability materials that provide a more effective protection system

against the ingress of aggressive solutions are of interest.

Improved concrete properties, particularly lower permeability, can be achieved by

adding admixtures such as latex to modify the concrete matrices. Latex modified concrete

(LMC) is the most common overlay material used for bridge decks over the last decade (4).

Many highway agencies continue to use this material and recognize its beneficial qualities.

These modified materials generally perform well, however, distress continues to be
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reported. Often, distresses are reported soon after construction. The most common early

age distresses are cracking and delamination.

These early age distresses are related to several factors, some of which can be

controlled. Construction procedures and environmental conditions are believed to

simificantly influence these distresses. However, it is difficult to predict performance of

bridge deck overlays from combinations of these factors, since performance is influenced by

material properties and environmental effects which are both time-dependent.

Although much research has been conducted on the impact of material properties,

environmental conditions, construction procedures and traffic on long term bridge deck

performance, little information is available on early age performance. However, early age

performance is critical to the long term performance of the bridge deck. Concrete must be

protected from stresses in excess of its developed tensile strength to prevent cracking and

delamination.

Cracking and delamination permit the ingress of moisture or aggressive solutions

into the substrate. These actions may contribute to other subsequent distresses. The

consequences of early age deficiencies are, for example, corrosion in the steel and moisture

accumulation in cracks that may lead to spalling after sufficient freezing and thawing. These

actions contribute significantly to a reduced deck life. Therefore, to avoid or minimize these

distresses and achieve better long term performance, a study is necessary to investigate and

understand the material properties and mechanisms involved.

Fracture mechanics provides more realistic descriptions of crack development in a

composite material like concrete, compared to the conventional stress criteria which
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assumes an immediate drop to zero stress after peak stress (5). Therefore, a Fictitious Crack

Model (FCM) was employed to investigate cracking in this study. In order to apply this

fracture mechanics-based model to early age crack propagation, some fracture parameters

must be investigated.

1.2 Objectives

Many agencies recognize the beneficial qualities of LMC and continue to use this

material despite reported problems. This research focuses on the early age performance of

LMC bridge deck overlays and particularly, cracking. In order to realize these objectives it

is necessary:

1. To investigate the development of LMC early age properties including strength

development, deformability, fracture properties and shrinkage.

2. To study the LMC early age cracking performance, using fracture mechanics of

concrete incorporating the superposition technique.

3. To predict the effect of material properties and the environment on the early age

performance of LMC bridge deck overlays, using the proposed model.

1.3 Scope

The scope of this research is limited to a study of early age performance of LMC

bridge deck overlays. "Early age" is defined as the first seven days following placement.

Experimental limitations preclude obtaining material properties at ages less than 5 hours.
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This study focuses on two types of stresses that are hypothesized to have a strong influence

on early age distresses. These are thermal and shrinkage-induced stresses.

1.4 Research Significance

This work provides an understanding of crack formation and performance of early

age LMC overlays, as affected by environmental conditions and material properties. The

results from this study may be used to develop guidelines for construction specifications to

minimize early age distresses in latex-modified concrete although these guidelines have not

been developed herein.
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2. MATERIALS AND PROBLEM DEVELOPMENT

2.1 Material: Latex Modified Concrete (LMC)

Polymers were first introduced to hydraulic-cement systems in 1923 due to an

increased need for a durable construction material. In 1924, Lefebure, using conventional

concrete mixture proportioning, produced latex modified concrete (LMC) and latex

modified mortar (LMM)(4). After WWII, natural latex was replaced with several types of

chemical polymers, both thermoplastic (vinyl-type) and elastomeric (styrene-butadiene

copolymer) based. These polymers were developed and commercialized to modify the

structure of concrete systems. A classification is shown in Figure 2.1.

American Concrete Institute Committee 548 defines LMC as a mixture of Portland

cement, fine and coarse aggregates combined with organic polymers that are dispersed in

water during mixing (4). Typical LMC mixes have water to cement (w/c) ratios of about

0.30-0.40. The range of latex to cement (p/c) ratios between 0.05 to 0.20 strongly

affects the mixture properties. However, a ratio of 0.15 is normally used, based on

economics. Generally, the properties of most commercially-available latexes are similar.

Only slight differences in working performance have been reported (7).

Since the 1960s when latexes based on thermoelastic polymers were first

introduced, some improved latexes such as styrene butadiene have been widely used in the

concrete industry, especially in bridge deck overlays. This material provides satisfactory

protective/preventive systems for bridge decks due in part to its excellent properties,

especially lower permeability and improved bond strength (4,7,8,9).
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Polymeric
Modifier
for Polymer
Modified
Mortar and
Concrete

Aqueous
Polymer
Latex

Rubber

Resin
Latex

Natural Rubber

Synthetic
Rubber
Latex

Thermoplastic
Resin
Latex

Thermosetting
Resin
Latex

Bituminous
Latex

Mixed Latex

Latex (NR)

Styrene-Butadiene
Rubber (SBR)
Chloroprene Rubber (CR)
Methyl Methacrylate-
Butadiene Rubber (MBR)
Polyacrylic Ester (PAE)
Ethylene-Vinyl
Acetate (EVA)
Styrene-Acrylic
Ester (SAE)
Polyvinyl
Propionate (PVP)
Polypropylene (PP)
Epoxy

[Asphalt

Rubberised Asphalt

Paraffin

Redispersible Ethylene-Vinyl Acetate (EVA)
Polymer
Powder Polyvinyl Acetate-Vinyl Carboxylate (VA/VeoVa)

water- Cellulose Derivative Methyl Cellulose (MC)
Soluble Polyvinyl Alcohol (EVA, Poval)
Polymer
(Monomer) Polyacrylate

Liquid Unsaturated Polyester
Polymer Epoxy

Figure 2.1 Polymer classification (6)

Styrene butadiene, an elastomeric polymer, is the copolymerized product of two

monomers, styrene and butadiene. The composition of the mixture is shown in Table 1.1

(10). In addition to the two major components, other constituents also contribute to the

properties of the latex and modified concrete. For example, the surfactant contributes to
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increased concrete workability. The anionic and nonionic surfactants on particle surfaces

helps stabilize the product in water. This addition prevents particle agglomeration in the

presence of polyvalent ions in Portland cement systems. These components also prevent

particle coagulation under high shear forces during mixing (11).

Table 1.1 Composition of a Styrene Butadiene Copolymer Latex (10)

substance parts by weight

Styrene 64.0

Butadiene 35.0

A vinyl carboxylic acid 1.0

Non ionic surfactant 7.0+

Anionic surfactant 0.1*

Ammonium persulfate 0.2

water 105

Note: + The nonionic surfactants may be nonyl phenols react wiith 20 to 40 molecule of ethylene
oxide.

* The low levels of anionic surfactants are used to control the rate of polymerization.

Latex is typically introduced in concrete in the form of a colloidal polymer

suspension in water. This polymer latex, usually a milky-white fluid, contains small,

spherical, copolymer particles that vary in diameter from approximately 0.05 to 5 microns

(4). The modified structure of LMC is a result of two processes, cement hydration and film

formation. Ohama modeled and explained these processes in three steps as shown in

Figure 2.2 (10). A brief summary follows.
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First, the polymer particles uniformly disperse in the fresh mix. As the cement gel

forms during the hydration reaction_ calcium hydroxide reacts with the silica surface of

aggregates to form calcium silicate hydrate. Some polymer particles deposit on the

unhydrated cement gel particle surface or on the silicate surface of the aggregates.

Second, as the matrix is developing, water drains and is lost through hydration and

evaporation. The polymer particles confine the capillary pores gradually. A chemical

reaction possibly occurs on the surfaces between particles or between particle surfaces and

the developed silicate surface of the aggregates. This reaction may contribute to the

improved properties of LMC. Finally, after proper curing time under appropriate

conditions, these particles will coalesce and form a continuous film on the surface of the

cement gel and unhydrated cement. This monolithic network with a polymer phase

interpenetrates throughout the cement hydrate phase also forms a comatrix that will bind the

aggregate and hydrated product together.

Wide variation in polymer particle size results in an effective void filling and a

closely-packed film system. A continuous film forms on the surface of the cement gel-

unhydrated cement particle mixture effectively retaining internal moisture and

enhancing curing. The continuous matrix also bridges some capillary pores and

microcracks. The result is a significant improvement in some concrete properties such

as tensile strength, flexural strength and permeability (4,6,10).
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Figure 2.2 The processes developed in latex modified concrete (6 )
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A clear model describing modification of the interface zone between aggregate and

cement paste does not exist. However, the microcracks in the aggregate-cement paste

interface zone in LMC, are believed to be effectively bridged by the pore filling and the

interface zone is improved by the bonding effect (12). Compared to normal concrete,

these effects reduce microcrack intensity in LMC at every load level, and even before

any load is applied. However, sudden increases in microcrack intensity are still reported

as in conventional concrete in spite of latex modification (12).

The typical LMC pore structure differs from that of conventional concrete (13). The

hardened LMC contains a relatively small number of single pores. Pores with radii of 0.2

pim or more are significantly reduced. However, smaller radii pores 75nm) are increased.

(6,14,15). The total porosity tends to decrease by as much as 50 percent as the polymer-

cement ratio (p/c) increases as shown in Figure 2.3 (10). The effects of filling and sealing

large voids with polymer reduces gas and water vapor transmission. This phenomenon

increases material resistance to liquid intrusion. Permeability tends to continue decreasing

after 28 days as a function of age (9,15).

2.0

1.5

1.0

0.5

0

UNMODIFIED

TOTAL PORE

VOLUME

x10'26m3/6L 10.072

2.0

1.5

1.0

0.5

0

F41:14q"23Engtigll
Pg1i1vZOPFE9421.88q8p
ei .4 is.

PORE RADIUS n m

513R-MODIFIED

POLYMER-
CEMENT
RATIO. X

10
20

r.
t.

TOTAL PORE
VOLUME.

x10'2cm3/9
- 6.548

4.793

PORE RADIUS, n m

Figure 2.3 Pore size distribution of unmodified concrete and LMC (10 )
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2.2 Material Properties

A comatrix structure from cement hydration and the continuous film formation

process improves properties of LMC both in the plastic and hardened states. Improved

properties include fluidity, adhesion, microcrack reduction and increased strength. Factors

that contribute to these effects are polymer type, polymer-cement ratio, water-cement ratio,

air content, and curing conditions (6).

2.2.1 Plastic Concrete

1. Workability. The coated surfactants on the polymer particle surfaces influence the

interaction both between polymer particles and between particles and the material to which

the latex has been added. This notably improves the workability even when the mixture has

a low w/c ratio (6). Compared to conventional concrete with the same consistency and

workability, 20-35 percent less water is normally required for the same workability in LMC

(16).

2. Air entrainment. The latex surfactants, which act as both emulsifiers and

stabilizers, also increase the entrained air. This improves consistency and freeze-thaw

durability. However, anti-foaming or air detraining admixtures may be necessary in some

cases to control air content in the mixture, thereby preventing strength reduction from

excessive entrained air(17).

3. Bleeding and segregation. The air-entraining and water reducing effects as well

as the hydrophobic colloidal properties of latex result in less bleeding and segregation within

the material (10).
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4. Setting time. Slightly longer setting times for LMC, compared to conventional

concrete have been reported (4). This is possibly related to the delayed hydration effect. The

variation appears to depend on the latex-cement ratio of the mixture.

Working time is another issue for LMC. A crust formation at the surface may occur

due to the effects of temperature, wind and humidity. This formation determines the

working time of LMC, generally reported to be 15-30 minutes (4).

2.2.2 Hardened Concrete

I. Strength. In conventional concrete, the development of ettringite crystals shortly

after mixing is believed to contribute to early age strength and the developed C-S-H gel

contributes to the later strength (18). The microstructure of LMC is developed in a similar

way, however some differences may result from the film formation of latex particles.

Compared to conventional concrete, the addition of latex significantly increases

tensile, flexural, shear and bond strength but not compressive strength. The modified

structure of LMC improves dry strength characteristics by mobilizing polymer tensile

strength and by improving the cement hydrate-aggregate bond. The ductile bond from the

coated plastic film also increases flexural strength and reduces the modulus of elasticity.

Compressive strength may be slightly reduced as shown in Figure 2.4 (10). A higher ratio of

tensile to compressive strength of about 1/6 to 1/8 for LMC, compared to 1/9 to 1/15 for

conventional concrete is reported (19).

Both excellent bond and impact strength are typical for LMC. The chemical bond

that develops when latex particles deposit on the silicate surface of aggregates is believed to
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be irreversible and imparts an improved bond strength (11). Strength estimates of about two

times for shear bond or 3-5 times for bonding with the existing substrate are expected

beyond that of conventional concrete. Impact strength as high as ten times that of

unmodified concrete was reported by Ohama (14). Bean reported higher dynamic strength

(30-35%) and energy transmission capacity of LMC (17).
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Figure 2.4 Change in compressive strength, LMC and normal concrete comparison (10)

As with normal concrete, moist curing is important in LMC for optimum strength

development. Wet curing promotes hydration at early ages. Following the moist cure a dry

cure period is necessary to allow an evaporation of excess water and the subsequent film

formation in the comatrix system while the cement hydration process is in progress. This

results in two or more times the strength, compared to the strength before dry curing (10).
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LMC is more sensitive to high temperatures. The strength of LMC is rapidly

reduced when temperatures are elevated, especially when they rise above the glass transition

temperature of latex (80-100°C).

2. Ductility and toughness. The plastic film increases strain at maximum strength

(4,13). This results in a 15 to 50 percent lower modulus of elasticity (19). The reduction

increases with increased latex/cement ratio, especially when the ratio exceeds 10 percent.

The increased strain, which is about two to three times higher than that of unmodified

concrete (20,21), is believed to effectively reduce microcrack propagation.

3. Shrinkage and Creep. LMC is reportedly more sensitive to plastic shrinkage than

conventional concrete (4). Total drying shrinkage may be either larger or smaller than that

of normal concrete, depends on polymer type and polymer-cement ratio (10). The lower

water-cement ratios of the mixture may contribute to the lower drying shrinkage. Estimates

of drying shrinkage may be determined from the moisture retention capabilities of the

polymer film (17).

For conventional concrete, shrinkage properties are a function of the curing period,

humidity, thickness, slump, aggregate, cement content and air content (22). For LMC,

shrinkage depends on w/c ratio, cement and polymer contents, and evaporation rate (23).

The reported final shrinkage of LMC is of the order of 800x10 (4).

Compared to conventional concrete having the same slump, creep strain in LMC is

much lower. The polymer effect may strengthen the binder and improve long term strength

due to effective water retention (19).
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4. Durability. The excellent durability properties of LMC are widely reported.

These include resistance to chloride permeability, freeze and thaw resistance, abrasion

resistance, and deicing chemical resistance. The reduction of porosity, the modified pore

structure, and the pore sealing effect, each play an important role in these improvements.

Compared to normal concrete, reductions in chloride ion content (from 36-62%), as

well as an increased carbonation resistance have been reported (10,24,25). These

permeability reductions appear to increase with age (12). In terms of abrasion resistance,

less weight loss compared to normal concrete (19-32%) is observed (19). An improved

impermeability is reported as a function of latex content. In contrast, increased freeze and

thaw resistance is not strictly dependent on an increase in polymer-cement ratio (14).

5. Thermal Properties. Similar or slightly higher coefficients of thermal expansion

are generally reported for LMC compared to normal concrete (19). The coefficient of

thermal expansion of LMC is about 9-10 x10-6/°C (6). However as in normal concrete, this

property depends on aggregate properties.

6. Toughness. There is no available information on toughness properties, fracture

energy or energy absorption. These are key factors related to fracture performance.

However, LMC and LMM are reported to have larger ductility than normal concrete which

contributes to better performance (6,20,26).

2.3 Problem Development

Since the first LMC overlay was placed in 1957(16), many studies have been

conducted on both properties and performance of the material. Despite the generally
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satisfactory performance of LMC, some early age and later age distresses are reported (27).

Therefore, the early age performance of LMC and the experiences from some agencies are

reviewed in this section to provide an insight into the distress mechanisms and their possible

causes.

Some transportation agencies that have significant experience with LMC e.g. the

Ontario Ministry of Transport and the Virginia DOT, report that early age cracking is

related to plastic shrinkage (27,29). A survey of 4 bridges in Virginia reported that the

majority of wide cracks occurring in two bridges could be attributed to plastic shrinkage. In

the other two, many random hairline cracks were attributed to drying shrinkage. Some

cracks were thought to be caused by bridge movement or reflection from the substrate deck

(29).

Survey reports of 9 overlays in South Dakota indicated some minor transverse

cracking after construction (27). However, after filling the crack with epoxy, no major

problems were reported.

The Missouri DOT, which has more than ten years experience with LMC reported

some shrinkage cracking as well as delamination (30). The Iowa DOT attributed some

cracking to poor curing conditions. Random and alligator cracking were also observed, but

no cause was identified.

In Washington, ten overlaid bridges constructed in 1985 were studied. Two bridges

were located on the western side of the state, whereas the rest were situated on the east

side. Serious cracking problems were reported in one bridge, but the rest had cracks

typically oriented in the longitudinal direction and some in the transverse direction (7).
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Cracks were observed 3-72 hours after placement of the overlay. The reported frequency

was generally greater at the start of the placement and lesser toward the end. Crazing cracks

(alligator cracks) were also reported in one bridge several months after construction.

In Oregon, construction reports from 1989-1992 mentioned 'after-construction'

cracking in several projects although they were not considered serious (3 1 ). Crackswere

noted after one month and after one winter in LMC overlays placed in 1994. These cracks

are typically reported in both the longitudinal and transverse directions. Random crack and

crazing cracks are also frequently mentioned.

Overlay cracks are likely common in many states experience (7,27). Most agencies

do not consider early age shrinkage cracking a serious problem, provided the cracks are

sealed. Other factors such as traffic-induced vibration are sometimes mentioned although no

statistical significance is reported (4,27). However, to achieve better long term performance

an understanding of the mechanisms involved as well as the contributing factors is

necessary.

2.4 Cause of Distresses

Researchers hypothesized that cracks in LMC occur soon after construction (32).

Several factors appear to be related to LMC distresses including construction procedures,

structural behavior, thermal loading, and material factors such as shrinkage. This section

provides an overall background of these factors. The details of the contributing factors

considered in this study are provided in section 2.6.
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2.4.1 Construction Procedure

The quality of the LMC overlay is sensitive to construction process. Petrographic

analyses of the cored samples from some Oregon projects (33) indicated a possible

relationship between cracking and delamination and the surface preparation method.

Hydroblasting appears to provide fewer cracks on the substrate surface, compared to

milling. Placement time may influence temperature differences between the new overlay and

the existing deck. This was also mentioned as a cause of temperature-related cracking (34).

Furthermore, delayed finishing may cause overlay surface tearing and cracking from crust

formation.

2.4.2 Structural Loading

At early ages, there are no traffic loads on the overlaid deck, only loads from

construction activities are applied directly to the bridge overlay. However, it is rarely

possible to close the bridge to traffic in the adjacent lanes. This may affect the overlay

performance particularly when high traffic volumes combine with heavy truck traffic. This

effect has been reported (4,29,35), although not verified and has been considered a

statistically insignificant factor by one researcher (23). Other studies indicated a possible

effect from this factor (27,35,36,37).

The bridge type was also mentioned as a possible factor. More flexible structures,

such as steel structures, have more reported cracking (27,29). Weakened substrates from

scarified surfaces tend to have higher flexibility than the original structures. The induced

flexing and vibration from the trafficked lane tends to widen existing cracks in the
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substrates. This may induce higher stresses in the setting overlay than it can resist. As a

result, cracks may propagate through the overlay. Transverse cracks may also form (36).

In addition, the presence of substrate distress from the uncorrected structural

deficiencies may cause cracks later or at early ages when tensile strength is low. The deck

movement caused by deflection or temperature change may result in reflective cracking

through the overlay thickness (27).

2.4.3 Environment Impacts

The environment may impact overlays through evaporation rate and bridge

temperatures. The low water content in LMC results in less bleed water, compared to

conventional concrete. This increases its sensitivity to environmental conditions. The

combination of wind, temperature and humidity affects evaporation rates. For overlays

having high surface area to volume ratios, this factor has been reported as the single most

significant contributor to early age cracking (4,36). The evaporation rate can be estimated

from an American Concrete Institute (ACI) nomograph (36). A low rate, i.e., less than 0.15

(1b/ft2)/hr., is normally recommended. However, Kuhlman (34) suggested a lower rate of

less than 0.10 (1b/ft2)/hr. to minimize plastic shrinkage cracking.

The combination of wind, temperature and solar radiation affects bridge

temperatures. High temperature differential between deck and overlay is recognized as

another contributor to cracking problem (7). To minimize this problem, the placement under

some environmental conditions is normally restricted.
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2.4.4 Shrinkage

Plastic and drying shrinkage are reported in LMC as in normal concrete.

Several reports suggested the possibility of shrinkage as an important cause of

cracking, especially during early ages (7,29).

Plastic Shrinkage. Plastic shrinkage occurs during the time when concrete is still plastic and

the evaporation rate is higher than the bleeding rate. Capillary menisci at the air-water

interface penetrate into the concrete matrix (32). Tensile capillary pressure develops, and

plastic shrinkage cracking is a consequence. This action may occur in response to several

individual, or a combination of, conditions, especially high air temperature, high concrete

temperature, low humidity, and high wind velocity.

For LMC which has low w/c, low bleeding is normal. At very early ages when the

latex film is not completely formed and protection is not sufficient, plastic shrinkage

cracking is likely to occur. Under dry ambient conditions, the cracks commonly appear in

the first 24 hours. High deck temperature and prolonged exposure are reportedly related to

this crack type. Plastic shrinkage cracks are often reported in LMC construction (7,29 ).

Drying Shrinkage. Moisture loss to the environment after the concrete is hardened causes

drying shrinkage in LMC, similar to conventional concrete. LMC shrinkage is reportedly

lower than in conventional concrete due to the presence of the latex as shown in Figure 2.5

(4).

A concern about differential shrinkage in the new overlay compared to the relatively

stable substrate is often mentioned (10,39). This differential movement may cause cracking,

particularly in the first two to three weeks when the shrinkage rate is high. One study
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identified this differential movement as a primary cause of cracking in the overlay (36).

LaFraugh (7) suggests that thermal shock between the base concrete and overlay

contributes to cracking, however, no details are available.
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Figure 2.5 Comparison of shrinkage performance between LMC and conventional
concrete (4)

Researchers have attempted to combine these factors. However, most research has

been concerned with the mature properties of the material and long term performance. Very

little information is available on early age modified concrete properties. In addition, no

mechanistic approach has been found to relate these factors to modified concrete overlay

performance.



23

2.5 Cracking Characteristics

The cracking information in this section provides some background about the

characteristics of observed cracks and their possible causes.

2.5.1 Random Cracks

These cracks are generally 6 to 12.5 mm deep and 0.01 to 1 mm wide, usually

appearing a short time after placement. The cracks normally appear in random patterns

spaced 300 to 350 mm apart (27). Although initially shallow, repetitive thermal cycling may

cause the crack to propagate through the overlay thickness.

Plastic shrinkage is the main cause of these cracks. The low w/c ratio, combined

with improper curing, may result in insufficient bleed water to replace evaporation loss,

followed by cracking. The relationship between bleed water and cracking was shown in

Kuhlman's research (34).

Considerable evidence shows that random cracks usually occur in the first 24 hours

following placement and may extend to 19 mm deep (40). The most frequently reported

circumstances occurs are under construction conditions of high w/c ratio mixture, high air

temperature (>29 °C), and high wind velocity (27).

Drying shrinkage is another cause of random cracking found in many LMC

overlays. These cracks result from the continued loss of moisture in concrete after initial

hydration. Although drying shrinkage occurs throughout the life of concrete, asymptotically

approaching an ultimate value, the bulk of this shrinkage occurs within two years (27).

However, the LMC shrinkage rate at early ages (first two weeks or three weeks after



construction) is higher than that of normal concrete (27,39). Oregon DOT noted additional

cracking during the first year of monitoring. (42). Normally this type of crack is finer and

deeper than plastic shrinkage cracking (40,42). Several factors influence drying shrinkage

cracks such as w/c ratios, cement contents and polymer contents (34).

Occasionally, tight map cracking is reported during the first several months after

construction. This might be caused by differential shrinkage and deck creep. The Interstate

182 project in Washington is an example of this cracking pattern (40).

2.5.2 Transverse Cracks

These linear cracks occur transverse to the longitudinal axis of the bridge at 910-

1520 mm spacings. Normally, these cracks penetrate through the overlay depth into the

substrate and may be difficult to observe because they are partially hidden in the transverse

tilling.

In some cases, the bridge substrate deck is significantly fatigued and exhibits block

cracking. Reflective cracking may appear on the overlay surface in a checkerboard pattern.

This is usually followed by delamination (43). For new bridges, where the overlay is placed

before form removal occurs, cracks can occur in the negative moment region as soon as the

forms are removed. In addition, cracks may occur over existing joints due to delayed

sawing and may be accompanied by debonding near the joint (34). Vibration and flexing

from moving vehicles aggravate existing transverse cracks, resulting in a more severe

situation.



25

Bishara (27) reported a significantly increased amount of random and transverse

cracking in LMC after seven winters. The rate of increase was lower during the first three

years. Differential shrinkage strain and the extension of substrate existing crack were

identified as contributing factors.

2.5.3. Longitudinal Cracks

These cracks are found in a few cases. The cause is not clearly understood. Some

researchers believe that they might relate to the type of structure. There is evidence that

these cracks occur mostly at the ends and middle or edge of decks built in prestressed I

beam bridge types (43). However, in the same project, longitudinal "pull cracks" were

reported as the result of improper grooving after crust formation in the LMC overlay.

Although these cracks are sometimes not considered serious, the presence and

degree of severity of all cracks, if not corrected, increases as time passes. Shallow surface

cracks may propagate through the overlay into the substrate deck. After sufficient freeze

and thaw cycles, the accumulated moisture content can lead to debonding and spalling due

to either freezing water or intrusion of fines. Chloride intrusion can initiate steel corrosion,

reducing deck service life as a consequence.

2.6 Contributing Factors to Early Age Cracking

Environmental factors and the physical properties of latex modified concrete

(LMC) are often mentioned in the literature as cracking-related factors. These two
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factors are hypothesized to contribute to early age cracking in this study and are

discussed in detail in this section.

Since the overlays are constantly exposed to the environment, several variables

were studied to predict the impact of the environment. Three factors were identified as

critical to deck performance: solar radiation, shade temperature and wind velocity

(36,38,44). Data for these variables are obtained from weather reports. To numerically

study the cracking mechanism, these variables were related to the overlay performance

through bridge temperatures in terms of temperature differential, using theoretical heat

transfer models (38,44).

2.6.1 Temperature

Temperatures normally change with time, for both yearly and diurnal cycles

(45). The yearly cycle, which depends on the relative position and distance between the

earth and sun, is important in long term performance studies. However, in early age

studies, the diurnal cycle is of prime concern. This cycle causes temperature

fluctuations and thermal stresses in the bridge structure. The magnitude of these

stresses may be sufficient to cause or exacerbate the distress of bridge decks (44).

To predict the temperature effect, the daily temperature variation must be

known. In the daytime, particular during the summer, bridges normally have greater heat

gain than loss and rising temperatures result. This pattern reverses and bridge temperatures

drop at night. Minimum temperatures generally occur before sunrise and increase to

maximum in mid-afternoon.
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The difference between maximum and minimum air temperature affects bridge

temperature distribution. Moreover, during clear days and nights, the variation in

temperature through bridge sections is small about 2 hours after sunrise (38,44,46). Several

researchers have assumed a thermal equilibrium state for bridges equivalent to the

surrounding temperature (38,44,46).

The diurnal variation of air temperature with time is often assumed as a

sinusoidal cycle between minimum and maximum temperature using the following

equation (38,93).

1 1 T.air temp.=
2

+
2

+ (Tar ,)sin(0 .262(t 9))

where t = time, hours

Tniax. = maximum temperature in the day

Tmin. = minimum temperature in the day

In this study, satisfactory results were observed from the comparison between

actual air temperatures from weather reports for a case study and the prediction. An

initial condition of uniform temperature equal to the surrounding at about 2 hours after

sunrise was assumed in the analyses.

2.6.2 Solar Radiation

Solar radiation is the most important mechanism for heat transfer in bridge

structures (38,44). Similar to temperatures, solar radiation changes with time, and it is of
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interest to note that maximum and minimum temperatures and solar radiation occur at

different times.

Latitude and local conditions may affect the solar radiation intensity (44).

Latitude affects solar day length. Local conditions such as wind velocity, cloud cover, and

precipitation may affect the general trends. However, these factors are not directly included

in this study. The absorb radiation also depends on the nature and color of the surface; dark

and rough surfaces absorbed more radiation than light and smooth surfaces.

Solar radiation intensity, I (t), can be approximated from (38,44):

/(t) = 2S
sin 2 (-at)

TSL TSL

Where t = time, hours

S = total daily solar radiation, Watt hr/m2/hr

TsL = length of the solar day

To provide an accurate prediction in this study, the following modified

relationship is proposed for Willamette Valley conditions. This equation, based on

Gloyne's model (38), Thepcahatri's model (44), and the weather reported data, is:

1(t) =
1.6S (sine a + 2sin a)
TSL 3

Where a = nt/Tsi,

S = total daily solar radiation, Watt hr/m2/hr

TsL = length of the solar day

t = time, hours
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2.6.3 Wind

Of the three mechanisms for heat transfer in bridges, wind speed has been

found to have the greatest influence on the convection, an energy transfer mechanism

between the solid surface and the air. Wind speed impacts the convection coefficient, he

by increasing or lowering surface temperatures. The higher the wind speed, the closer the

bridge surface temperature is to the air temperature. Under the same conditions of

temperature and solar radiation, when wind speed is lower, large thermal stresses are

produced.

Since the bridge deck is normally considered as a flat plate, several empirical

convection coefficients (he) have been proposed as a function of wind velocity (v, mph)

(47,48). In this study, the coefficient was estimated in the form of (48):

he= 0.665+0.133 vv

Generally, wind speed varies with topography. However, average values are

normally used. A large temperature gradient probably occurs under conditions of high

solar radiation, wide ranges of diurnal temperature (15-20 °C) and light wind (2.2-3.1

m/s) (38). Based on the variations in these three factors, temperature distributions in

the bridge deck can be predicted. Consequently, the calculated stress level induced by the

thermal distribution can be determined. Finally, assessment of the thermally-induced stress

due to any considered condition can be achieved. Furthermore, crack propagation can be

predicted using the known service temperature differential as the driving force.
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2.6.4 Shrinkage

In conventional concrete, several empirical equations have been proposed to predict

shrinkage with time, particularly drying_ shrinkage (49,50) The relationships are normally

defined as functions of curing time, relative humidity, shrinkage-half-time, or ultimate

shrinkage.

For LMC, Bishara (51) proposed two empirical models to predict shrinkage of

LMM and LMC after the first 24 hrs. These expressions, shown in the following, agreed

well with his test data, in which approximately 95 percent of total shrinkage at early age

occurred within the first two months.

10"
LMM: Esh = 1700 x 10-6 x[3+10"

LMC
1

Esh = 817 x10-6 x[
5.13+r

eq.1

eq.2

where Esil = shrinkage strain at time t

t = time, days

However, there are no prediction models for plastic shrinkage of either normal or

latex modified concrete. Furthermore, a standardized test method is not available.

Therefore, the estimated shrinkage in this study was based on the experimental data.

In summary, the effect of latex film formation incorporating the cement hydration

process significantly improves LMC properties. Their beneficial qualities result in quality

overlays, although early age cracking is reported. Among several related factors,

environmental conditions and material properties are hypothesized as major causes of
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overlay cracking. These two factors are analyzed to predict the overlay performance by

incorporating fracture mechanics as detailed in the next chapter.
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3. TOOLS AND MODELING TECHNIQUES

3.1 Introduction to Fracture Mechanics

Failure criteria are essential in estimating the capacity or studying the performance

of any structure. Conventional strength criteria do not account for flaws or defects in the

microstructure, and therefore, may not provide a reliable explanation for some materials. In

1898, using a strength criterion, Kirsch (54) showed that the existence of a hole could

reduce the strength of an elastic, homogenous material by a factor of three. Later, Inglis's

work (55) further demonstrated a stress concentration effect. The following equation

suggested an infinite stress at the crack tip where an elliptical flaw, as shown in Figure 3.1,

is degenerated into a sharp crack as b > 0. Therefore, a fracture mechanics approach has

been developed to study material behaviors in a more realistic way.

Go

FIGURE 3.1 Stress distribution around an elliptical hole in an infinitely large plate
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= 1+ 2a
Ts

where a = stress at edge of ellipse
Ts = tensile stress in the far region
a = half length of ellipse along major axis
b = half length of ellipse along minor axis

Fracture mechanics is a method of characterizing the fracture behavior based on

principles of released energy, flaw effect and material toughness. Therefore, it is considered

a suitable tool to provide a fundamental understanding of the development and performance

of crack propagation in a material.

In 1920, Griffith (56) first introduced the application of the fracture mechanics

concept to a brittle material. This concept suggested that unstable crack growth occurred

when the system received energy exceeding the energy needed to form a new crack surface.

The modification of Griffith's concept for a metal, led to the development of standard

testing techniques, fracture parameters and ultimately to design specifications which

routinely incorporate these parameters. Recently, the most significant applications of

fracture mechanics has been used to control brittle fracture and fatigue failure of metal

structures.

The attempt to apply fracture mechanics to portland cement concrete material was

pioneered by Kaplan in 1961 (57). A fracture mechanics-based model provides a better

description of crack development in a composite material like concrete, compared to

the conventional stress criteria which assumes an immediate drop to zero stress after

the peak stress (5,52). However, in concrete, microcracking is not accompanied by any
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substantial contraction corresponding to that which occurs in metallic materials, thus, no

essential difference exists between plane stress and plane strain conditions (75 ). The width

of the specimen or the length of a crack front cannot be expected to be of any major

importance in concrete. In short, concrete behaves differently from metallic materials.

Therefore, some theories may not be suitably applied to this material except under certain

circumstances (for example, when extremely large specimens are tested for parameter

determinations) or some theoretical modifications are applied (59).

To explain the failure behavior/performance of a structure, two approaches have

been developed in fracture mechanics (60).

1. Failure occurs when the intensity of stress concentration at the macroflaw such as

crack tip is higher than the cohesive strength of material (stress intensity approach).

2. Failure occurs when the stored energy during loading is higher than the energy

required to create the new crack surface (energy balance approach).

During crack propagation, energy can be dissipated in three ways (59):

1. Surface energy dissipation due to the creation of new crack surfaces.

2. Energy dissipation due to the formation of microcracking or yielding ahead of a

critical crack path.

3. Energy dissipation in the wake of a crack path.

The classical theory of fracture mechanics, Linear Elastic Fracture Mechanics

(LEFM) is based on the assumption that energy is dissipated as new crack surfaces are

formed. This approach can be applied appropriately to a material such as a metal. This
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theory relates the energy to the stress intensity factor Kr or the critical energy release rate

G1 C.

For some materials, the second type of energy dissipation is important. The Dugdale

Model can be applied (59). This model is categorized as the second approach and is based

on the concept of a uniform stress distributed along a suitable cohesive zone to represent

plastic yielding in ductile materials (61).

For concrete-like materials, while all of the above are important, the second and

third types of energy dissipation are substantially more important due to strain softening and

aggregate interlocking (ligament bridging). This leads to a model based on the second

approach, using a similar idea for cohesive force as in the Dugdale model. However, the

model development is different. Several models have been developed including the

Fictitious Crack Model (FCM)(62) and the Blunt Crack Band Model (63). However, these

two models have a common conceptual framework, that within a strain-softening region the

dissipation energy is forced to attain a non-zero value (64).

The LEFM and FCM are the two basic, well developed approaches that are

reviewed as the basis for this study. However, it is important to note that although the study

of fracture mechanics of concrete is advancing at present, no unique set of material

parameters are generally agreed to explain concrete fracture behavior. Similarly, no standard

testing method is available for this material.
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3.2 Linear Elastic Fracture Mechanics (LEFM)

The concept of LEFM is based on a high state of stress at the crack tip which leads

to a reduced loading capacity for the body. Some parameters such as fracture toughness and

critical stress intensity factor are assumed to be material properties.

Crack propagation and the material's ability to withstand a given load can be

explained based on the energy change during crack extension. Assume that a large

uncracked plate having a unit thickness is stretched (Figure 3.2(a)). Uniform stresses, CT,

occur along the line m-m. The superposing of this stress condition with a uniform

pressurized crack (Figure 3.2(b)) results in stress free surfaces from the canceledout

stresses between the two points, c and d. Therefore, the energy loss required to change the

uncracked plate (Figure 3.2(a)) to the cracked plate with crack length 2a (Figure 3.2(c)) can

be represented by the strain energy shown in Figure 3.2 (b). This strain energy is equal to

the work done by the applied pressure, a, on the surface of the crack.

(a) (b)

4,
V

6
(c)

FIGURE 3.2 Energy change between crack and uncracked plate
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2

favdA eq.3.l

where U = strain energy
a = the applied uniform pressure which is equal to the uniform stress in

Figure3.2 (a)
v= vertical opening of a crack length 2a

dA = area increment = l(dx)

The vertical displacement can be expressed as:

a
v

,u(1 + v) (sia
x2 ) eq.3.2

Substituting the expression for vertical displacement in equation 3.2 (65) yields

equation 3.3

1 r
= a 1(dx) eq 3.3

2 ,u(1+ v)

dx = crack propagation increment
= Poisson ratio
= shear modulus

Integrating equation 3.3 over the upper surface and multiply the result by 2 to

account for both surfaces yields:

a-Va2
1. dx

4u(1+ v)

a-2 1 X
[xl, la 2 x2 + a 2 sin-' Ip (1+ v) 2 a

1 a2 7t.

[ + a-
, 0- a2()]2 p (1+ v) 2

0'27r a 2
[2

,u (1+ v)] eq.3.4
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Substituting the modulus of elasticity, E= 24A (l+u) yields:
a-1

7c a-

E
When the crack propagates a short distance, x = da, strain energy is released, dU.

This strain energy should be at least equal to the energy required to break the atomic bonds

of the material, dw.

dU > dw

dU dw

da da

where dU/da = Strain energy release rate = G

dw/da = crack resistance = R

If R = critical strain energy release rate = Gc

The critical condition occurs when G = Gc, the crack begins to propagate and the

dU dw
stress reaches ac,

d a d as
= G . The critical strain energy is a property of the

material. In the case when the crack length is 2a,

dU
Gc

d (2a )

1 dU

Gc 2 da
2a .7c a

1 d( E
G,

2 da
2 TC a

G

In general, in the vicinity of crack tip as shown in Figure 3.3, the expression for the

stresses at any point are



K, 0 0 30
ax [

2n r] cos-2[1 sin-
2

sin-2 ]

K
1

0 e 30[27r] cos-2 [14- sin-2 sin, ]

K1 0 0 30i [27 r] sin-
2

cos-2 sin-2

where r,0 = polar coordinates

CYX, txy = stresses acting on the element

Y

e crack front

Figure 3.3 crack tip coordinates and stress system

= 6y zc a
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z
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K1, the stress intensity factor, defines the magnitude of the crack tip singularity. The

relationship between K1 and c (equation 3.5) leads to the expression for G in equation 3.6.

If Ki is sufficiently large, or reaches the critical value K1 = o-, 117r a , an unstable fracture

occurs and the crack propagates. Similar to the critical strain energy G, the critical stress

intensity factor, KID is also a material property and specimen size independent.

K
eq.3.6



or = GE

Therefore, a determination of crack propagation can be considered from a

comparison of G and Gc or from K1 compared to KID. This model was well developed for

homogenous materials under three well defined loading modes. These modes are: mode I

for opening, mode 11 for sliding, and, mode III for tearing as shown in Figure 3.4 (65).

Y

(a)

Y

(b)

(c)

Figure 3.4 Three modes of fracture in a material (65)

Y
A

However, concrete is not an elastic material and concrete fracture is preceded by

microcrackings instead of yielding as in a metal. Concrete behavior differs from the

homogenous material as explicitly shown in Figure 3.5 (66). The behavior of materials

under applied forces are generally divided into three regions: linear elastic, prepeak and

postpeak nonlinear regions which reflect strain hardening and strain softening behaviors,

40
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respectively. Strain softening is a characteristic of an increasing deformation with decreasing

stress capacity.

Tension force

A B
+.9

C

metal
A B So-called -Fracture point

concrete

note: A : elastic region
B : strain hardening region
C : strain softening region

metal

elongation

concrete

Figure 3.5 Behavior comparison between concrete and metal (66)

For concrete-like materials, microcracking, a large size process zone, substantial

slow crack growth prior to peak load, and aggregate bridging influence the non-linear

behavior of concrete. The strain softening region is significantly larger than that of strain

hardening due to these effects, especially from coalesced cracks and aggregate bridging.

This influences the process of decreasing stress carrying capability from tensile strength to

zero stress. Therefore, the post-peak behavior is necessarily involved in the failure

performance of concrete as well as the non-linear behavior of this material.
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To properly apply the widely used approach LEFM to concrete, an extremely large

size specimen is necessary to determine the correct fracture parameters (67) or some

modifications are needed (5,68). The consideration of slow crack growth and crack tip

nonlinearity effects are necessarily included in the modified LEFM as proposed in several

models (5,68,69,60).

3.3 Fictitious Crack Model (FCM)

In concrete, a well-defined crack does not exist. Concrete failure does not result

from a single crack formation, but rather from a complicated sequence of crack growth,

crack arresting behavior and gradual degradation of the material (71). The concept of

stress transfer ability in partially damaged zones leads to the development of the

cohesive crack approach. The Fictitious Crack Model (FCM), proposed by Hillerborg

and his coworkers to study the concrete crack development was the first developed

model (67,72).

In the FCM, material at the crack extension path is assumed to be in one of three

states, 1) elastic state, 2) fracture state or 3) state of no possible stress transfer (68). In the

fractured state, microcracks cause softening but stresses are possibly transferred, so a

fictitious crack is assumed. This fictitious cracked area or the Fracture Process Zone is

defined as the region where tensile stress in the material is decreasing from the maximum

value (f) to zero as the crack width reaches a defined critical separation distance. Stresses in

this zone are defined by a special function of crack opening displacement or a-w

relationship. The behavior of all points outside this zone is assumed as an elastic state, and
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the 6-6 relation is used to describe the stress state. The FCM does not consider the width of

the fracture zone. This model differs from the later developed model, the Blunt Crack Band

Model, in which the fixed width of a crack band is considered and the 6 -6 relation is

utilized for both pre- and post-peak performance (73).

The study of the structure of concrete can be conducted at three different levels:

meso level, micro level and macro level as shown in Table 3.1 (74). However, it is

important to note that for fracture studies, the fracture process zone is normally modeled at

the macroscopic level. At this level, material properties may be assumed stochastically

identical for all parts. Furthermore, single mode loadings, especially Mode I, are commonly

investigated. Some research has been conducted on the other modes. A consistent nonlinear

fracture mechanics has been developed for both mode I and mixed mode loadings of

concrete (66).

3.3.1 Principles and Assumptions

The concept of FCM is demonstrated through a tension test, which is assumed

stable deformation control (Figure 3.6)(75)

An assumed homogenous, prismatic specimen with two equal gauge lengths (lo),

identified as zone A and B, is subjected to tension loading to failure. A limited width of

fracture zone is assumed in the stress direction. Three diagrams in Figure 3.7 explain the

potential deformation behavior of the sample. The complete stress-elongation curve (Figure

3.5(7))is composed of three parts, A*, B* and C. As the specimen is loaded, the stress-
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elongation behaviors of zones A and B are similar and explained by the first part A until the

maximum load is reached (Figure 3.7 (b)).

10 oi

A

10+12 10+1,

I Ti
IN A

Fracture Zone

Figure 3.6 Principle of Fictitious Crack Model Concept applied to tension member

a

ft

elongation

a

ft

Strain (l A)

(a) complete stress elongation (b) )a-e for uncracked part (c)a-A for cracked part

Figure 3.7 Stress-elongation of cracked and uncracked portion
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When the fracture zone is formed somewhere in the specimen, assumed in zone A,

microcracks develop and the load begins to decrease. The elongation in fracture zone A is

affected by the developing crack width as shown by part C*. At the same time, the reduced

load decreases the stress in zone B. The reducing stresses follow an unloading branch show

by part B* in Figure 3.7(b). The deformation outside fracture zone A decreases as a result of

the decreasing load.

Strain softening behavior is dominant in the localized fracture zone A. The stress

decreases while the deformation is increased. The deformation behavior of this cracked

zone is shown by the difference between Figures 3.7 (a) and (b). This difference (Figure

3.7(c)) is key in FCM.

From Figure 3.6, after the specimen was subjected to the applied load and cracking

formed in zone A:

for the uncracked zone, B, the total length 1B = 10+11= 10 610

for the cracked zone, A, the total length lA = 10+12= 10 610+ w

Where: 11 and 12 = excess deformation of gauge lengths in zones B and A,
respectively

10 = the gauge length,
E = strain

w = additional deformation due to fracture zone.

Since the assumed width of the fracture zone is zero, the a-w relationship describes

the tied-crack performance and a gradual stress transfer reduction in the fracture zone A.

This stress state is demonstrated in Figure 3.8. In short, stress transfer in the fracture zone is

assumed to depend on the relative displacement of the fictitious crack face, a = f(w).



Tensile strength is assumed for the zero crack width, f(0)= ft and gradually decreased to

zero stress when the specified crack distance is reached. tiw) = 0.
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Figure 3.8 Stress state at cracking area by FCM
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If GF is defined as the absorbed energy required to completely separate a unit crack

area, then the total energy absorbed in this simplified fictitious crack is

A o-dw = A Gf

Where A = cross sectional area
w = crack width
we= w-value for a = 0,
Gt= area under a-w curve = a(w)dw
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To apply the Fictitious Crack Model, several assumptions are made. These are:

(72,75)

1. The fracture process zone develops initially when the maximum principal

stress reaches the tensile strength. The direction of the process zone is perpendicular to

the direction of the first principal stress.

2. The material in the process zone is partially damaged but still able to transfer

stress. The stress transferring capability depends solely on the stress-separation

relationship. The properties of the material outside the process zone are governed by

the stress-strain relationship.

3. The width of the initial crack opening is zero.

Using these assumptions, the size of the process zone, the bridging stress and

the applied load can be determined. These results allow the crack propagation to be

tracked .

3.3.2 Methodology

A superposition technique was employed to calculate the peak load, deflection,

and crack mouth opening displacement in this study. This technique is less time

consuming than an iteration technique in which the global stiffness matrices of the

structure are inverted in each calculation step (76).

The superposition technique incorporating a finite element method was

employed to calculate the basic solutions of stresses and crack mouth opening

displacements. The assumed strain softening of the fracture zone ahead of the real
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crack tip and the stress criterion were incorporated after this step. The calculation steps

are summarized in a flowchart in Figure 3.9.

In this section, the methodology is presented by examining a beam loaded at the

third points and the assumed linear softening (Figure 3.10 (a) and Figure 3.11 (a)).

To control crack propagation, the nodes beyond the precracked tip are released one

by one. Unit external and unit internal forces are applied at the loaded point and nodes along

the crack path in the fracture process zone and solved for the basic solutions. Based on

superposition, the first and second assumptions yield :

ft= aoao(0)+ a ,c1- ,(0)

w(x))
cr (x) = ft(1

wc
w(x) = aowo(x)+ a w i(x)

where f = tensile strength
x = measured distance from the fictitious crack tip (x-:)), based on a moving

coordinate system with the origin at the tip. x increases in the direction
opposite to the direction of crack propagation

cto,ai= load multiplication factor for unit external and unit internal loads,
respectively, applied at node i in the process zone

ao(0) = normal stress at crack tip due to a unit external load
cy;(0) = normal stress at crack tip due to a unit internal load at node i in the

process zone
w(x) = crack width at distance x

wc = critical crack width

A small element size and a linear displacement between elements are assumed in

manipulating these relationships. These provide satisfactory approximate results (77).

cti=t1a,

Therefore, a. = t'Lf,[1
w(x)

I
wc
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Where t' = thickness
L = element length

This system of equations is arranged in the following form and solved for unknowns

a0 to an

t

0 (x1) w1(xl) wn(x0
0(x2) w1(x2) w ( x2 )

o(xn) w i(xn) . . w (xn)
0 0(0) a1(0) c r ,,(0)

f f fr

+ wc = t'Lf

wc

wc

This approach is employed due to its simplicity and compatibility with the available

finite element program, ANSYS (91).

3.3.3 Strain Softening Diagram

The three key factors in FCM are fracture energy (Gf ), crack width, and, tensile

strength. However, it is generally agreed that the shape of the strain softening diagram

or a -c,) curve dramatically influences the predicted failure mechanism of the material.

The model accuracy is sensitive to the assumed shape of this relationship (66,75 ).

The cs-co relationship was first proposed by Hillerborg and coworkers as a

straight line (75). Several functional forms have been proposed subsequently, including

bilinear, trilinear or exponential functions (Figure 3.11) (66,77). These forms provide

better agreement with the test results than a simple straight line. A bilinear shape of the

a-co relationship was reported to provide sufficient accuracy and realistic load-

displacement curves for conventional concrete (78,79).
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2 beam size. b

Use optimization; find P
objective: f. f,--node min.

Calculate w,

Cal.basic sol.for a and A for each node
for 1.apply 1 unit ext.load

2.apply unit closing force
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1 st step
criteria: a=ft,
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solve for ao

Reapply P (or c10, solve fora and A
each node
get the first point of P-def. And P-cmod

2nd step
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w1 #0, vv-,=.. =wri_i =0

1. Use superposition

iAiia1=[B1
solve for ao, a1
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solve for a and A each node
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Figure 3.9 Flow chart for the calculation steps, using superposition technique and FCM
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(a) beam subjected to external load and internal closing forces (h) bilinear diagram

Figure 3.10 Fictitious Crack Model Concept applied to a three point bending
beam incoporating bilinear strain softening diagram

(a) Linear (b)Bilinear (c)Trilinear (d) Exponential

Figure 3.11 Proposed shapes of strain softening diagrams

To improve the prediction accuracy, several approaches have been proposed,

sometimes in combination with particular techniques. For example, Du ( 66) modified

the trilinear model, using an optimization procedure, accompanied by accurate

measurements of crack length and crack opening displacement using the Moire

Interferometry technique. This resulted in a good prediction compared to the experimental

data.
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Two approaches are used to obtain suitable strain softening diagrams, best fit

and trial and error approaches. For the best fit approach (68.-1.79), either load-deflection

or load-crack mouth opening displacement (cmod) from each test is used to determine the

diagram that best fits the experimental data. This approach provides the best fit strain

softening diagram for each individual case.

For trial and error, several sets of the necessary points to establish the strain

softening diagram are chosen and used as input to numerically analyze for the load-

deflection curve. Only the set that provides the best agreement to the average from the tests

was chosen as a suitable strain softening. diagram.

For LMC, film formation appears to significantly affect the behavior; particularly

ductility and post peak performance. Therefore, the proper strain softening diagram is

necessary to provide a realistic prediction. Since the linear and bilinear relationships have

provided satisfactory predictions for normal concrete, both were investigated in this

study.

The area under the load-deflection curve determines Gf (64), and the values of ft

and E were calculated from the best fit of the tension and flexural test results. The

critical crack width was determined from Gf and ft for the linear strain softening diagram.

For the bilinear case, the assumed st, wt, and the calculated value of w2 as defined in Figure

3.10 (b) were determined from ft and the equivalent Gf ' based on the trial and error

approach.
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3.4 Finite Element Model

The performance study of LMC is complicated due to diverse phenomena such as

shrinkage strain, thermal strain, as well as formation and propagation of the crack.

Therefore, a finite element (FE) method is used to model the crack formation and/or

propagation. In the application phase of this study, crack propagation in the overlay is

induced by the temperature gradient instead of the applied external load. However, the

concept is similar.

To use FE to investigate the cohesive crack propagation, the element size and

meshing are also of interest. Too coarse a mesh will result in a model that cannot accurately

simulate the cohesive force and crack propagation, and the numerical representation will be

irregular. Too fine a mesh requires too much computing time. To achieve a regular and

reproducible result, Carpinteri (92) suggested a nondimensional parameter, brittleness

number to determine a lower bound for the mesh size. This parameter is in the form of

SE=Gt/(mhft); where Gf is fracture energy, m is the number of nodes along the depth and f

is the tensile strength. The chosen mesh size in this study was based on this limitation and

available computing time.

3.5 Heat Flow Conditions

Since environmental factors influence bridge deck cracking, the temperature

distribution through the deck depth was first calculated using heat transfer models.

Three mechanisms; convection, radiation and conduction result in the flow of heat. The
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first two mechanisms affect the heat flow between the bridge and the surroundings

while conduction is responsible for the heat flow within the deck.

When the material properties are assumed to be temperature independent, the

transient heat conduction is linear and the basic equation for three dimensional heat flow is

(80):

k 02T 02T 02T 0 T
( , + + , )

p 0-x 0-y 0-7. 0 t (eq.3.7)

where k = conductivity of the medium =1.4w/m°C for concrete(46)
T = temperature
t = time
p = density of the medium = 2400 kg/m2 for concrete
c = specific heat = 960J/kg°C (46)
x,y,z = Cartesian coordinates

One dimensional heat flow in a vertical direction is sufficiently accurate for

bridge superstructures (38,47,81). Equation 3.7, simplified for one dimensional flow, is

shown in equation 3.8. The temperature distribution can be predicted using the finite

difference technique.

k 02T T

p c a x2 at eq.3.8

At a boundary such as the top or bottom surface of the deck, energy is normally

transferred between the surrounding air and the surface. The boundary condition associated

with the above equation is (80):

k(aT/ax) = q eq.3.9

where q = boundary heat input(lost)/unit area which is equal to the summation of heat
lost from the effects of solar radiation, convection and irradiation (the
effect of rainfall and evaporation are ignored)

= qs+ qc+ qr
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For the top surface, convection, radiation and irradiation are important, whereas the

last two factors are ignored for the bottom surface. The boundary equations are illustrated

as follows (36).

Top surface:
0 T

k( )= a I +12,(TA Tx=0) 60- sB(R: le) eq.3.10ex,

Bottom surface: k(
0 T

) = z, (TA Ti=v)
0 x,L,

eq.3.11

where a = absorptivity coefficient of top surface
h1= heat transfer coefficient including convective and radiative heat losses

h2 = heat transfer coefficient at bottom surface
cysB = Stefan-Boltzman's constant
Rs = bridge temperature on absolute scale

= air temperature on absolute scale
L' = total thickness of the medium

The boundary and initial conditions were used as input for the analysis. The initial

condition generally is chosen from the condition when the temperature gradient is a

minimum (38,47). Since there is no experimental data available, an assumed uniform

temperature at a value equal to the minimum air temperature will be used in this study.
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4.EXPERIMENTS AND RESULTS

A two stage study was conducted to fulfill the objectives of this research. The

first stage included material testing and model setup. The second stage was an

application of the proposed model to predict the environmental effects on the overlay

performance.

Little information was available in the literature on early age properties of

modified concrete. Some properties of LMC have never been studied, particularly

fracture energy and flexural curvature at initial cracking. However, to apply fracture

mechanics to failure behavior, it is necessary to know these parameters.

Laboratory testing generated strength and fracture parameters in addition to

providing some information on the development of LMC properties with time. The

results of load vs deflection from the second phase analysis were also compared to the

test data to verify the proposed a -w relationship. These parameters were used as input

to predict the outcome of crack propagation and crack mouth opening displacement

(cmod) in the application phase.

Since there are no standard tests available for early age concrete, especially for

modified concrete, conventional concrete test methods and specimen preparation

techniques were used whenever possible. Specimen sizes differed slightly from ASTM

standards or RILEM recommendations due to the characteristics of the material and

the limitations of the available equipment.
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4.1 Material and Test Setup

LMC mixes, similar to those used by the Oregon Department of Transportation

(31) were used in this study. Portland cement ASTM C-150 type I, siliceous sand and

gravel, and a styrene-butadiene polymeric emulsion were used for specimen

preparation. This latex type (approximate density 1018.5 kg/m3) contains a polymer

content of 47-49 percent of total emulsion. The mix proportions and material

properties are shown in Tables 4.1 and 4.2.

The three point bending test of beams 10.2 by 10.2 by 43.2 cm., loading

upwardly (Figures 4.1 and 4.2), was used to investigate flexure properties and fracture

energy. This size was selected to reduce the dead weight, to allow molds to be used for

both flexure and fracture energy tests and to compare the results with other work

(74,83). The test data were directly collected through the Validyne data acquisition

system: "Easy Sense version 2.01" (84).

The specimens were cast in two lifts, and the tension side was designated as the

top side to facilitate notch casting and crack width measurement during early ages. A

tamping rod and modified table vibrator were used as the means for compaction. The

slump test (ASTM C143 ) was performed to check the workabilityfor each mix. After

finishing, the specimens were covered with a plastic sheet and wet burlap for 24 hr.

before demolding. The demolded specimens were left for an additional 24 hr. before

being uncovered and placed in an ambient environment (approximately 17-21°C and

70±10 %RH) until tested, similar to the field curing method for LMC.
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Table 4.1. Mix proportions of latex modified concrete (31)

Material -1 Amount
Oighn3)

cement 391.5
sand 963.5
gravel 824.6
latex emulsion 122.1
water (w/c = 0.32) 63.8

Table 4.2. Mechanical properties of coarse and fine aggregates

sample 1 sa*Oe.

Sieve
Size

mass
retained

(gm) )

percent
retained

(%)

cum
percent
retained.

mass
retained

(gm)

percent
Jetained.

.

( %) --

cum
percent
retained

Fine
# 4 4.3 0.69 0.69 3.5 0.62 0.62
# 8 109.4 17.72 18.41 93.6 16.50 17.12
#16 86.1 13.95 32.36 81.2 14.32 31.44
#30 79.4 12.86 45.22 69.4 12.24 43.68
#50 221.0 35.80 81.02 192.3 33.90 77.58
#100 95.4 15.45 96.47 104.7 18.46 96.04
Pan 21.8 3.53 - 22.5 3.97 -
total 617.4 274.17 567.2 266.48

fineness
modulus

2.74 2.66

moisture
content

4.02% 4.44%

Coarse
1" 0.0 - - 0.0 - -

3/4" 0.0 - - 0.0 -
1/2" 515.0 46.31 46.31 575.0 40.69 40.69
3/8" 326.0 29.32 75.63 467.0 33.05 73.74
Pan 271.0 371.0
total 1112.0 1413.0

moisture
content

2.74 % 2.76%
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Temporary support P

(a) Schematic diagram of test setup

crack

Temporary support

Clipgauge holder

(b) detail of accessories to measure crack mouth opening

Figure 4.1 Test setup for fracture test

For the very early age LMC, the test was conducted with the specimen in a

special Plexiglas mold to prevent material disturbance from demolding or handling

(Figure 4.3). The mold design allowed longitudinal sliding in the laminated sides to

insure flexibility of the mold thus minimizing the mold effect during testing. The empty

molds were tested for flexure before and after each specimen was tested, to allow the

influence of the mold to be factored out (Figure 4.4). The early age test setup is shown

in Figure 4.5.
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Figure 4.2 Three point bending set up for flexure and fracture energy test

Figure 4 3 Special Plexiglas mold for flexure and fracture test at early age
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Figure 4.4 Test setup for Plexiglas mold calibration

Figure 4.5 LMC early age test setup
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4.1.1 Compressive Strength

Standard cylinders, 15.2 by 30.5 mm. were tested for compressive strength at

ages 0.5, 1,2, 3, 7 and 28 days. The loading rate recommended by ASTM C39-1991

(85) was used as a guideline. For very young ages (< 24 hrs.), the loading rate was

adjusted slightly to prevent sudden failure and to extend the test duration.

4.1.2 Tensile Strength

Although when properly conducted, the uniaxial tensile test provides results

that can be characterized as the true tensile strength for concrete (86), the

characteristics of concrete at early age limits the use of this test method. The low

tensile strength of the material becomes a problem because the specimen must carry its

own weight for the vertical test, unless some special arrangements are made or a

horizontal uniaxial tensile test is used as an alternative.

Therefore, a simple test, the Splitting Test was chosen for this study. The 15.2

by 30.5 cm. cylindrical specimens were tested according to ASTM C-496-91 (85) at

the same age as the flexure test. As with the compression test, the suggested ASTM

loading rate was used as a guideline and the range was adjusted slightly (from 15

MPalmin to 1.5 MPa/min) for very young concrete.

4.1.3 Modulus of Elasticity

The bending tests were conducted on unnotched beams at ages of 0.5, 1, 3, 7

and 28 days to determine a modulus of elasticity and fracture energy. A constant
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deflection rate was used to control the test. Cyclic loading using 10-20 cycleswas

conducted to prevent sudden failure and to achieve a stable failure mechanism for the

entire load-deflection curve. The peak load and midspan deflection were used to

calculate the modulus of elasticity.

The effect of shear deflection on the measured total deflection is recognized,

particularly for the large span to depth ratio used in this study. Therefore, Seewald's

equation for center point loading was used to correct the modulus calculated from the

maximum load and deflection (87)

4.1.4 Fracture Energy

Although a direct tension test has been recommended by many researchers to

determine an unambiguous value of fracture energy, the three point bending notched

beam, recommended by RILEM (64) was chosen for this investigation. The decision

was based on procedural simplicity, equipment availability, and the limitations of the

early age concrete.

A tapered aluminum plate 2 mm. thick was temporarily fixed at the top of the

mold to form the notch. This plate was removed as soon as possible to avoid premature

cracking. Notch depth/beam depth ratios of 0.2 and 0.4 were used. Clip gauge holders

were glued on the surface adjacent to the casting notch prior to the testing.
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4.1.4.1 Specimen Loading

4.1.4.1.1 Notched beam

To study the fracture behavior for concrete-like materials, postpeak behavior is

of particular interest as well as the influence of loading rate. In this study, crack mouth

opening displacement control or strain control were used to achieve a stable test and to

study the strain softening in the post peak region. This choice also avoided the potential

effect from localized crushing at the loading point as well as the potential for change in

internal microstructure from crack intensity near the crack tip.

A closed-loop, servo-controlled hydraulic testing machine (MTS) was used. A

clip gauge, MTS model 632.02B-20, measured the crack opening displacement and

sent feedback signals to control machine operations at two selected rates of 0.0003175

and 0.000127 cm/sec.

The loading rates have been reported to influence fracture energy; the higher

the loading rate, the larger the fracture energy (64,88). Kormeling's study showed that

although the loading rate increased by a factor of 2000, the corresponding fracture

energy increased only by 48 to 82 percent (89). For this study, therefore, loading rates

were chosen approximately equal to those used in Kormeling's study. The selected rate

allowed the maximum load to be reached in about 50-120 seconds. The test also

provided the complete pre- and post-peak load-displacement relationship in a short

time compared to the test age of the specimen.
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The effect of applying two loading rates in a single test is also of interest

although no reports have been found in literature. To investigate this effect, three point

bending tests were conducted on specimens of similar age from the same batch. The

results indicated that only a small difference (6.2%) occurred in measured fracture

energy. As a result, the testing program was conducted using the two selected rates.

Mid-span deflection was recorded through an LVDT (Linear Variable

Differential Transducer) referenced to the neutral axis to avoid any error from support-

localized crushing. This potential error would result in a difference in the calculated

area of the load-deflection curve (up to 7%). It may also cause a significant shifting in

reported mid span deflection (25-300%) (53). Before testing, beam dimensions and

span were carefully measured.

4.1.4.1.2 Unnotched beam

For unnotched beams, the cyclic load under deflection control was used to

prevent unstable failures. It was assumed that there was no significant difference

between the calculated Gf from static bending and the cyclic tests (90). An x-y recorder

was used to plot the load-midspan deflection in real time. This gave a visual means to

monitor and control the test. The area under a boundary of the load-deflection curve

was determined, using planimeter, and used to calculated Gf.
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4.1.4.2 Mold calibration

Since the very early age specimens were tested within the special flexible mold,

mold calibration was necessary to account for the mold effect. Each empty mold was

tested in three point bending, using displacement control at a rate of 0.00127 cm/sec. A

load cell, capacity 4450 N was used for load measurement. All tests were conducted to

reach the approximate midspan deflection of 0.5 cm, which exceeded the midspan

deflection at failure for all LMC specimens. Regression of the test results resulted in the

load-midspan deflection relationship for each mold. A typical calibration curve and

regressions are shown in Figure 4.6 and Table 4.3 . These relationships were used to

adjust measured load-deflection relationships for the effect of the mold.
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Table 4.3 Load-Deflection relationship for early-age test molds

Mold
identification Load deflection relationship R2

A load=0.3821def+135.4258def-243.2280def3 0.9236
B load=6.4273def+86.2309def-114.6107def8 0.9339
C load=23.42667def+57.4380def-108.8960def' 0.9499
D load=-6.5712def+155.3728def2-252.4630def3 0.9202

The test results indicated an insignificant effect of the mold. Under the ultimate

midspan deflection for all test specimens (0.2-0.4 cm.), the load resistant effect from

the mold was less than 13 N.

4.1.5 Shrinkage

Since there is no standard test available for early age concrete-like materials,

shrinkage strain measurements in this study were conducted, using an embedded

waterproof electronic strain gauge, KM200A: KE4881-884. This 20 cm.-long-

embedded waterproof strain gauge is manufactured with a relatively low elastic

modulus of about 39.2 MPa, and provides a suitable means for measuring strain in

young concrete.

Shrinkage specimens were cast in wooden molds, 15.2 by 15.2 by 50.8 cm.,

covered with waxpaper on each side and the base to prevent the LMC from sticking to

the mold and also to prevent water loss from absorption. The mold sides could be

removed after the sample was sufficiently stiff to maintain the original shape. This

minimizes specimen restraint. Before casting, the strain gauge and thermocouple were
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carefully installed in the middle of the mold (Figure 4.7).An embedded thermocouple at

the middle of the specimen recorded the temperature.

After finishing the surface, the specimens were kept in a controlled-temperature

chamber, throughout the test period of 7 to14 days (Figure 4.8). An Environmental

Control System (ECS), Despatch Industries 16000 Series, has the capability to control

both temperature and humidity. The analog sensor input is converted to a digital signal

in this microprocessor-based system, and performed the internal calculation with real

temperature values. This provides a precision control system throughout the studied

temperature range.

Two temperatures (12.7±1.6 and 29.4±1.6°C) and one relative humidity

(50±4%RH ) were used. The higher temperature (29.4±1.6°C) is a temperature

specified by many agencies as the maximum temperature during which an overlay can

be placed. The lower temperature enabled the difference in shrinkage strain of the

specimens to be explicitly observed for both test conditions.
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Figure 4.7 Wood mold for shrinkage testing

Figure 4.8 Shrinkage test specimens in controlled environmental chamber
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4.2 Test Results and Discussions

The properties of LMC include the general strength and fracture properties

from bending beam tests and shrinkage test are reported in this section.

4.2.1 General Strength Properties

The development of compressive strength, modulus of elasticity, tensile

strength and flexural strength with time are shown in Figure 4.9. Regression analysis

yielded the equations shown in Table 4.4.

The development of modulus of elasticity, E is much more rapid than that of

compressive strength, fe at early ages. Between the ages of 7 and 12 hours, the ratio of

fc to ft decreases from 12.3 to 6.8 in the first 12 hours, and then increases again. This

trend (Figure 4.10) is similar to normal concrete (83), and shows that a minimum ratio

was reached at about 12 hours. This time period was greater than the initial setting time

but close to the final setting time as reported by Ohama (4).

The calculated flexural strength versus time based on the uncracked section and

the peak load for both notched and unnotched beams are plotted in Figure 4.11. It is

recognized that the computed stress at the critical section of the notched beam cannot

be accurately evaluated by conventional methods due to the effect of induced flexural

stress, shear stress and the notch effect itself. However, these curves show the same

trend of increasing strength with time.

The correction for shear deflection effect increases E by about 15 percent The

regression analyses provided the satisfactorily predicted value at any age (R2=0.979).
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The difference between the estimate and the actual values are only noticeble for ages up

to 8 hours.

35

30

25

20
.4"
8015

10

20000

18000

+ 16000

14000

12000

10000

8000

6000

4000

-11--e- 2000

0 100 200 300 400 500

Time, hr.

Figure 4.9 Strength and modulus development of LMC

Table 4.4 Regression equations for LMC mechanical properties

Mechanical
Properties of
LMC

Regression Equations R2

Modulus of E= 43319 + 338451n(hr) 66901n(hr)2 + 466 ln(hr)3 0.9890
Elasticity, E
MPa

flexural
strength, ff KPa

ff= 9450 + 70011n(hr) 13611n(hr) 2 + 971n(hr)3 0.9345

compressive e (-18.958+7.919 In(hr)-1.4041n(irr)2.-0.0851n(hr)3) 0.9850
strength, ff MPa fc (-18.958+7.919 In(hr)-1.44t3a(hr)2-0.08.51n(hr)3)

1+e
Tensile e (-27.626+19.1631n(hr)-5.3641n(kr)2+0.672 In(hr)3-0.0311n(hr)s ) 0.9812
strength, f, KPa A (-27 626+19.1631n(hr)-5.3641n(hr)2+0.672 In(hr)3-0.0311n(hr)4 )

1+e
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4.2.2 Fracture Properties

Notch sensitivity, defined by the ratio of flexural strength for notched specimens

to the flexural strength for unnotched specimens, is likely to increase at ages up to 3

days, then decrease for all notch depth ratios (Figure 4.12). The notch depth ratios did

not show any explicit relationship with LMC notch sensitivity (Figure 4.13) . The plot

of midspan deflection at peak load over time (Figure 4.14) indicated the changing

deformability with age of LMC. This pattern differed slightly from normal concrete in

which the deformability after 12 hours, appeared unaffected by age (83). With early age

LMC the deformability decreased and reached a minimum at about 24 hours (a/d=0.2),

then increased again with time and continued to change for 28 days. Variation in test

results for early age specimens may be due to material sensitivity to the test

methodology as well as the limited number of test specimens.

A typical load vs cmod and midspan deflection plot (Figure 4.15) shows stable

crack growth and three types of LMC behavior. The curve exhibited linearity up to a

certain point (A), followed by nonlinear performance to peak load. The point A defines

the "elastic limit" according to ACI 544.1R-82 (28). Increasing load produced

increasing deformation which indicated some strain hardening effect. Beyond the peak

load, increasing deformation with decreasing load indicated post-peak softening in the

same manner as for conventional concrete (41). No information has been found to

uniquely identify the transition point from linear to nonlinear behavior. In this study, the

" elastic limit" was chosen in the following manner.
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A third degree polynomial regression was fit to the data up to 95% of the

maximum load in the post peak region. The fitted curve provided R-square values not

less than 0.99. Another regression line was used to fit the linear part of the curve.

Zaitzev's study (62) showed that conventional concrete was linear up to 65% of peak

load. However, from the trial regressions in this study, linearity was found up to as high

as 90% of the peak load, predominantly 85% of peak load (R2=0.98-0.99). Therefore,

the linear regression line up to 85% of peak load is chosen as a reference line (Figure

4.16). The elastic point chosen for this study is justified when the difference in load

between the two regression lines at the same deformation is equal to or slightly greater

than 5 percent of the peak load. From this criteria, the load associated with the elastic

limit, Pe, and the ratio of Pe/Pmax are determined.
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Figure 4.16 Determination of the elastic limit, Pe
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From the calculated ratio Pe/Pmax., using the 5 percent criteria, there is no

significant evidence of change in this parameter with time (p =0.5355) (Figure 4.17).

However, when considering the notch depth ratio effect, there is a statistically

significant difference between the mean values of Pe/Pmax (p =0.0005) (Figure 4.18).

The ratio of Pe/Pmax is higher than for conventional concrete (0.893 and 0.936

compared to 0.3 and 0.82 for notch depth ratios of 0.2 and 0.4, respectively) (53).

These results agree with the general concept of modified pore structure due to the latex

film formation, which is believed to have a pronounced effect especially at the interface

zone. Reduced or bridged microcracks in this zone affect the transition from linear to

nonlinear response.
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From the test results, all specimens showed a bilinear relationship between the

mid span deflection and cmod, similar to normal concrete (53). The slope S1 in the first

portion of the curve reflects the non-systematic variation when taking age and notch

depth effects into consideration.

However, the performance of the beam after cracking indicates the strong

relationship between midspan deflection and cmod as shown in the typical curve

(Figure 4.19). From the statistical analysis, there is no evidence of the relationship

between the slope, S2, and time (p = 0.5155). Furthermore, there is no significant

difference between means values from different notch depth ratios (p = 0.0595)(Figure

4.20). Therefore, this parameter is assumed to be constant. This assumption agreed
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with conventional concrete study in which this parameter has been proposed as a

material constant (53).

The load-deflection curve of an unnotched beam (curve c, Figure 4.21) is

slightly different from that for a notched beam. Although the cyclic load was manually

applied after the peak load was reached to restrain the suddenly increasing fracture

energy, all unnotched beams showed a trend of decreasing both load and displacement.

The fracture energy (Gf), determined from the area under the load-midspan

deflection curve (64), varied from 2.3 to 133.1 N/m, depending on age and, to some

degree, on notch depth ratio. From statistical analyses, there is strong evidence of a

linear relationship of fracture energy and time for both notch depth ratios, 0.2 and 0.4

(p = 0.0000 and 0.0000, respectively) as shown in Figure 4.22.

From Figure 4.23 (a) and (b), the comparison of load-deflection and load-cmod

curves at different ages (=-0.8-29.8 MPa) show a similar trend. The fracture energy

and strength increases with age and the higher strength, higher fracture energy results

in larger peak load, however, the softening branch in the post peak region shows

similar ductile responses. This slightly differs from normal concrete in which the higher

strength concrete generally exhibits a more brittle response (64). However, the effect of

notch depth is noticeable. The shorter notch depth is likely to be more brittle (Figure

4.24 (a) and (b)).

The calculated value of Of from the deflection is very close to the value from

cmod. Dead weight is likely to have a strong effect on calculated fracture energy,

particularly at early ages (Figure 4.25). At ages up to 24 hours, the dead weight effect



varies from 35-350%. This effect decreases with time. After 24 hours, the effect of

dead weight is in the range of 15-20%.

The relationship between fracture energy and time is fitted in the form:

G1 = 0.2041 + 0.0799 MO )+ 0.0686 In( t )2 + 0.1083(fLic4) (R2 =.891)

Where t = time, hours

aid = notch depth ratio
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A limited number of later age beams (3, 7 and, 28 days) with smaller notch

depth ratio (a/d=0.10) were also tested to compare the pre- and post-peak

performance. From the plots of fracture energy versus notch depth at different ages

(between 3 and 28 days in Figure 4.26), Gf tends to decrease with increasing notch

depth ratio, from 0 to 0.1. The ratios greater than 0.10 appear to have a small influence

on fracture energy. This differs from normal concrete where the notch depth ratio in

this range strongly affects the fracture energy (71).

The test results from a limited number of cut notched specimens showed a

trend of slightly increased fracture energy, compared to the typical cast notched

specimens. This may indicate better simulation of real cracks in which the aggregate

arrangement was not disturbed by notch casting. However, for early age testing,

cutting notches is not practical.

The typical load vs midspan deflection of an unnotched beam is shown in Figure

4.27. The fracture energy is clearly higher than for the notched beam regardless of the

notch depth ratio (Figure 4.22). This is due to the larger amounts of microcracks

produced before the fracture process zone was fully developed. The ratios of Gf for

unnotched beam to those for notched beam varied from 3.2 to 1.2, but the pattern

influence from age was not shown in this study. The same trend was also observed for

the relationship between Gf and compressive strength (Figure 4.28).

Characteristic length (1.h), which indicates material brittleness, was another

parameter of interest. Larger values suggest less brittle material behavior than for

smaller values. This parameter, defined by fracture energy, modulus of elasticity and
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tensile strength, ranged between 160-2400 mm depending on the specimen age. The

value of lch may be used to estimate the size of FPZ, which is in the range of 0.3-0.5 lch

for concrete like material.

LMC showed larger values of leh; about 3-8 times larger compared to

conventional early age concrete at ages up to 1 day (83). However, this parameter

dramatically decreased with time and reached the range for conventional concrete (200-

400 mm.) at about 28 days (Figure 4.29). This trend was similar for both notched and

unnotched beams. No significant difference in lch between two notched depth ratios was

observed. However, the value of lch for unnotched beams was consistently higher than

that for notched beams.

From the test observations, critical crack formations in notched beams were

always confined to the area of notch, extending from the notch tip. However, in the

unnotched specimens, the location of the critical crack could not be predicted (Figure

4.30 (a) and (b)). The assumption of coalesced cracks forming a single major crack

may not always occur. In some unnotched tests, the adjacent cracks may curve, thus

avoiding each other as is sometimes reported in normal concrete (41).

In addition, the failure surfaces indicated different failure mechanism for LMC,

depending on age. Young LMC specimens up to 24 hours always failed at the

aggregate-paste interface, while both bond failure and broken aggregates were found at

later ages (Figure 4.31 (a), (b)). For the aged LMC (49 days), the excellent bond

between matrices and aggregates was shown by a majority of broken aggregates

(Figure 4.31 (c)).
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(a) notched beam

(b) unnotched beam

Figure 4.30 Difference crack pattern of test specimen
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(a) bond failure, 24 hr

(b) bond failure and broken aggregates, 2 days

Figure 4.31 Difference failure mechanism at different ages
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Figure 4.31 (continued) Difference failure mechanism at different ages
(c) broken aggregates, 49 days

4.2.3 Shrinkage Properties

The development of LMC shrinkage under two controlled conditions is shown

in Figure 4.32. For both 12.7 and 29.4 °C 50%RH conditions, the specimens exhibited

swelling during the first 5-6 hrs. followed by an increased shrinkage strain similar to

normal concrete (58).

Shrinkage begins as soon as the water surface layer evaporates, about 4-6 hrs

after placing. This time period closely approximates the setting time. Secondary

shrinkage begins at about 12-16 hrs., just after the final setting time. The shrinkage rate

at this stage is much smaller than for the first stage.
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The controlled conditions are likely to have a pronounced effect on the

performance and magnitude of shrinkage strain. During the first trial experiment under

low temperature and humidity (12.7 °C, 50% RH), two specimens exhibited several

severe cracks during the first 4 hours (Figure 4.33). Therefore, the modified 12.7 °C,

100% RH for two days and 50%RH for 5 days were utilized to avoid specimen

cracking.

The severe cracking under low temperature/humidity conditions suggests that

early age cracking is possible with delayed curing during cool night construction

conditions. This may occur when LMC strength is not sufficiently developed to resist

the tensile stress.

For both conditions, three cycles of temperature change (12.7 to 29.4 °C) were

employed following 7 days of constant temperature/humidity. The shrinkage correlated

to the temperature change as shown in Figures 4.34 and 4.35. Under the controlled

condition of 50% RH, the capillary or pore water may evaporate. Therefore, this

complicated phenomenon is possibly explained in terms of water loss (18).

In normal concrete, the difference between the temperature of the concrete and

the surroundings affects the loss of water. The higher the temperature difference, the

higher the water loss (Figure 4.36). The higher water loss also relates to the higher

shrinkage (Figure 4.37). Under temperature fluctuation conditions, LMC behaviors

may relate to water loss in a similar way.

When the air temperature rose from 12.7 °C to 29.4 °C in 1 hour (point A to

B), the specimens took a longer time to adjust the interior temperature to the outside
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air temperature (point C). A short time after point A, the air temperature was higher

than the LMC temperature and the difference continued to increase. This resulted in

continuing shrinkage at a decreasing rate until the minimum was reached when the

temperature difference was a maximum (point B). After this point, even though the air

temperature was held constant, the LMC temperatures were continuously increased at

a lower rate. This reduced the temperature difference between the air and LMC.

Therefore, shrinkage was increased.

At point C, when both temperatures were equal, shrinkage strain was close to

the value before the temperature fluctuated. After passing point C, LMC shrinkage

continued to increase due to an increasing temperature difference between theLMC

and air. When the air temperature began to drop again for the last part of the first cycle

(point D), LMC temperatures also began to drop at the lower rate. The simutaneously

increasing differences until point E was reached (maximum temperature difference

between LMC and the air), resulted in higher water loss and higher shrinkage. After

point E, the air temperature became constant, the temperature differences began to

reduce and reduced shrinkage was a consequence. When the air temperature began to

increase at point F, the LMC began to behave in the same manner for the second and

third cycles.

The test results of the 10 day study indicated that the majority of strain

occurred during the first 48 hrs. Particularly, there was a dramatic increase in shrinkage

strain during the first 5-15 hours.. The maximum values range between 0.0003 and

0.0005 for low and high temperature conditions. The earlier stiffening concrete (high
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temperature condition) shows greater early shrinkage as in normal concrete (70). The

lower strain was clearly shown with a lower temperature condition.
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Figure 4.33 Severe cracking under low temperature/humidity condition
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4.3 Summary

1. According to the test results, the critical time when early age cracking in LMC

is of particular concern, may be based on two criteria. The first criterion involves the

period when LMC has low tensile strength, and consequently high fc/ft. The second

criterion involves the period when the material has low deformability. From these criteria,

the particular duration of interest may range from slightly less than 12 hours to slightly

greater than 24 hours.
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2. The addition of latex modified the microstructure and affected several material

properties including strength, deformability, and fracture behaviors. The contribution of

latex film in bridging microcracks and improving bond strength in the interface zone

probably affected stress transferring capacity, adding to the effects of strength and

stiffness of aggregates, mortar matrix and the bond capacity between matrix and aggregate

in normal concrete.

High Pe/Pmax ratios and ductility improvement were observed. Although the

post-peak behavior showed a similar trend to that of normal concrete, the film formation

possibly altered the continued microdamage mechanism. The increasing toughness and

ductility improvement, either at peak load or at failure load indicated the higher consumed

energy. Greater ratios of midspan deflection at failure to midspan deflection at peak load,

compared to normal concrete (10-33 compared to 5-6) (53) was observed.

3. LMC's development of fracture energy (Gf) with time continued for 28 days. Gf

values for unnotched beams were higher than for notched beam. However, the effect of

notch depth ratio on fracture energy is less, compared to normal concrete, where Gf

decreased as notch depth ratio increased (53,60). Generally lower values of the notch

depth ratio provides a higher probability of available coarse aggregate in the cross section.

At the macro level of concrete, coarse aggregates act as inclusion or crack arrestor. The

increased length of a possible crack path results in a higher resistance for crack

propagation and the higher Gf.

However in the LMC case, both pore structure in the matrix and interface zone are

improved from film formation. This may provide a more pronounced effect than the
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inclusion effect from aggregate as shown in normal concrete. In short, the effect of notch

depth ratio is not clearly shown as in conventional concrete.

4. The effect of the latex film is particularly noticeable for large deformation. The

modulus of elasticity in tension is about 1/2 the modulus of elasticity in compression which

differs from normal concrete (10). When considering the single fracture parameter

(I ch-----EGt/ft2), the modulus of elasticity should be derived from either a tension, or flexure

test. The higher of these values indicates the more ductile behavior. In this sense, the

brittleness of LMC increased with time as well as with compressive strength, as for

conventional concrete. However, the decreasing with time of la (reached values in the

same range as for conventional concrete at about 28 days) did not imply the same

brittleness for the two materials. The deformability of LMC was clearly higher than normal

concrete, due to the effect of film formation. Therefore, it should be noted that this

parameter may not be accurately used for comparing the two different materials.

5. LMC shrinkage strain at 10 days ranges between 0.0003 and 0.0005, depending

on the test conditions. Environmental conditions strongly affect both shrinkage magnitude

and performance. Severe cracking may be qualitatively explained in terms of resulting

tensile stress from capillary loss during the time that LMC is insufficiently developed

stress.
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5. ANALYSIS AND MODELLING

The LMC properties from the first stage of the study were used in the

application phase which is detailed in this chapter. First verification of the modelling

/technique and the selected strain softening diagram were completed. The model was

then used to predict material and environmental impacts on early-age LMC.

5.1 Approaches Verification

Two approaches, a superposition technique and a finite difference method

solution were first verified with the available information from the literature to

determine the feasibility and accuracy of the predicted model.

Superposition. The load-deflection curve for a three-point bending notched beam from

Wittman's study (79), based on an assumed linear strain softening diagram was

simulated using the superposition approach. The beam size and material properties are

shown in the Figure 5.1 (a).

Crack propagation was traced by releasing one supported node along the crack

path at a time. During this step, a finite element program, ANSYS version 5.0A (91),

was employed to calculate stresses and displacements. The results were automatically

combined to solve for the equivalent external force, the closing forces, the final stresses

and the displacements for each step.

Due to the symmetrical beam and loading conditions, only half of the beam was

analyzed. The mesh was composed of quadrilateral elements which were gradually finer
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near the crack path. The elements were collapsed to form triangular elements at the

transition zone (Figure 5.1 (b)).

To determine the load required to propagate the existing crack, a vertical unit

load was first externally applied at the middle span (Figure 5.1 (b) node 25). The

existing crack was assumed to have zero width. Based on the criteria of stress is equal

to tensile strength at the notch tip (node 13), the load multiplication factor (ao), as

defined in section 3.3.2, was calculated. The result was verified by an optimization

approach, setting the tensile strength at the prenotched tip as an objective criteria and

varying the applied load, P (shown in Figure 5.1), to minimize the difference between

the calculated stress and tensile strength. The comparison yielded a satisfactory result,

with a difference of about 1.1 %.

To calculate the next required load step to propagate the crack for a distance of

one-element length, the first support at the crack tip (node 13) was released. A unit

external load and a unit internal closing force were applied at midspan and at the first

released node (node 25 and node 13), respectively. Stress at the next node (node 14)

and displacement at the first released node (node 13) were calculated and input as

defined variables (section 3.3.2).

ao(0) : stress at node 14 due to the unit external load

ai(0) : stress at node 14 due to the unit internal load

wo(1): displacement at node 13 due to the unit external load

wi(1): displacement at node 13 due to the unit internal load
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Figure 5.1 Superposition model verification

The calculated load multiplication factors cco and al were equivalent to the

external load P and the equivalent cohesive force at nodes 25 and 13, respectively. The

program was rerun to obtain stresses and displacements from these applied loads. Load

and displacements in the x- and y- directions were plotted as the second point in the

load-crack opening displacement and load-deflection relationships.

The same procedure was used to calculate the values for other steps, by

releasing supports along the assumed crack path one node at a time (the calculation

steps are shown by a flow chart in Figure 3.9). A sufficient length ahead of the crack

tip, the ligament length, is necessary for an accurate structural analysis. This limits the
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analysis of advanced crack nodes through the cross section depth to obtain the final

collapse. A critical ligament length of about 10% of the beam depth (as suggested by

Carpinteri (92)) was used as the length before the collapse of the structure. Therefore,

the supports along the crack path were released to node 23. Only the fictitious

compressive closing forces affect the stress transfer ability in the fracture process zone,

therefore the assumed closing stress must be non-negative. Zero or negative load

multiplication factors were ignored in the next calculation step (77 )

The effect of large deflections was also checked. The total load was broken into

smaller steps and the program was rerun, using a large deflection analysis option. The

results indicated an insignificant difference, compared to the result from a small

deflection theory analysis (0.1% ).

The result for load vs midspan deflection agreed well with the curve shown in

Wittmann 's study (79). A slightly higher peak load using superposition (2.3%) was

observed as shown in Figure 5.2.

Finite Difference The available information on temperature, wind speed and solar

radiation from Thepchatri's study ( 44) was analyzed based on a one dimensional heat

flow equation using the finite difference technique. Figure 5.3 (a) shows a satisfactory

agreement between the predicted temperatures at the top and bottom surfaces and the

field measurements. The calculated temperature distribution through the 432 mm thick

slab is plotted in Figure 5.3 (b).

Thepchatri mentioned the dependency of the error on the chosen interval size

(44). The proper dimension for the spatial increment is necessary to provide a positive



104

result for the coefficient and avoid oscillation. To minimize the solution error, the space

interval, Ax, was chosen under the limit of Ax 42KAt; where K=diffusivity, At=time

increment.
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Figure 5.2 The comparison of load-deflection curves between Wittman's data (79)
and predictions using the superposition method (Maximum load: 2473 N
vs 2530 N)
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5.2 The Chosen Strain Softening Diagram

The shape of the strain softening diagram is another factor that affects the accuracy

of the model. Both linear and bilinear relationships were first verified before application. The

load-displacement curve from the numerical analyses were compared to experimental results

at different ages to determine the most suitable parameter set.

In this study, although the linear strain softening diagram provides a satisfactory

prediction in the prepeak region; a higher peak load and inaccurate post peak

performance were observed for all ages ( Figure 5.4). The bilinear relationship which

depends on ft, w1,s1 and w2 (as defined in Figure 3.10 (b)) provided better results. The

parameters wl and s1 were determined on a trial and error basis.

For conventional concrete, only one set of wi,si and w2 values among several

trial sets provided a predicted load-deflection curve which agreed well with the test

results ( 92). The reported strain softening diagrams for normal concrete were used as

a guideline for LMC. Numerical analyses indicated the sensitivity of the load-deflection

curve to changes in these parameters (Figure 5.5 (a)). Since age affects LMC property

development, the analyses of several sets of parameters for LMC were conducted at

various ages. The comparisons between the predicted load-deflection curve and those

from the test results at 9.4 hr, 1 day and 28 days are shown in Figure 5.5 (b), (c) and

(d).

From the selected value s1 ft/6, w1 and w2 were determined from the equivalent

Gf and the critical crack width, we . The values of w1 appear to depend on LMC age
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with wt slightly decreasing from 0.375w, (9.4 hr.) to 0.333w, (13.5 to 24 hr.) and

finally reaching 0.250w, (28 days).

It is important to note that while the values of f and E from regression provide

szood results for later age (1 to 28 days), the predicted results are lower for very early

age. Therefore, a modified ft is necessary. The modified f (0.65 ft. for 9.4 hr. and 0.3fffor

13.7 hr.) is based on the flexural stress which provided a better fit of load-deflections

compared to the test results. The flexure test possibly captured a more realistic

deformability behavior than the splitting test, especially when rapid changes were

occurring during early ages, before 24 hr.

In addition, different test procedures and test environments may affect property

development. For the early age splitting test, specimens were kept in steel molds andwet

cure conditions applied until testing time. This differs from the flexure and fracture test that

were both similar in test setup. Even though the specimens were covered with wet burlap

during curing, the specimens were unavoidably exposed during the test set up and the

lengthy test, about 15-30min. This may result in different curing conditions, and therefore

affect the property development at early ages. These factors may be significant and result

in erroneous predictions if the splitting tensile strength was used.

In this study, the bilinear strain softening relationships with the knee point:

w1=0.375w, and st= f/6 was chosen to analyze the early age performance, less than 12

hr., w1=0.333w, and St= ft/6 for ages between 12 to 48 hr. and w1=0.250w, and s1=

ft/6 for ages longer than 48 hr. Load-deflection curves show reasonable agreement
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between the predicted and the actual test results as shown by the dotted and solid lines

in Figure 5.6.
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Figure 5.6 Comparison of load-deflection curves between tests and the predicted
results from the chosen strain softening diagram

5.3 Environmental Effect

5.3.1 Case Study

Oregon weather reports were chosen to evaluate environmental effects.

Normally temperature and solar radiation vary with location and local conditions. The

variation for four different places is shown in Figures 5.7, 5.8 (a) and (b). In Figure 5.7,

the effects of cloud cover and high humidity that often occur west of the Cascades might be
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a key to the difference in the Portland and Eugene patterns, compared those for Bums and

Bend, which are located in the semi-desert area east of the Cascades.

For this study a 10 year weather data set from the Willamette Valley was used.

Severe conditions, under a combination of high temperature, high solar radiation and

low wind speed, produces the largest temperature gradient in the bridge. Therefore, the

maximum, minimum and average temperatures were first analyzed to select the most severe

month. Subsequently, the daily weather data for that particular month of the chosen year

(which was assumed to represent an average environmental condition) were studied, in

conjunction with the three factors. As a result of this step, a set of data that showed the

potential for the largest temperature gradient was used to analyze the temperature and stress

distribution in the bridge deck. The results of the analysis demonstrate the most severe

environmental effects on bridge decks.

The environmental conditions for the chosen location show that the ranges in

temperature and wind velocity in the most severe month of the study period fall in thesame

range. Temperature differences range from 20.5 to 24.4° C and wind velocity ranges from

0.54 to 4.20 m/s. These ranges indicate a strong possibility that wide temperature gradients

develop in bridge deck overlays which are normally placed during the summer or fall (38 ).

This supports the hypothesis of the study that the thermal effect is a significant factor for

cracking performance of early age LMC bridge deck overlay (Eugene weather station: 1985

-1993).

The changes in temperature with time for three consecutive days with the same

repeated diurnal climatological cycle were analyzed. This selected period governed the time
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of maximum and minimum temperature, and the critical time when the curingconcrete had

not yet fully developed its strength. The calculated temperature gradient was used as

temperature input data for the stress analysis. The maximum temperature gradient was also

compared to the temperature differential that would initiate cracks or exacerbate the

existing cracks.

5.3.2 Unit Temperature Differential

Imposed temperature differentials were used to relate crack propagation in

bridge decks to changes in the environment. A unit negative temperature differential,

incorporated with the equivalent nodal forces, was applied to trace the crack growth

from temperature influence. A 305 mm thick deck having a uniform initial temperature

equal to the surrounding temperature, was subjected to a unit negative temperature at the

top and bottom slab. Due to the low thermal conductivity of concrete like material, the

nonlinear temperature distribution was normally reported. A parabolic temperature

distribution across the deck was predicted in this study (Figure 5.9). The detailed

derivation can be found elsewhere (82)
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5.3.3 Temperature Distribution

To demonstrate the environmental effect, the actual temperature variation for a

72 hour period from the weather report (18-21 July 1985) was analyzed. The selection was

based on the highest measured solar radiation, although the maximum range of air

temperature occurred in August. This variation incorporates the predicted variation of

solar radiation with time (Figure 5.10, 5.11 (a) and (b)), and the average wind speed

were used to analyze temperature distribution. These data were assumed as a typical

severe Willamette Valley environment during summer.

The temperature distribution analysis was conducted for each time increment of 1

hour for the first 24 hr., and then, at the critical times of minimum and maximum air

temperature. The effects of solar radiation and air temperature on the top and bottom

surfaces and the variation of temperature distribution through the deck depth with time

are shown in Figure 5.10, and Figure 5.12 (a). From Figure 5.12 (a), thermal

equilibrium was assumed on the first day at 8:00 am and the analyses were conducted

for the following three consecutive days. The results indicated that the maximum

negative temperature differential probably occurred during the second and third nights.

These conditions would result in tensile stresses of 1.49-1.73 MPa on the top surface

of the slab, which exceedes the tensile strength at 24 hr age (0.97 MPa).

Moreover, since the temperature distribution in bridge decks is affected by

wind, a comparable study was also conducted on the effect of wind speed. The analyses

of the light wind case (1.3 m/s) showed a small effect on the negative temperature

distribution. The distributions from the two conditions, light and normal wind, in this
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study (3.6-4.5 m/s) at two critical times, are compared using the dotted and solid lines

in Figure 5.12 (b).

The results of crack propagation analyses at various ages is detailed in the next

section, combined with the environmental information, may provide a guideline for the

magnitude of the temperature differential which may initiate cracking or exacerbate

existing cracking.
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5.3.4 Temperature Differential Effect

A three span slab-girder bridge with a 225-250 mm thickness substrate and 51-

76 mm thickness LMC overlay, spanning 7620 mm and 2540 mm in width, was used to

demonstrate environmental effects at ages of 12, 24 , 36 and 48 hours. The model and

material properties are shown in Figure 5.13(a).

By applying a negative unit temperature to the model, temperature differential

and closing force can be calculated. This permits crack propagation to be monitored.

The early age cracking behaviors of the overlay with a typical thickness of 51 mm were

studied at four different ages (12, 24, 36 and 48 hours). Figure 5.14 shows the

comparison of the overlay behavior due to the temperature differential effect for two

conditions, cracked and uncracked surface.

The analyses indicated that age had a strong effect on temperature differential

required for crack initiation/propagation, especially during the first 24 hours. At age 12

hours, the magnitude of the temperature differential that initiates or propagates cracks

in the overlays for both conditions, is much lower than at later ages,. The effects of

temperature differential on both uncracked and cracked overlays are approximately

similar at ages 24 and 36 hours. The temperatures that initiate and propagate cracks for

an uncracked overlay range between 14 to 30 cC at ages 24 and 48 hours. The range is

lower, between 7 to15 °C, at 12 hours age. These findings indicated that the overlay

was more sensitive to temperature differential at very early age; e.g. 12 hours,

compared to later age, 24 to 48 hours. Only one-half of the temperature differential
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The occurrence of cracks was demonstrated and compared with the case where

prior cracking may be present in Figure 5.14 (cracked vs uncracked). The existence of

even a shallow crack (6.35mm deep), has a significant effect in lowering the

temperature differential needed for propagating the crack by approximately 30 %.

However, stable crack growth was observed in both the cracked and uncracked cases.

A higher temperature differential was necessary for advancing crack propagation.

The effect of structural restraint on cracking performance is also of concern.

The result of the analyses at 24 hours age for a simple span condition (as modeled in

Figure 5.15), compared to the continuous span condition are shown in Figure 5.16.

Each point in the figure represents an element-length crack propagation. The lower

initial temperature by about 30% and the flatter slopes show that the determinate

structure has a higher crack sensitivity for both the temperatures to initiate cracks and

to propagate cracks. Furthermore, the analyses show that once the random cracks

occurred in the overlay (as modeled in Figure 5.13 (b)), and assumed 380 mm apart

(26), the temperature differential required for crack propagation through the overlay

thickness is significantly decreased, independent of the restraint condition (curve a in

Figure 5.16). This indicated that overlays with existed random cracks have a higher risk

for crack propagation through the overlay thickness.

The effect of overlay thickness on crack resistance is also of interest. Two

thicknesses, 51 and 76 mm were analyzed at three different ages; 12, 24 and 36 hours.

The analyses were conducted on the simple span condition for cases where the overlay

surface was cracked and uncracked (Figure 5.17). The thickness of the overlay did not
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show any notable effect a temperature differential sensitivity. It is of interest to note

that for the simple span case, the normal overlay thickness (51 mm) shows a slightly

higher resistance to temperature differential, compared to the thicker overlay (76 mm).

In almost all studied ages for both conditions, the thicker overlay appears to have

higher sensitivity to temperature. Lower lower temperatures and flatter slopes were

observed as shown in Figure 5.17. The flatter slope of the overlay with pre-existing

cracks indicated a greater sensitivity to temperature, compared to the crackless overlay.

In a continuous case, the cracking resistance and sensitivity are similar for both cases

(Figures 5.14 and 5.18).

The stress distribution along the crack path at each temperature differential

level can be traced. The plot of these stresses versus beam depth are shown in Figure

5.19.
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5.4 Shrinkage Effect

To incorporate shrinkage into the model, a constant coefficient of thermal

expansion of 10.3 x 10-6/deg.0 (4) was assumed to convert the measured shrinkage

strain to an equivalent temperature differential. However, a higher (about 25%)

coefficient of thermal expansion has been reported for early age conventional concrete,

at 8-24 hrs., compared to later ages (86). The lower coefficient at later ages is due to

an increased amount of crystalline material which results in a reduction in the potential

expansion pressure. This pressure influences a part of movement which made up the

coefficient of thermal expansion (18). Since the structure development of LMC also

depends on the hydration process, similar to normal concrete, this effect might also be

expected in LMC. Therefore, a modified coefficient (12.9 x 10-6/deg.C) was used for

the first 24 hours. Shrinkage strains from the low temperature test condition (12.7°C

100% RH-2 days and 50%RH 5 days) were used to simulate cool night conditions.

From the temperature distribution analysis, the maximum temperature

differential 6.8°C, occurred in the third night. This value, combined with the assumed

equivalent temperature difference (11.7°C) from the shrinkage effect at 24 hours

resulted in an equivalent value of 18.5°C. This value is higher than the magnitude of

temperature differential which may initiate crack propagation at 24 hours age for the

simple span untracked case, 9.6°C. At 36 and 48 hours, respectively, the shrinkage

strain development was only slightly different from that at 24 hours. This provides a

similar value for equivalent temperature differential, which also exceeds the crack

initiation temperature differential.
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For the continuous span uncracked condition, the equivalent temperature

differential from environmental and shrinkage effects, 18.5°C, is still higher than the

temperature to initiate a crack in the overlay, 14°C. This suggests a high potential for

cracking in the case when the curing system is terminated at 24 hours age. These

cracks, if they occur, may propagate through half of the overlay depth. Under the same

severe condition, the crack depth may be even deeper in the cracked surface condition.

The value of 18.5 °C is slightly higher than the temperature that initiates cracks

in the uncracked overlays at 48 hours age (15.8 °C). This suggests that if the severe

condition occurs at 48 hours after placing, cracks may occur to a certain depth (12.5

mm), but may not propagate further. In the case of cracks already existing for any

reason, those cracks may propagate deeper than in uncracked overlays (25.4mm).

Furthermore, it suggests that once cracks exist for any reason, the lower

equivalent temperature differential, of only 5.2 °C, can further propagate those cracks.

The cracks may propagate through the overlay thickness if this equivalent temperature

reaches 11°C.

Based on the assumptions in this study and under the severe conditions, there is

a high risk of cracking if the curing system is terminated before 48 hours after placing.

However, the crack width may be very narrow. For example, when the cracks

propagate through 6.25 mm depth of the initially uncracked overlay at 48 hours age,

the predicted crack width is only 0.0001 mm at the overlay surface. This width crack

likely would not be seen with the naked eye.
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From this approximation, shrinkage appears to play a more important role than

the environmental effect in the first 24 hours after placement. However, it is important

to note that the assumed uniform shrinkage strain may differ slightly from actual

conditions. In the field conditions, shrinkage strain may be higher at the overlay

surface, compared to the inner portion. In addition, shrinkage strain may be lower for

field conditions because the wet burlap used in the curing system supplies moisture

during the continued hydration process. This condition differs from the controlled test

environment of 12.7°C, 100% RH and with uncovered specimens. As a result, the

temperature differential from environmental effects may have more importance than

demonstrated by the study.

In summary, superposition appears to be a feasible technique which can be

incorporated into the FCM for studying crack performance in LMC. The analyses in

conjunction with a proper bilinear strain softening diagram provided satisfactory

prediction of load-deflection curves, compared to the test results. The diagram shapes

appear to depend on age. The bilinear shape with s1 =ft/6, wi---0.333w, and w2=3.66we

was chosen to study early age performance.

The result of the FCM analyses, using temperature differential as a driving

force, indicated that LMC cracking behaviors were strongly affected by overlay's age,

especially for the first 24 hours. The thickness in the study range appeared to have less

effect, compared to the first factor. To relate the environmental conditions to the

overlay performance, temperature distributions through the deck depth were anlyzed at

various times, using the finite difference method. The stress analyses for the severe



131

conditions indicated that the stress would possibly exceed the tensile strength ofLMC

at 24 hours.

Shrinkage effects were indirectly combined with environmental effects through

an assumed constant coefficient of thermal expansion. The sum of the temperature

differential from the severe environmental conditions and the equivalent temperature

differential from the shrinkage effect appeared to exceed the temperature differential

that initiated and propagated cracks at 24 hours age. This suggested possible early age

crack occurrence if the curing system was terminated at 24 hours.
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6.Conclusions

From the first phase of the study, more than 130 LMC samples were cast and

tested to study the material properties at various ages ranging from 5 hours to 28 days.

This information provided insights into material behavior and some necessary properties to

be used for modelling in the second phase of the study. The proposed models were

compared to the test data to check their appropriateness before applying them to predict

the effects of material and environment on the overlay cracking performance.

The major findings from laboratory evaluations and analyses are

summarized in this chapter and appropriate conclusions drawn. Finally, recommendations

for further studies are provided based on the findings of this study.

6.1 Conclusions

1. The addition of latex modifies both pore structure in the matrices and interface

zones of LMC through the effect of filling and sealing large voids, and film formation.

These benefits bridge microcracks and improve bond strength in the interface zone. As a

consequence, improvements in the material properties and the performance were

observed.

2. A significant change in LMC performance occurs during the early ages,

particularly in the first 24 hours after placing. Age strongly influences strength

development. The rate of modulus of elasticity development is much higher than the rate

of compressive strength gain.
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3. Fracture behavior of LMC is slightly different than normal concrete. The high

Pe/Pmax ratios (0.89-0.94) indicate increased linear behavior in the prepeak load region.

The high ratio of midspan deflection at failure to midspan deflection at peak load (10-33)

also indicates a ductility improvement in this material.

4. Slightly after the peak load, a bilinear relationship between midspan deflection

and cmod was observed. There is no statistically significance for this relationship with time

or notch depth (p=0.50 and 0.05, respectively), therefore this parameter is assumed

constant in the study range.

5. The fracture energy of LMC varies between 2.3 to 133.1 N/m. Age appears to

influence the fracture energy development. Fracture energy continues to increase for 28

days.

6. The fracture energies for unnotched beams were always higher than those for

notched beams. The notch depth ratio effect was observed for a ratio of 0.1 or less. The

ratios ranging between 0.2 to 0.4 did not show as significant an effect as in conventional

concrete.

7. Fracture energy and compressive strength display similar trendswith time.

Fracture energy increased as the strength increased.

8. From the limited number of tests, the values of Gf from the cut-notch specimens

were slightly higher than those from the cast notch specimens. Cutting a notch may

simulate the conditions more realistically. However, the cut notch is not practical for early

age studies.
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9. LMC characteristic length, 1,h, varies between 160-2400 mm, depending on age.

Large values were observed during the first 24 hours. These values decrease with time and

reach the same range as for normal concrete at 28 days. However, the deformability of

these two materials remains different.

10. Environmental conditions strongly affect shrinkage both in magnitude and

performance. The shrinkage strains for 10 days age range between 0.0003 to 0.0005,

depending on the test conditions.

11. Superposition is a feasible technique that can be incorporated into the fracture

mechanics-based model, the FCM, to study cracking performance.

12. The accuracy of the model results depend on material properties; tensile

strength, modulus of elasticity and fracture energy as well as the shape of the strain

softening diagram.

13. A linear strain softening diagram only provides a satisfactory prediction for the

load- deflection curve in the prepeak load region. A higher peak load and an inaccurate

post-peak performance were observed when the linear shape was used. The bilinear shape

provides a better prediction which agrees well with the test results.

14. The knee points, s1 and wi of the bilinear diagram vary with age, particulary

during the first 24 hours after placing. With si = ft/6, wi decreases from 0.375 w, to

0.250 we as the LMC ages from 9.4 hours to 28 days.

15. In the analyses, the knee points s1= ft/6 and w1=0.375 w, were used for ages

less than 12 hours while s1 = f /6, w1-0.333 we were used for ages between 12 and 24

hours. Finally at ages greater than 48 hours s1= ft/6, w1-0.25 we were used.
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16. The splitting tensile strength tests yielded satisfactorily predicted load-

deflection curves for the later ages, 1 to 28 days. Modified ft is necessary during the early

ages (< 24 hours) when the material properties and performance change rapidly. The

flexural stress- based ft=0.65ff and ft=0.65ff were used to study LMC at 9.4 and 12 hours

ages.

17. Information from Oregon weather reports; temperature, solar radiation and

wind data were used to study the environmental effects on LMC decks. During summer,

the most severe conditions likely occur in July and August when temperature and solar

radition are high and the wind is slight.

18. The temperature distribution analyses of the deck for three consecutive days

indicated that the critical times occurred during the second and third nights when the

temperature gradients reached or were close to the maximum. The stress analyses

indicated that a higher stress than the tensile strength may occur at the top surface of the

deck at 24 hours.

19. When only the temperature effects are of concern, the FCM is a feasible tool to

study crack initiation and propagation in bridge decks.

20. The overlay's performance is influenced by age, surface conditions, the

presence of cracked and uncracked sections and the degree of structural restraint.

21. LMC age has a significant effect on the temperature differential causing crack

propagation and increased crack widths, particulary during the first 24 hours. The

temperature differentials required for crack propagation range between 14-30°C for 24-

48 hours age.The range dropped to 7-15 °C at 12 hours.
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22. The presence of cracks on the overlay surface can lower the temperature

differential required for further propagation by 30%, compared to crackless overlays.

23. Indeterminate structures appear to have higher crack resistance and lower

crack sensitivity, compared to determinate structures. However, once the random cracks

are formed, the crack resistance of the overlay is significantly decreased, independent of

the degree of structural restraint.

24. The thicknesses in this study (51-76 mm) do not show any notably difference

in the overlay cracking performance.

25. To relate the material effects to overlay performance, shrinkage strains were

converted to an equivalent temperature differential through a coefficient of thermal

expansion (12.9x10-6/C).

26. At 24 hours, the combination of the environmental effect (maximum

temperature gradient) and the material effect (equivalent temperature differential from

shrinkage strains) indicated a high risk of cracking through one- half of the deck depth.

27. Under the same severe conditions, the analyses indicated that this high risk is

reduced if the curing system is maintained for 48 hours. Cracks that may develop only

propagate to shallow depth.

28. From these results, it is possible to predict the maximum temperature

difference which the overlay can tolerate or, conversely determine the temperature

differential at which the overlay may be expected to crack.

In summary, latex film formation affects LMC strength development, deformability

and failure mechanisms. Most LMC properties; including strength, fracture, and



137

deformability change significantly with time, particularly at early ages. The improvements

brought about through latex modification affect the overlay performance when non-

structural failures are of particular concern. Fracture energy development strongly

depends on time, up to 28 days. At later ages, the observed values were comparable to

normal concrete.

When only temperature effects are of concern, a fracture mechanics-based model,

FCM may provide a reasonable prediction for crack initiation and propagation. The study

indicated that age, surface condition and structural restraint of the overlay strongly

influence cracking performance. There were only slight differences from the effect of the

overlay thickness. Even the shallow pre-existing cracks in the overlay can lower the

temperature difference required for crack propagation.

With the available environmental information, it is possible to set up a temperature

difference range for construction activities to minimize the risk of early age cracking.

However, to indirectly incorporate shrinkage effects into the model, the accuracy of the

predicted temperature differential also depends on other assumed properties. Therefore,

further research in material properties development is necessary.

6.2 Recommendations

1. For the properties study of LMC during the early ages, considerable attention

should be paid to each operation step: casting, handling, and test setting, due to the

sensitive characteristics of material. This is necessary to minimize test variations.



138

2. Since LMC properties are time dependent and are rapidly changing during the

first 24 hours after placing, accurate predictions for early age LMC performance are

possible only if the true material properties are used in the model. The development of

each property with time is of concern. The shape of the strain softening diagram at each

age may be interpolated and can verify the predicted load deflection curve using available

test results. However, better results may be obtained from the best fit appoaches when the

load-deflection curves from the experiment at each testing age are used to adjust the

assumed strain softening diagram until the difference between the test result and the

predicted value is minimum. However, this requires a specially developed analysis

program or a modification of commercial programs.

3. The fracture energy reported in this study may be slightly higher than the true

value. This is due to an assumption of the RILEM method using in this study in which the

consumed fracture energy is restricted to the narrow developed fracture zone in front of

the notch. In the case of crack propagation in an existing cracked slab/beam, the difference

may not be very large since the advanced crack path is generally close to the line for the

precracked. However, for an uncracked structure, this effect may result in a significant

difference.

In addition, the energy contribution during microcracking processes from the beam

weight were neglected. This may have significant effects on very early age beams in which

the strength properties are not sufficiently developed and the dead weight effect may be

quite large compared to the external load to create crack propagation.
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Therefore, further research should be performed to more accurately measure these

effects.

4. To indirectly incorporate shrinkage effects in the model, experimental conditions

that replicate the field condition are necessary to obtain the true strain for the equivalent

temperature difference calculation. Use of these conditions will provide a more accurate

prediction of the temperature difference impact.

5. Under some assumptions and the study conditions, the results of the study

suggested that wet curing for new overlays should be prolonged at least 48 hours. This

may reduce the high risk of cracking in the case of the severe conditions. Under some

environmental conditions, such as a combination of high solar radiation, low wind and a

large difference between the maximum and the minimum daily temperature, special

precautions should be taken for the construction of LMC overlays. The sooner the curing

system is applied after placing the overlay, the lower the risk of cracking, particularly

during cool nights. Cracking prevention appears to be necessary. Once cracks are formed

in the overlays, particularly random cracks, these cracks may easily propagate through the

overlay thickness. Although these cracks are relatively narrow and are difficult to find, this

existence affects the overlay performance.
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