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This t hesis dùresscs the rehabili tat ion of crack& construction joints in 

concrete dams which are locatd in severe climatic conditions. In order to mea- 

sure the strength of joints between concrete materials and repaired concrete 

structures, wheri suùjected to severe thermal conditions, a large scde experi- 

mental progam lias bceri implemented. This program is iritended to evaluate 

the strength of weak concrete interfaces at different ternperatures. interfaces 

are weaker than the base niaterial because of the residual strain accunulation 

usually caused by the differential curing histories of the two adjacent concrete 

Iayers. In nciditiori to uniaxial specimens and wedge splitting specimens, wecige 

specirnens cast iii  two stages were prepareci and tested in this research pro- 

gram. Afier the splittirig test, the specinieris were repaireci and by gluing the 

two Iialvcs together using different repair materiala. The set-up used in the 

experiinent iricludes (i cold chainber where the temperature niay i ~ a c h  -50 O C .  

The chamber has circdar holes tzt the top and bottorn ends to allow steel 

extension pipes to transmit the load. The tests are carried under crack open- 

ing displacement control at a rate of 0.05 pm/sec. The fracture parameters 

are extracteci for low temperature as well as room temperature. In general, 

with repair materials under &y conditions and low temperature have a brittle 

behavior. Also, higher energy release rates are consistently observed at low 

temperatm. Wthermore, specirnens are found to be weaker when repaired 

under wet sudace conditions. Finally, the effect of thermal residual stress state 

in the interfaces between successive lifts of concrete on the fracture pararneters 

is also addressed es part of t his research to ident ify the source of joint weakness. 



Based on the experimental test results, recommendations are proposed to fix 

a dam failure. The dam in question is the Long Spnice Ceneration Station on 

the Nelson River in Northern Manitoba. 
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Chapter 1 

INTRODUCTION 

1.1 Background 

It is well estnblished that many opernting concrete dams present zones of extensive 

cracking. Siich situations are unusual for reinforced and pre-stressed concrete struc- 

tures, where cracking is sestricted at the design level. The nppenrance of detectable 

cracks in such structures is interpreted as o structural failure, and usually as a conse- 

quence, sepair mensures are immediately undertaken. In the case of large structures, 

such as dams, a certain amount of cracking is unavoidable, and the structural analyst 

should guarantee the global stability of the construction even when long cracks ex- 

ist. Among the primary reasons behind cracking is the seasonal thermal variation and 

excessive heat generation. In the northern region of Canada, structures might be sub- 

jected to seasonal surface temperature variations of more than 70°C with minimum 

temperature reaching - 40°C. Cracks usually occur due to the poor preparation of 

the horizontal interface between successive lifts of concrete, or when the time interval 

1 
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between pouring lifts is longer than necessary. This results in degradation of strength 

and stiffness properties of the structure. h o t  her serious problem related to cracking 

in dams is the combined effect of cracking and water intrusion on the mechanical 

behavior of concrete. The resenrch on the mechanism of structural degradation and 

cracking of concrete is key for rehnbilitation studies. 

Successful rehnbilitation of cracked concrete dams is o pressing issue which has 

recently captured the attention of the engineering community. Because of uncertain- 

ties related to in-situ moterial behavior, lack of reliable procedures used in injecting 

repair materials, and the unknown long term response of the concrete/repair material, 

proven standards fur dam rehobili t ation have yet to emerge. 

1.2 Objectives 

The main objectives of this thesis are to: 

1. Identify and chnrncterize cracking in concrete dams, when subjected to severe 

thermal conditions. 

2. examine and obtain more information on the behavior of cracked horizontal 

interfaces between adjacent li fts of concrete. 

3. characterize joints when rehabilitated with different types of repair materials, 

particularly special attention is given to the influence of low temperature and 

moisture condition of the concrete. Such information is important especially for 

repairs in cold climate areas. 



1.3. SCOPE OF THESIS 3 

4. Study the eflectiveness of repair materials commonly used to  seal and prevent 

leakage from joints. 

5. Study the overall failure mechanism of concrete joints in dams operating in cold 

regions and the proper repair strategies based on a specific case study of joint 

failure. 

1.3 Scope of Thesis 

This research hns three major components. It comprises; 

1. An experimental test program is tu  identify the fracture characteristics of plain 

concrete, concrete joint in interfaces and repaired joints under room and low 

temperat use; 

2. An analyticd investigations to reproduce the observed test findings using frac- 

ture mechanics concepts; and 

3. An actual case study of cracked dam operating in the north region of Canada, 

including design of repair strategies. 

1.3.1 Experimental test program 

Organic materials such as epoxies and inorganic materials such as cementitious grouts, 

have been developed, to be injected into cracks, with different degrees of success. 

cementitious materials seem to create great controversy among engineers, especially 

with regard to the acceptance levels of the consistency of waterjcement ratio to 
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be used for injection. As structural and repair material, the polymers and their 

composites must be able to wi t hstand high stresses under extrerne service conditions. 

Thus a knowledge of their fracture properties, under various temperature conditions 

is vitaiiy important in aiding their efficient utilization. The testing program has three 

consequential phases: 

1.3.1.1 Phase 1: 

A set of sixty specimens with initial notches are tested, some of which are cast in one 

stage and the others are cast in two stages with 24 hours lag period between the two 

pours to duplicate the condition of the lifts in concrete dams. Both sets are tested at 

temperatures varying between 20°C and -50°C. 

1.3.1.2 Phase II : 

The specimens tested in Phase 1, were repaired using different types of comrnercially 

available repnir materiols then tested nt temperatures varying between 20°C and - 

50°C. 

1.3.1.3 Phase III : 

In documented cases of dam rehabiiitation, the repair material fails to keep the two 

faces of a bonded crack together and the crack needs to be repaired again. In this 

phase of the experimental program, a set of twelve specimens were repaired for a 

second time, to study the change in the strength of the bond between the repair 

materials and the "re-repaired" crack surface. 
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1.3.2 Analyt ical investigation 

The experimental results are nurnerically reproduced, the cornpliance method and 

finite element calibration analysis with the h i t e  element progrom SIMEX are used 

in the investigation. The fracture tests were simulated nurnerically and, then, the 

calculnted lond (F,) versus crack opening displacement (COD) curve were compared 

to the experimental curve. The analysis is repented until good agreement between 

calculated and experimental curve is obtained. The softening post-peak regime of 

the (Fw vs COD) diagram lending to this agreement is considered to be the tensile 

softening response of the tested concrete. 

1.3.3 Repair of cracked concrete dams 

The " Long Spruce Generntions Station " in the northern region of Manitoba, Canada 

is used as case study to propose n repair strategy. This choice is made on the light 

of the extension instrumentation put in place by Manitoba Hydro and the well doc- 

umented failure history of its transition structure at the joints interface. A selection 

of grouting material is recommended to be injected with a simultaneous pre-tension 

anchorages at the upper part of the dam. 

1.4 Thesis Organizat ion 

This research involves numerous topics which are required to be addressed to tadde 

the ultimate goal of concrete dam rehabilitation, such as fracture of concrete, joint 

behavior, concrete behavior under low temperature, etc. The body of the relevant 
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literature is in consequence very extensive. Hence, while the main body of the litera- 

ture can be found in chnpter two, specific relevant work to each key subject is referred 

to through out the thesis in the other chapters. 

The following is o. brief description of the contents of each chapter in the thesis: 

Chapter 1 provides an overview of the problems being investigated, objectives, 

scope, and contents of the thesis. 

In chapter 2, n literature review is presented. The relnted topics covers a wide 

range of topics including linenr elastic fracture mechanics, non-linear fracture me- 

chanics, damap  mechonics and bi-materials interfaces mechanics. 

Chapter 3 presents, the experimental program conducted at the University of 

Manitoba to test a total of hundred and thirty specimens ( total of aii tests) nt 

different temperatures, Also described are different types of materials used in repairing 

concrete dams and different grouting procedures. 

Chnpter 4 covers, the descriptions and the observations of the tests results. 

chapter 5 covers, the discussions of results and the behavior of each set of tests. 

Chapter 6 presents the finite element program adapted in this thesis and also 

cover the comparison of numerical and experimental results. 

Chapter 7 is an overview of a case study and covers the effect of ambient condition 

and ice loading. 

Finally chapter 8 gives, conclusions and recommendations for future work. 



Chapter 2 

LITERATURE SURVEY 

2.1 Background 

Cracking is a key characteristic in the behavior of concrete structures. Even under 

service load, concrete and other cementitious materials normnlly contain numerous 

small cracks. The presence of microcracks and other inherent flaws and voids act as 

potential sources for crack propagation and fracture under externally opplied loading. 

Hence the effect of cracking should be taken into occount in predicting ultimate load 

capacity as well as service behavior. 

In existing design methods, the tensile strength of concrete is mostly neglected. 

This assumption works well for concrete structures with low stresses. However, for 

many kinds of failure where the tensile capacity governs, a size- effect has been ob- 

served which cannot be explained either by elasticity or ultimate load theory. Such 

failure types are: (i) structural failure of plain concrete beams such as unreinforced 

concrete pipes; (ii) shear and bond failure and (iii) cracking in heavy and mess struc- 

7 
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tuses such as dams. 

The most general cause of cracking of mass concrete is that it is initiated by 

restrained volume changes of the concrete. Restraint that produces tensile stresses 

in concrete is of conceni since this may result in cracking. A uniform volume change 

does not produce cracking if the change is relatively free to take place in all directions. 

However, this rarely hnppens for mass concrete structures. The cracking behavior of 

n dam is influenced by concrete properties siich as the modiilus of elasticity, Poisson's 

ratio, tensile strength. strain cnpaci ty, creep and volume change tendencies. 

In many cases non-structural cracks develop, where the safety of the dam is rarely 

jeopardized. On the other hond there moy be numerous structural causes for cracking, 

such as: 

1. Differentid settlement. 

2. Uplift water pressure dong internal cracks. 

3. Release of heot due to hydration process, and resulting internal thermal gradi- 

ent. 

4. Upstream woter pressure. 

The extreme situation is that cracking may cause a different behavior from that 

intended in design and ultimotely threaten the integrity and stability of a dam. 

Many contributions have been made in the last three decades to apply fiacture 

mechanics concepts to cernent, mortar, plain and structural concrete. The early ap- 

plication to  concrete was made by Kaplan (1961). DifFerent attempts haw been made 
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to study the temperature effects on fracture parameters of concrete and repairing ma- 

terials. Baiant et. al. (MM), investigated the temperature and humidity effects on 

fracture energy of concrete using bending specimens and eccentricaliy loaded corn- 

pressive specimens at + 20°C to + 200% in predried and water saturated conditions 

a t  various specirnen sizes. Elices et. al. (1987) evaluated fracture behavior of satu- 

rated concrete nt temperattire rmging fsom 20°C to -170°C, found that the toughness 

of concrete increases at low temperature also the fracture energy increase in a ratio of 

3 to  1. Ohlsson (1990), performed three points beam tests, with different compressive 

strengths at low temperature. showed an increase in fracture energy of 100-200% corn- 

paring to room temperature. An excellent collection of bibliography on this siibject 

has been compiled by Mindess(l983), and recently a large nurnber of research works 

were listed by L g e r  and Tinawi (1994). 

2.2 Fracture of Cernent it ious Materials 

Through vorious tests, and close observations, it is by now universally accepted thnt 

softening is directly tied to the abiiity of concrete to transmit stresses through a crack. 

To examine the localized and global response of a concrete specimen subjected to 

a uniaxial tension imposed deformation. The concrete would at first behave elasti- 

cally up to about 50 to 60% of its tensile strength, then some non-linearity appears. 

This non-linearity is attributed to  the formation and coalescence of micro-cracks. It 

is assumed that those micro-cracks are unifonnly distributed within the specimen. 

Around the peak load many of those microcracks will coalesce into a localized zone 
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of failure. At this point if the test was run under load control, a sudden and abrupt 

failure which would be typical of brittle failures. If on the other hand the test is run 

under displacernent control, a gentle release of stresses would occur. The part away 

from the localized failure will unload elasticaliy, and at the localized failure we would 

have a gentle decrease the tensile carrying capacity from a peak of f,' to zero stress. It 

is with the localizntion of the deformntion that strain softening is ossocinted. While 

softening occurred in an uncracked concrete specimen, a crack would act as a "cat- 

dyst" for its formation due to the high stress at its tip induced by the theoreticni 

singularity. Thus a true crack will be preceded by a "fictitious crack" or process zone 

which can transmit stresses across the fictitious crack, Shah (1988). 

2.2.1 Concrete strain softening 

Concrete softening is chnracterized by a stress crack opening displacement curve (and 

not stress-st min) . 

The exact characterizntion of the softening response should ideally be obtained 

from a uniaxinl test of nn uncracked specimen. However, it has been reported thnt 

not only are those tests extremely sensitive, but different values can be obtained from 

different geometries, sizes and testing machines. 

Despite the lack of a widely accepted model, there appean to be wide consensus 

over the following characteristics: 

1. A peak value equal to the tensile strength. 

2. A very small residual stress at relatively large crack opening displacement. 
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There is a sharp discontinuity in the descending branch. The first part of it hos 

been associated with (unconnected) microcracking ahead of the stress free 

crack, and the second part with "bridging" of the crack by aggregates. 

The area under the curve, termed the fracture energy CF, is a rneasure of the 

ene rp  which needs tu be spent to generate n unit surface of crack 

Pre-peak nonlinenrity is often neglected for mathematicnl convenience and is in 

prac tice very smnll compared to the post-peok inelostic behavior . 

By analyzing numerous test data, Baiant and Oh (1983) have found that GF 

may be predicted (with n coefficient of variation of about 16%) from the follow- 

ing empirical eq~intion: 

where Ec and fi are in pounds per square inch, d, is the aggregate size in inches. 

Alternatively the fracture energy GF can be indirectly determined through "flex- 

ural" based tests, while the uniaxial stress-crack opening displacement curve can be 

indirectly determined through a h i t e  element calibration. 

2 2.2 Failure modeling of concrete 

Irrespective of the adopted mode1 for cracking in concrete, methods for modeling 

failure are categorized into: 
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1. Strength of material approach; 

2. Fracture mechanics approach; 

3. Damage Mechanics approach. 

The strength of material simply evaluates the tensile stresses around the crack tip 

and compares them with the tensile strength. If the tensile stresses are found to exceed 

the strength, then the crnck is snid to propagate. While such an approach has been 

extensively used for many yenrs, Baiant and Cedolin (1979) were the first to point out 

the erroneous nature of this model. In fact it is well known thot a stress singdarity 

exists at the tip of a crack, irwin (1957). Thus given a fine enoiigh mesh, even an 

infini tesimal load woiild induce crack g o w t  h. As such. a fracture mechanics approach 

should be used. In case of fracture mechanics, two models, originally developed for 

metallic solids, could be ndapted to concrete: 

1. Linear elastic fracture model in which the inelastic zone at the crack tip is small 

compnred to  crack length. and therefore nonlinenrity is not important enough 

to account for. 

2. Nonlinear fracture mechanics in which inelastic zone size is not negligible in 

cornparison with the crack size and other dimensions of the structure. 

As such it should corne as no s ~ r p n ~  that most of the original work on fracture 

medianics of concrete focused on LEFM. However it rapidly became evident that 

experimentally measured fracture toughness values, Krc, were specimen and crack 
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size dependent. Hence LEFM was discarded and researchers focused on nonlinear 

fracture models. 

In case of damage mechanics, the strength of a loaded structure is determined by 

the deterioration of the meterial caused by loading. This deterioration or damage 

may be described in terms of a continuous àefect field. 

2.3 Linear Elast ic Fracture Mechanics 

There are two generally nccepted approaches to linear elastic fracture mechanics 

(LEFM). The first is based on an energy balance, Griffith (1920), whilst the sec- 

ond appronch is based on the singular nature of the stress distribution nenr a crack 

tip, as first presented by Irwin (1957). 

2.3.1 Crack tip stress and displacement 

Invin (1957) noted that in the neighborhood of the sharp crack tip, the stress com- 

ponents a&, j = e, y) are the snme regardesa of the shape of the elastic body and 

manner of loading. It is customary to resolve the general stress state into three el- 

ementary states which are called modes 1, II and III respectively, Figure 2.1. Mode 

1 refers to a planar symrnetric state of stress which causes a crack to open, that is, 

the crack faces are displaced normal to their plane, Figure 2.la. It is also referred to 

as the opening mode. Mode II refers to a planer antisymmetric state of stress which 

causes a relative displacement of the crack faces in their own plane, Figure 2.lb. It is 

also referred to as the in-plane shear or sliding mode. Finally, Mode III refers to as 
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a state of stress which causes a relative displacement of the crack faces out of their 

plane, Figure 2 . 1 ~ .  It is also referred to as the anti-plane shear or the tearing mode. 

The leading tenns of the non-zero component of stresses and displacements field near 

the crack tip, Figure 2.2, can be expressed as following. 

Mode 1 

K! O e 
~ X X  =": ( 2 m y  cos - 2 (1 - sin sin 2) 2 

& cos - O (1 + sin t9 sin y)  
ou~=(21r).)l/2 2 

K I  O O 30 
GV = sin - cos - cos - 

( 2 ~ r ) l / ~  2 2 2 

for plane strain (2.5) 

for plane stress (2.6) 

,u = 5 (h) l i 2  (2k + 1) sin - 0 - sin - 30 
8~ r 2 2 
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(a) MODE 1 (b 1 MODE ii 

Figure 2.1: Three possible modes of deformation at a crack tip 

for plane strain (2.9) 

for plane stress (2.10) 

Mode II 

Kir 8 8 30 
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for plane strain (2.14) 

for plane stress (2 .15)  
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& I I  O 
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for plane strain 

for plane stress (2.18) 
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Fi y r e  2.2: Coordinate system and stress components ahead of a crack tip 

where u, v and w are the displacement components in x, y, z directions, u is 

Passion's ratio. û is the angle with respect to the horizontal crack plane, p is the 

shenr modulus, k = 4 - -IV for plane strain, k = (3 - v)(l  - u)-' for plane stress and 

K is known os the stress intensity factor. 

2.3.2 Stress intensity factor(S1F) 

As mentioned abow, the concept of stress intensity factor was introduced by Irwin 

(1957), and can be defined as a scaling factor, denoted by the symbol K, used in 

linearelastic fracture mechanics to descri be the strengt h of the singdar field at the 
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tip of a crack of known size and shape. The stress intensity factor c m  be represented 

numerically as, 

where oïl, a12, O, are the near-tip stresses; 

K I , K r r , K I I I  are the stress intensity factors representing 

2.3.3 Fkacture toughness 

One of the underiying princi ples of frnct ure mechanics is that unstable fracture occurs 

when the stress intensity factor a t  the crnck tip, K ,  reaches a critical value, Kc. 

For Mode 1 deformation. the critical stress intensi ty factor for fracture instability is 

designated by Klc. Klc  represents the inherent ability of a material to withstand a 

given stress field intensity at the tip of n crack and to resist progressive tensile crnck 

extension. Thus, Klc represents the fracture toughness of a particular material, 

wheseas K I  represents the stress intensity ohead of a sharp crack in any materials. 

Some of the methods used to evaluating KIc are presented in the following section. 

2.3.4 Test methods 

Different types of specimen have been used for the evaluation of the fracture tough- 

ness, KIc, and the critical strain energy release rate for mode 1, GIc,  for concrete 
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and cernent mateilals. The wide variety of specimen forms is partly due to the fact 

that unlike metailic materials, no standard specimens are recommended for the de- 

termination of fracture mechnnics parameters of cementitious materials. The same 

holds true for the experimentd procedure in such a test. It is noteworthy that n wide 

discrepancy of results is observed in experiments on hardened cement paste in which 

different experimental techniques were used. Thus, generally. caution is recommended 

when comparing fracture mechanics parameters obtained by using different specimen 

forms. It hris till now not been checked how various non-elastic effects influence the 

results of particular tests. For example the effect of creep of cernent paste at the crack 

tip may be different in tests with different specimen forms. It has to be accepted fur- 

ther that the microcrack formation ahead of the crack tip is strongly influenced by 

experimental conditions. The most important specimen geometries and the relevant 

methods of evduation are described, below. 

1- Notched beam specimen 

One of the most commonly used specimen types for Klc or Grc evaluation is the 

notched beam londed in three point or four point bending, Fi y r e  2.3. The advantages 

of the notched beam are its economic fabrication and its relatively simple testing 

procedure. The notches are hbricated by inserting thin foils into the specimen mould 

or by saw cutting into a hardened specimen. When performing a test, a gadually 

increased load is applied to the notched beam until a stress leml is reached which 

results in crack propagation. Dependent on the notch depth and the stiffness of the 

material and of the loading frame, the resultant load-displacement diagrams exhi bi t 
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Figure 2.3: ZIotched beam loaded in 3 and 4 point bending 

catastrophic, semi-stable or stable fracture. 

Assuming a beam of cross-section b x w  and of crack length a and denoting the 

critical nominal stress at the crack tip by O,,, the fracture toughness can be given by: 

where MC is the criticsl bending moment = Mi + Ad2; 

&Il is the bending moment due to the maximum applied load; 

Mz is the bending moment due to self weight of the beam; 

a is the notch depth; 

w is the depth of the beam; and 

B is the width of the beam. 
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Figure 2.4: Double cantilever beam specimen 

2- Double cantilever beam specimen 

The double cantilever beom method has been used by sevesnl investigators because it 

has the advantage thnt crack gowth can be analyzed over a range of crack lengths, 

Figure 2.4. The specimen has the form of o long prism with two crack guiding grooves 

cut syrnmetrically along its length. At one end there is a notch acting as a crack starter 

joining the grooves at one end. The crack is propagated by mechanically separating 

the ends of the twro cantilevers. As for any other method, there ose several equivalent 

expressions for the critical stress intensity factor, Kit. The most commonly used the 

expression psoposed by Mai (1979). 

KIC = 
Z&P-a 

( B d )  l/*h3/2 
(1 + 0.7(h/a)) 

where h is the beam height, d is the web width, c is the crack-guiding grwve, B 

is the beam width and a is the notch length. 
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Figure 2.5: Double torsion beam specimen 

3- Double torsion beam specimen 

In the double torsion beam, the stress intensity factor at the notch depends only 

on the load and on the specimen dimensions and not on the crack length. In the 

experiment the test specimen is londed by torsional forces, Figure 2.5, and the stress 

intensi ty factor is given by the following formula, Ziegeldorf (1983): 

where wd is the loading width, u is Poisson's ratio, t is the thickness, w is the 

width and t,  is the thickness of notched web. 

4 Compact tension specimen 

It is one of the most widely used methods in fracture toughness testing of metallic 

materials, see Figure 2.6. The compact tension test specimen is subjected to a critical 

stress intensity factor calculated using the formula 
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Figure 2.6: Compact tension specimens 

where F(a /w)  is a function of geometry. 

Based on the compact tension test, the splitting wedge test was proposed by 

Linsbauer (1985). Brühwiler and Wittmann (1990) recomrnended a test procedure, 

which is discussed in Chopter IV. Rossi et. al. (1991) used the wedge splitting test 

on three structural concretes with different size of aggregate for both cylindrical and 

cubical specimens. Saouma et. al. (1991) used wedge splitting specimens to evaluate 

fracture properties of concrete with different sizes and shapes of aggregates. They 

reported that values of fracture toughness are independent of aggregate sizes and 

specimen size if certain minimum dimensions are exceeded but depend on the type 

of aggregate. Bahnt et. al. (1990) tested a series of geometrically similar wedge 

splitting specimens of maximum cross-sectional dimension of 6 f t  and applied the 

size effect law to obtain the fracture toughness corresponding to extrapolation to stili 

much longer sizes. 
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2.3.5 Damage and crack assessrnent 

Racture mechanics is based on the realistic nssumption that the materials contain 

defects which constitute the nuclei of fracture initiation. Designing a structure free 

of crack initiation is physicnlly unredistic since the initial cracks can develop during 

casting or service life. There are several types of non-destructive tests (NDT) used 

to detect the cracks in concrete structures. Four of these tests that are widely used 

are briefly discussed below. 

2.3.5.1 Acoustic emissions monitoring 

Acoustic emissions is one of the most promising methods of fracture process zone de- 

tection. This method is based on using the transient elastic waves which are generated 

by the rapid energy release from localized sources in the concrete due to cracking pro- 

cesses. Ultrasonic pulses are used to detect these wsves, the time they travel through 

the surface of the concrete being detected by piezoelectric transducers. This tech- 

nique was used by Maje and Shah (1988) to determine the volume orientation and 

type of microcrack. In term of the fictitious crack model, Izumi et. al(1986) approxi- 

mated the size of the process zone. Saouma (1991a) used the acoustic ernissions (AE) 

techniques as a quantitative aid to his work in splitting wedge tests, and according 

to his observation, the material response was evaluated as, (1) large AE burst or con- 

tinuous activity, interpreted as crack extension or aggregate-matrix bond failure, and 

(2) little or low AE activity, indicating micro-cracking associated with the formation 

of the process zone. 
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2.3.5.2 Ultrasonic 

This method is based on the transmission of ultrasonic waves through the material by 

transducers. Metallurgical defects and surface boundaries reflect the incident pulse 

which is monitored on an oscilloscope. The ultrasonic pulse measurement does not 

lead to a geometrical description of the damage zone, and there is uncertainty about 

the results provided by this method, Maje and Shah (1985) . 

2.3.5.3 Photoelastic method 

Photoelastic techniques were used by different researchers to study crack localization. 

crack branching and crack opening, but the results fiom this method were not able 

to define a fracture process zone, Shah (1985). 

2.3.5.4 Scanning electron-microscopy 

This method has been used extensively to study microcracking in concrete, the ob- 

served results varying from research to another. Diamond and Benture (1985) were 

among the few researchers who applied the method extensively to study microcrack- 

ing, and concluded that "While the subdivision and branching seem to occur near the 

tip zone in the concrete examined, in some respects reminiscent of what is expected 

in a process zone, there is no physical distinction correspondhg to separate lengths 

of (straight, open crack) behind a crack tip and (process zone rnicrecracking) ahead 

of a crack tip." 
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2 A 6  Measurement of fracture parameters 

In this section, the key parameters that require to be estabiished hom test results are 

addressed. These parameters are, effective Young's modulus, effective crack length 

and stress intensity factor 

2.3.8.1 Load, displacement and strain control tests 

Three types of control are usudly used to mensure material and structural response 

when a specimen is subjected to uniform tension: tension load, displacement and 

strain control. In load control, the machine cross head applies increasing load on 

the specimen by menns of a luad cell. In this case and when the load increases the 

t e n d e  strength, n sudden brittle failure occurs, that is, sudden release of energy. In 

the case of stroke ( displacement) control, the machine cross head applies increasing 

displacement to the specimen instead of increasing load. For concrete (softening) 

material, there will be n post-peak response with slow decrease in stress, in another 

words, increase in displacement and decrease in stress, and this leads to the gradua1 

release of strain energy. The last type of control, strain gage or a clip gage, is usually 

used to provide feedback measurement to the test equipment. In the present work 

a clip gage located at the mouth of the crack and on the bearing ax is  provides the 

specimen response. 

2.3.6.2 Effective Young's modulus 

The Young's modulus can be detennined using the ACI's appraximate equation 

E = 57000 a, experiment ally through compressive cylinder test 13 or indirectly 
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from the specimen cornpliances, by using the slope of the load - COD curve. 

where, Be is the effective elastic modulus, 

Cn is the normalized cornpliance, and 

Ce, is the experimental compliance. 

2.3.6.3 Effective crack length 

As the measurement of the exact crack length cannot be done, an effective crack 

length a.,, is usually used. The effective crack considered should be longer than the 

true crack and shorter thnn the tiue crack plus the fracture process zone. 

The major drawback of this approach is that it can, at best, provide an estimate 

for crack length. 

2.3.6.4 Stress intensity factor 

The SIF can be derived using the compliance. Rom the compliance method, the 

energy release to extend a crack by (da) is as follows, 
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Where G is the energy release, P is the load, C is the cornpliance, B is the 

thickness, u is the point lond displacement, and a is the crack length. G can be 

obtained experimentally. Also, 

where, E' = El(1 - p' ) for plain stress, K I  is the stress intensity factor and c m  

be obtained from equations (2.34) and (2.35) as follows: 

2.4 Non-linear Fracture Mechanics 

Kaplan (1961) was the first to apply the theory of linear elastic fracture mechanics 

(LEFM) to concrete. During the last fifteen years some researchers expressed doubts 

regarding the application of LEFM to normal size structural components, and they 

tend to favor some form of non-linear fiacture mechanics based models. 
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One of the most important models of nonlinear fracture mechanics and among 

the most widely used in finite element analysis is the fictitious crack model (section 

2.4.2), In this model, a process zone (fictitious crack) is assumed in front of the crack 

tip, and ahead of the true or physical crack. One of the characteristics of this zone is 

that the stress decreases from tensile strength of concrete at the tip of the fictitious 

crack to zero at the tip of the physicnl crack. Its main disadvantage lies in omitting 

certain effects, especially during the stage of microcrnck development when the crack 

is not yet locdized, but still spread over a certain volume. 

2.4.1 Crack models 

Fracture toughness of concrete evaluated according to the conventional LEFM prin- 

ciples are found to be size dependent. The observed size effect has been attributed to 

the formation of a nonlinenr fracture process zone around the crack tip. The nonlin- 

ear fracture process zone is ssumed to consist of innumerable microcradcs tending to 

coalesce into a mncrocrnck and across which considerable traction still exists owing 

to the bridging of aggregates as well as roughness and the tortuous pattern of crack- 

ing. The stress field ahead of the crack tip, instead of being dependent on the stress 

intensity factor is found to be dependent on the deformational characteristics of the 

nonlinear fracture process zone. The size of this zone is found to be considerably 

large, sometimes of the same magnitude as the size of the specimen itself. Fracture of 

concrete cannot be adequately described by classical LEFM principles, unless the size 

of the fracture process zone is so smail compared to the structural dimensions that 
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it can be treated as a point, which is the case in dams. It is becoming increasingly 

recognized from various recent stiidies thnt fracture mechanics principles are appli- 

cable to concrete provided a finite nonlinear zone at  the fracture front is taken into 

account. When tested under stroke control the stress-strain diagram of concrete in 

tension is found to have a descending branch in the post-peak region, from which it 

follows that the simplest idealization for concrete can be as a bi-linear softening ma- 

terial. Recognizing this behaviour several theoretical investigations have been carried 

out incorporate nonlinear fracture process zone and the effect of slow crack gowth, 

and their dependence on size. This has l d  to the development of several analytical 

models which c m  be broadly classified as nonlinear models with strain softening and 

modified LEFM rnodels. 

2.4.2 Hillerborgfictitiouscrackmodel, (FCM) 

Hillerborg (1976) proposed the fictitious crack mode1 for predicting how the fracture 

zone affects crack propagation and the fracture process for plain concrete and similar 

materials. The Fracture process zone is treated as a fictitious crack with bndging 

stresses as shown in Figure 2.7 and is characterized by a softening stress displacement 

relation. The crack is assumed to propagate when the maximum principal stress at 

the crack tip reaches the limiting tensile strength which then falls to zero at once, 

but to decrease with increasing width of the fictitious crack w, for that part of the 

crack, where w < wc where Y, is the critical width. When w > wc the fictitious 

crack gets converted into a real crack. The fictitious crack, in reality, corresponds to 
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COD 

Figure 2.7: Hillerborg's fic titious crack model 

a microcracked zone with some remoining ligaments for stress transfer. As this stress 

transferring crack is not a real one but fictitious, the mode1 is known as the fictitious 

crack model. As there is a stress to be overcome in opening the crack, energy is 

absorbed. The amount of energy absorbed per unit crack area in widening the crack 

from zero to w, is: 

which is the area under the curve (O, COD) and is known as fracture energy. 

2.4.3 Jenq and Shah's model 

Jenq and Shah (1985) proposed a two-parameter fracture model to include the non- 

linear slow crack growth in the pre-peak region using the elastic crack tip opening 
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Figure 2.8: Racture resistance stages of plain concrete 

displacement (CTOD) to dictate the critical effective crack extension. Figure 2.8 ex- 

plains the model and shows that the load-CM0 D curve is linear up to about one-half 

of the maximum load (P,). In this case K I  (mode 1 stress intensity factor) is less 

than 0.5 Klc,  where Klc is the criticnl value of Ki. During this stage the CTOD is 

zero, as predicted by LEFM. In the nonlinear region of Figure 2.8 slow crack growth 

(process zone formation) occurs and a significant inelastic deformation takes place, 

whidi is the critical point. In this case the value of Kr = KI ,  and CTOD = CTODc, 

and any further crack growth may occur at a steady state value of Krc. The propa- 

gation of the crack depends upon the rate of loading, the geometry of specimen and 

the method of loading. Also, the model is found to be independent of the size of the 

material and t heir propert ies . 
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2.4.4 B&ant9s size effect law 

The capacity of cementitious materials is known to depend on the size of specimens 

tested in the laboratory. Such dimensional influence is known to be as "the size 

effect". A well published law proposed in the literature was proposed by Bdant  

(1984). This law will be presented next and will be used in chapter six to fit the test 

results represented in chapter five. 

The size effect law was stated by BaZant as follows: the maximum nominal stress 

decreases as the inverse of the square root of the size. 

where 

a~ = nominal stress nt failure 

fl = direct tensile strength of concrete 

d = specimen size 

d ,  is the maximum aggregate size in the concrete 

A, and B are constant when geometrically similar specimens are considered. 

Equation 2.38, expresses the self-similarity properties of Fracture of brit tle het- 

erogeneous materials. The geometrical constants B , A, are determined by statist ical 

linear regression of test data. For structure of a small size relative to the size of 

aggregate, the value d/A,da can be neglected, and the nominal stress ON will be gîven 

by 
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which is governed by the classical strength of material (SOM) criterion, Figure 2.9. 

For a very large concrete structure such as dams, the asyrnptotically approaches the 

size effect of linear elnstic fracture mechanics, Le., the equation governed by linear 

elastic fracture mechanics (LEFM). Equation 2.38 will be reduced to: 

~ f l  lim ON = - 
Li-. CU Id 

2.4.5 Carpinteri brittleness number 

Carpinteri (1986) developed the so called brittleness number to accommodate failure 

caused by both classical strength of material (SOM) and fracture collapse in terms 

of (LEFM). The number is dimensionless, and depends upon the fracture toughness 

KI,. 

Where fi is the tensile strength; S is the brittleness number and d is a charac- 

teristic of the specimen (or structure) gwmetry. For large value of S, in another 
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Figure 2.9: Baiant's size effect law 

words small specimen dimension(d), SOM satisfies the interpretation of the test, and 

fracture mechanics play no role. On the other hand when the value of S is small, 

that is, large value of specimen dimension(d), fracture mechanics is valid, and (SOM) 

does not give reliable results. Brittle fracture occurs if S < So, and the value of So 

depends upon the type of test under consideration. 

2.5 Damage Mechanics 

Damage corresponds to irreversible degradation of the cohesion of the material under 

interna1 and/or external straining. This may lead to failure of an elementary volume. 

The main difference between damage and fracture mechanics, Figure 2.10, can be 

stated as: 
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1. In damage mechanics, the strength of a loaded structure is detennined by the 

deterioration of the material caused by loading. This deterioration or damage 

may be described in terms of a continuous defect field. 

2. In fracture mechanics, the strength of a loaded structure is determined by the 

severity of a single defect such as a sharp crack. The medium around the crack is 

assumed to be mechanically intact. A more realistic assessrnent of the behavior 

of a loaded structure may be obtained by combining these two approaches. 

2.5.1 Damage characterization with Uniaxial States of Stress 

Under uniaxial state of stress, the damage theory can be characterizes by a scalar pa- 

rameter, D, which denotes the concentration of microcracks existing in an elementary 

volume of the material: 

D = O corresponds to the intact material without deteriorntion; it is the reference 

state. 

D = 1 corresponds to the failure of an elementary volume of the material. 

1 - D, in the uniaxial state, can be expressed as the fractional area of undamaged 

material. 

where A, = undamaged area of the cross-section 

A = total area of the cross-section 
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Figure 2.10: Stages of crack propagation in concrete under uniaxial tension 

( A  - A,.,) = the damnge aren of the cross-section 

An effective net stress on acting on the undamageci material c m  be defined as: 

O 
a,, = - 

1 - D  

for D = 1, a, +oc. 
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2.5.2 Thermodynamic interpretation of the darnage param- 

eter 

The damage parameter D hos been considered by Lemaitre and Chaboche (1978), 

cited in Wittmann, (1983) ! as one of the hidden themodynamic variables, responsible 

for irreversible processes. These variables are called hidden because they do not 

appear in the thermostatic analysis of n continuum. They remain constant during 

reversible thermostatic transformations. 

2.5.3 Darnage parameter memurement 

The damage parameter, D ,  can be measured dunng loading cycles. The stress-strain 

relation for decreasing load may be described as follows: 

Since damage is assumed to be irreversible, we may write the unloading case: 

Further more we assume that the net moddus of elasticity is a material property 

which yields: 



hence : 

1 d a  D = l - - -  
En ' d~ 

If E' is the meon slope of an unloading brnnch of the a - E diagram then 

where E is the initial value of Young's modulus. 

2.5.4 Application of darnage theory 

Mazars's model (1980) 

This model describes the stress-strain curve of concrete under uniaxial tension. 

Before peak load: s < E,, where the net stress un = EE, and D = O, after peak 

load E > Ee where the net stress : 

0 
a,, = - 

1 - D  
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the damage is given by: 

and nominal stress: 

where E~ is the strnin at maximum nominal stress and A l ,  BI are constants which 

can be determined experimentally. 

Also Lgland (1980) derived his model where he differentiates between phases in 

modeling the o - s curve in iiniaxial tension, this model takes into account the fact 

that the descending branch of the 0 - E curve is size-dependent. 

2.6 Interface Fkact ure Mechanics 

In the past three decndes considerable attention has been directed towards studying 

the mechanical behavior of interfacial regions, where defects usualiy exist in the forrn 

of voids or cracks. The objective of interface fracture mechanics is to define o prop- 

erty, that is, toughness, that characterizes the fracture resistance of the interfaces. 

Williarns(1959) investigated the geological problem dealing with fault lines along the 

interface between two layers of rock strata and can be applied to joints, owing to faulty 

jointing techniques. It was discovered for the first time that the stresses poseess an os- 

cillating character of the type r-''* sin(cos)c logr, where r is the radial distance from 

the crack tip and c is a function of material constants. In the esse of a homogeneous 

material the local stress behavior is given in the order of o n rA-' = r-'I2, and Ais 
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an eigenvalue of the forrn X = n(integer) - 112 + ie for plane strain or plane stress. 

Erdogen (1963) treated the problem of two semi-inhite elastic planes with different 

properties bonded along the real mis and subject to loads at infinity. The bond 

contains some cavities which are idealized as cracks, and his solution is considered as 

an extension of the Westergaard solution which is restricted to homogeneous planes. 

England (1965) studied the two-dimensional problem of a crack under constant pres- 

sure between dissimilar materials and found that an apparent solution to the problem 

does not satisfy a necessary physical condition, as it implies wrinkling and overlap- 

ping of the crack surface near the crack tip. The problem was later extended by Sih 

& Rice (1965). In (1988) Sih and Rice applied complex variables integated with the 

eigenfunction - expansion technique, Williams (1959) to solve the problem of bonded 

dissimilar elastic planes containing cracks dong the bond, solution being given in 

closed f o m  for a number of extensional problems. To avoid the stress oscillation, 

Atkinson (1977) used three layer interface models, where the jump discontinuity in 

the material propert ies was eliminated. Comninou(l977) tried to solve t hie inconsis- 

tency by applying the frictionless crack face contact model. In this model there is 

only one independent eigenfunction and the leading order solution cm be written as 

follow s: 
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The near-tip mixed mode is determined by the asymptotic solution itself. However, 

some argued that the general belief is that the resolution to this has to corne from 

a more realistic modeling of the interfacial region of the bonded materials. The 

traditional open crack tip as formulated by Williams(1959) shows arbitrary constants 

KI  and K I , ,  so that the near-tip mode-mix cannot be d e h e d  as the asyrnptotic 

solution alone. The leading term of the solution for the open crack tip mode1 can be 

written as: 

1 8 58 
a,, = - (KI (3cos- +cos -) + Ki!(-?sin *' ,/G 2 2 2 

O 
a,,, = - 50 e 

K I  (SCOS - - cos -1 +  K.,^(- sin - + sin El) 
2 2 2 2 

Consider a seminfinite free crack lying along the interface between two homo- 

geneous isotropic half-planes, with material 1 above and material 2, Figure 2.11. 

Here, plane deforrnation in an isotropic bimaterial ia considered. A bi-material is a 

composite made of two homogeneous materials for which continuity of traction and 

displacement across interfaces are maintained. With the interface on the x-axis, let 

E l ,  p l ,  y be the Young's modulus, shear modulus, and Poisson's ratio, respectively, of 

material 1. Similar quantities, Ez, p2 and y for material 2 are also defined. Dundurs 

(1969) has observed that for interface cracks the material properties, and in particular 

the ratio of Young's moduli, play an important role in the behavior of fracture. In the 
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Figure 2.11: Crack tip geometry and convention 

simplest case of two bonded materials, where both are homogeneous and isotropie, 

the Young's moduli are constant, and therefor the discontinuity jump exists at the 

interface. With such a discontinuity it is well known that the stress state nround the 

crack tip exhibits an oscillation, and that o wide class of plane elasticity problems for 

birnaterials depend on two non-dimensional combinations of the Young's modulus. 

For plane strain, Dundurs introduced mismatched parameters: 

and 
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where, for hi = E,/(l - v2)  = 2p/(1 - V )  for i =1,2, the parameter measures the 

relative stiffness of the two materials. The parameter causes the linear crack-tip stress 

and displacement fields to oscillate, Rice (1988). Note that both a and P vanish when 

dissimilarity between the elastic properties of the materials is absent, and a and ,f3 

change signs when the materials are switched. For convenience, an average stifhesç, 

E*, is defined as 

for plane problems. the normal and shear stresses of the singular field acting on 

the interface a t  a distance r aheod of the tip can be written in the compact complex 

form 

where K= KI +iK2 = the stress intensity factor a t  the interface, i2 = -1 and the 

oscillation index * depends on 

The parameter t b i n e  in some complications that are not present in the theories 

of elast ic fracture mechanics of homogeneous bodies. The associated crackqpening 

displacement components a t  a distance r behind the crack tip, ie given by: 



for the case where = O (i.e., E + O), one can define 

Note that (ÉCi 1 = l,l K ËEi 1 = 1 KI and iIi the real phase angle of the cornplex 

quantity KÉ? When 0 = O, Ki and K2 rneasure the normal and shear traction 

singularities on the interface ahead of the crack tip with the standard definition for 

the stress intensity factors. With P= 0, the phase angle is defined as 

here, 4 rneasures the relative effect of rnode II and rnode 1 on the interface. The 

case in which 6 = OO? corresponds to pure mode 1, and & = 90°, corresponds to rnode 

II conditions. 

The energy release rate G per unit length of extension of the crack at an interface 

is related to the stress intensity factors with an Irwin-type relation: 

where 1 1(12 = K: + Ki, and cosh2 ?TE = 1/(1- p) . If bath 4 and G are defined, 

one can establish a fracture toughness c m ,  or GC-@, for an interface. In linear 
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elastic fracture mechanics, the GC-9, cuve  is the property of the given interface 

in the sense that, in principle, it is independent of the specimen geometry and the 

loading system. However, in general, the toughness curve is clearly dependent on the 

nature of the interface such as the roughness of the free surface before bonding and 

the bonding history, and the environment such os temperature. 

For any interfaciai crack problem, the complex number K will have the fom, 

where T is an applied traction on the structure, Lis a relevant length describing 

the geornet.ry, Y is a dirnensionless r d  positive number and 6 is the phase angle of 

k Lw. Both Y and $ depend on the geometric and loading details of the structure. 

The effort to establish the relntionship between the applied load and K given in the 

nbove equation is referred to os a K-cali bration for the structure, Wang ( W O ) .  With 

a K-calibration for a given structure, the loading amplitude G can be colculated from 

equation 2.65. Also, the loading phase angle may be calibrated by 

where L = the lengt h used in the K-calibration; and Ê= the îked length, used 

in defining the loading phase angle 4. The selection of Ê is somewhat arbitrary, 

Rice (1988), as long as a fixed length is used for reporting data in conjunction with 
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the toughness curve. The preceding discussion provides a theoretical insight into 

the interface fracture problem and defines the major parameters involved. For a 

quantitative assessrnent of the fracture toughness of a given interface, the development 

of appropriate physical models is necessary. 

2.7 Fracture of Concrete Dams 

Cracking frequently occurs and numerous dams in the United State and in Europe 

have shown disturbing signs of extensive cracking. Because of human and economical 

consequences of n dani failure, dams with signs of cracks are thoroughly investigated 

In many cases non-structural cracks develop, where the safety of the dam is rarely 

jeopardized. On the other hand there may be numerous structural causes for cracking, 

such as: 

1. Differentid settlement . 

2. Uplift water pressure dong internal cracks. 

3. Upstream water pressure. 

4. Release of heat due to hydration process, and resulting internal thermal gradi- 

ent. 

The first three points are out of the scope of this thesis, so only thermal loading 

induced crack wiU be discussed. 
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2.7.1 Thermal cracks 

Thermal cracking is quite usual in concrete dams, particularly in those constructed 

in regions with severe climate. In some cases the length of thermal cracks arnounts 

to 100 m and higher. Cracks, cause serious problems during operation, and call for 

expensive and labor-intensive repais. The effect of thermal cracks on the response 

of structures and their stability under operating conditions can be investigated by 

applying adequate analyt ical and experimental rnethods. To assess thermal stresses 

and therefore potential cracking, it is required to solve the heat conduction problem 

as a coupled or decoupled problem. Chappell and Ingnffea (1981) reported the first 

fracture mechanics based analysis of a dam. In their investigation of the Fontana dam, 

cracking was attributed to thermal loading. Saouma et. al (1987) studied thermal 

cracking in roller compocted concrete (RCC) dams where the anisotropic nature of 

the RCC material was emphnsized. Leger et. al (1993) and Leger et. al (1994) have 

studied the behavior of joints in dams when subjected to thermal loads. 

2.6.1.1 Mechanism 

During hydration the cementitious binder produces heat. The concrete temperature 

increases as long as the rate of heat development exceeds the rate of heat loss to 

the surrounding environment. With the increase in temperature there ia increase in 

volume of the concrete. When the concrete later cools, it will contract. During the 

temperature rise the deformation of the concrete is s m d ,  because at early ages the 

concrete is relatively plastic, and thus the compressive stress induced by any restraint 
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in the structure will be srnail. During cooling, the modulus of concrete is higher, and 

therefore restraint c m  cause tensile stresses which can lead to crack initiation. 

2.6.1.2 Restraint 

Restraint can be divided into internal and external restraint. Interna1 restrains are 

caused by unequal temperature deveiopment in the structure,which in practice cannot 

be avoided. At early nge. the core will usually be warmer than the surface. This c m  

lead to surface cracks during the henting phase. Cracks may sornetimes close and 

sometimes heal. External restraint is caused by the foudation or adjacent monolitcly 

which try to stop the thermal movements of the young concrete. There c m  be 

restrains against both elongation, contraction and bending. For the case of dams, 

external restraint can form cracks thsough the structure during the cooling period. 

2.6.1.3 Heat conduction 

Heat conduction is governed by the well-known Fourier lnw, 

where p is the mass density; 

T is the temperature in "K, a function of the point coordinates x, y, z and the 

time t; 

C is the specific heat in J/(kg OK); 

k is the themal conductivity tensor; 
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q is the rate of heat generation within the control volume in W/n3.  

The boundary conditions on surfaces ri and r2 on the domain 52 may be of the 

form; 

and / or 

simulating thermal exchange between concrete and environment. If the b i t e  

element met hod is used for discret ization, the governing matrix equat ion referred to 

as semi-discrete statement is obtnin by: 

[cl {+} + [h'l{T} = {Q}, 

where [Cl is the specific heat matrix, 

[KI is the effective conductivity matrix, 

( T }  is the matRx of nodal temperature values, 

{f} is the tirne derivative of { T } ,  

{Q) is the effective heat flw and is given by: 
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where, 

{Qe} is the applied heat flw, 

{Qc} is the convective heat transfer vector, 

{Qr}is the radiation vector, and 

{Qi} is the vector of interna1 hent generation rates. 

The most important factor in modeling the thermal behavior of mass concrete is 

the interna1 heat generated by hydration of cementing materials. Dunng hydration, 

concrete temperature increases as long as the rate of heat development exceeds the 

rate loss to the surrounding environment. The increase of temperature leads to an 

increase in the structure's volume, and during cooling it contracts. For mass con- 

crete structures, an adiabatic heat of hydration test allows for reasonably accurate 

temperature predictions. The adiabatic temperature is given by 

where T is the tempernture of the concrete under adiabatic condition; k t  is the 

maximum temperature of concrete under adiabatic condition; a is a parameter which 

presents a heat generation rate; and t is time (hours). Multiplying the above equation 

by the specific mass of concrete (Cp.r), we obtain the amount of heat generated per 

unit volume as, 



2.8. FINITE ELEMENT FORMULATIONS 52 

The rate of heat generation can then be f o n d  by differentiating equation (2.7) 

with respect to time. Thnt is, 

2.8 Finit e Element Formulations 

2.8.1 Modeling aspects of cracks in concrete materials 

There are two basic appronches to modeling cracks, "Discrete Models" nnd "Smeared 

Models". Discrete Models describe a crack as a geometric discontinuity, and the 

Smeared Models describe the crack behavior s t  the constitute level, and treats a 

cracked solid as if they are stiff continuous domains. 

2.8.2 Discrete crack concept 

This approach suffered from two drawbacks. Fint, it implies a continuous change in 

nodal connectivity of the finite element met hod; and second, the crack is constrained 

to follow a predefmed pnth dong the element edge. As a result this mode1 proved to 

be impractical. In the late seventies the discrete crack concept appeared again, In- 

graffea and Saourna (1981), successfully eliminating the drawbacks through the use of 

interactive cornputer graphies, automatic remeshing and bandwidth rninimizers. The 

discrete crack concept was used successfully with fiacture mechanice based decision 

in the analysis of dams by Saoumo et. al (1987) and Ayari (1988). The advantage of 
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using the discrete crack mode1 specially with interface elements and a singular crack 

tip element have been sumrnnrized in the AC1 446 report, AC1 cornmitte 446 (1997): 

1. Mesh regeneration nssociated with crack propagation, and direction change, can 

be accomplished nutomnt ically. This eliminates one of the greatest crit icisms 

of the discrete crack approach. 

2. The formation of discrete cracks is therefore viewed as a problem of changing 

geometry rother than as in the smeared crack approach, a change in properties. 

3. As the interface furms. a graphicnl representation of the geometric discontinuity 

that develops, is nutcimatically obtnined by the altered mesh. 

4. Interface elements are n noturd way of describing the crack and are consistent 

with the fictitious crack rnodel. 

5. Interface elements are economical in that the crack is modeled with the mini- 

mum number of degees of freedom. 

2.8.3 Smeared crack concept 

This approach was first introduced by Rashid (1968). In this opproadi crack behavior 

is modeled through non-lineor constitutive behavior. With this continuum approach, 

the local discontinuities are distributed over some tributary area within the finite 

element stiflness matrix, 
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The prime setback of this approach is that it would tend to spread the crack 

formation over the entire structure and, therefore, be incapable of predicting localized 

fkacture formation. Also there is spurious mesh sensitivity. The advantage of using 

the smeared crack model speciaily with interface elements and a singulsr crack tip 

element have also been summarized in the AC1 116 report, AC1 cornmitte 4l6 (1997): 

1. Remeshing is not required. 

2. Distributed damage and cracking have been observed in reinforced concrete 

structures. 

3. Tortuosity of cracks c m  be modeled more readily using the smeared crack ap- 

proach. 

4. In the case, where pardel cracks in concrete are densely and unifonnly dis- 

tributed, such cracks are weil represented by the smeared crack model with o 

minimum crack band width equal to the actual spacing of the parallel cracks. 

Figure 2.12 shows simulations performed by different researchen. Area and In- 

gaffea (1982) used n discrete approach with remeshing technique. Softening and 

aggregate interlock were taken into account. A fixed smeared crack model was used 

by De Borst (1986). De Borst claimed that an excellent match with the experimen- 

tally found load-displacement curve was obtained. However, there is a doubt about 

this claim, since for wrong crack pattern the laad-displacement curve cannot be cor- 

rect. Rots (1991) adopted n smeared crack approach with the removal of elements 

to overcome stress-lodcing effects. The c r a h  follow the mesh lines, which results in 



Figure 2.12: Crack patterns observed by (a) Area & Ingraffea , (b) DeBorst , (c) Rots 

and (d) Alfaiate 

the wrong crack pattern. Alfaiate et. al. (1992) used a discrete crack approach with 

a pre-defined crack. 

2.8.4 Finite Element For Interface 

2.7.4.1 Andysis of non-linear joints 

The problem of cracks at a bi-material interface has been of interest for the past 

25 years. Various analytical methods were used, such as the eigenfunction expansion 

met hod, integral equations, method of dislocations and various complex function 

expansions. Most of these methods are difficult to apply in addition to possibly not 

being able to solve the non- linear problem associated with power law hardening 

materials, or other non- linearities. 

The interface crack mode1 in concrete is derived from a nonlinear material formu- 

lation, and, t herefore , a fini te element analysis wi t h this material formulation involves 
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a system of nonlinear equntions. Such a system can be solved, for instance, by the 

Newton-Raphson method. To exploit the full Newton-Raphson method a tangent 

stiffness mstrix would have to be computed a t  each iteration. The incremental tan- 

gent stiffness matrix for the proposed material formulation can be computed from an 

increment al stress-displncement constitutive relationship. 

2.7.4.2 Interface elements 

In finite element nndysis, situations arise where discontinuous behavior occurs be- 

tween elements. Exnmples are interfaces between bimaterials and joints or fractures 

in the material, siich as joints between lifts of concrete dams. 

Various methods have been proposed in the past. The discontinuous behavior at 

the interface has been modelled using constraint equotions or by connecting elements 

with each other by discrete sprinp. Other workers have treated the jointlinterface 

as a quasi-continuum of smnll thickness, thnt is, by using continuum finite elements 

which contain planes of weakness. 

Special joint h i t e  elements have been developed by Goodman (1968), Ghaboussi 

et al. (l973), Figure 2.13. bIos t of the applications are in two dimensions (plane stress, 

plane strain), although some three-dimensional analyses have been reported. 

In this chapter, a wide range of topics included linear elastic fracture mechanics, 

non-linear fracture mechanics. and interface fracture mechanics which are related to 
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Figure 2.13: Interface element numbering 

this research program were described. The experimental tests used for conducting 

fracture mechanics parameters by di fferent inves tigators were explained. Finally, the 

two different approaches fur modelling cracks were âiscussed. 

The parts of the literatiire which will be used in this thesis include linear elastic 

fracture mechanics which is iised only for the finite element analysis of large concrete 

stmcturs such as dams, non-linear fracture mechanics, where nonlinear mode1 needs to 

be used for the h i t e  element analysis of lab size concrete specimens, also bi-materials 

interface formulation which will be used for the analysis of repair specimens. 



Chapter 3 

EXPERIMENTAL PROGRAM 

3.1 Introduction 

This study was undertaken to examine and obtain more information on the fracture 

behavior of a repaired crncked horizontal interface between two successive lifts of 

concrete using different types of repair material, particularly on the influence of low 

temperature and moisture condition of the concrete. Such information is important 

especialiy for repairs in cold climate areas. 

The experimental program is divided into three phases of testing: 

Phase 1: A set of 60 specimens were tested, some of which were cast in one stage 

and the remainder cast in two stages, Table 3.3 with a 24 hours period between the 

two casts. Both sets are tested at temperatures varying between 20°C and -50°C. 

@Phase II : The specimens tested in phase I were repaired using different types of 

repair materials and then tested at temperatures between 20% to -50°C. 

.Phase III : Ten specimens of phase III, were repaired for a second time, to study 

58 
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if there is any change in the strength in the vicinity of the interface crack. 

Before the test program started, six specimens were used as a pilot test to obtain 

the appropriate loading rate, also to avoid any problem in the setup. 

3.2 Material Characterizat ion 

3.2.1 Introduction 

This section provides the necessary background on the chnracteristics of concrete 

joints, also described are different types of materials and procedures used in repairing 

cracks and debonded concrete joints in dams. 

3.2.2 Concrete Joints 

Joints are a necessary part of any large construction where dimensional changes within 

the structure are likely to occur. This is particularly true for concrete dams where 

as a result of the nature and behavior of the construction material, they may suf- 

fer cracking to a greater or lesser degree unless joints are provided to control these 

problems. Such cracking can frequently extend throughout the shorter horizontal 

dimension of a section thus providing a passage for the leakage of water. 

The development of strength in concrete is due to the hydration of the cernent and 

slag, and pozzolanic reactions in the mixture as well as impsegnants such as sulphur 

and polymers, where applicable, during which process considerable heat is generated, 

followed by cooling and àrying of the material. The net result is contraction of the 



concrete, which leads to the development of stresses which obviously become more 

severe the larger the mass of concrete cast monolithicallies. Even though modern 

technology has introduced techniques for reducing the effects of heot of hydration 

and of drying, some contraction will always occiir and it is necessary to divide the 

concrete structure into blocks so that the contraction within each block will be within 

tolerable limi ts. 

Construction procedures and sequence may also lead to the development of lnrge 

stresses, as for example in the case of double curvature concrete dams whese the 

casting of intermediate blocks a t  a later stage can lend to the development of high 

vertical cantilever stresses in the initial blocks. 

Periodic thermal variations may be lnrge and cnn thus give rise to lnrge stresses 

which cause cracking. Especially where dams are locoted in severe climates, the 

seasonal difference in ambient temperature may be high as 70°C with minimum tem- 

perotures in the region of -45°C. The provision of joints to accommodate this type of 

movement caused by tempernture changes is therefore dso necessary. 

When the horizontal interface between two successive lifts of concrete has not 

been properly prepared, or there has been a long interval between lifts, a good bond 

between the two casting construction lifts may not occur and leakage of water can 

take place in this area. 

To minimize the effects of both heat of hydration and relative movement, concrete 

dams are cast in alternate blocks or monoliths so that as much of the contraction as 

possible can take place before the intemediate or filler blocks are poured. 
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3.2.3 Repair Mat erials 

3.2.3.1 Introduction 

A variety of different repair materials are widely used to fill cracks in different types of 

concrete structures. The grouts used tend to be based on portland cernent, silicates! 

clieiiiical, polyurethnnes ur resins. The choice of grout depends on a number of factors, 

nnmely the g a i n  size of the grout, which depends upon the viscosity. pot-life, bleeding 

and wnsh-out resistance of the grout mix, the condition of the crack, if it is active 

or passive dry or wet, and on water pressure md whether wnter is running with the 

crack. 

3.2.3.2 Types of repair materials 

1- Epoxy resins Since epoxies came on the market in the 1930's. they have b e n  

widely used in repairing concrete. There are thoiisands of epoxy resins. Epoxy resins 

ore immiscible in water and there is a clear boundary between the resin and any 

water it àisplaces. In clean cracks, bond strengths con exceed the tensile strength 

of the concrete but in real cracks such as those occurring in dams there is no such 

think as a clean dry crack. Epoxy and polyester systems are normally Newtonian 

fluids before hardening, where the rate of shear is proportional to the shear stress. 

The viscosity can be varied over a wide range but has to be relatively high if high 

strength is required. Also high viscosity resins require high grouting pressure. In 

the case of repairing cracks in concrete dams, ultra-low viscosity epoxy is reguired, 

but only a few fa11 into this category and the data list physical performances under 
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normal conditions only. A research program for cornparison purposes was carried 

out by Manitoba Hydro's Resenrch and Development (1993) to evaluate eight epoxy 

resins for suitability for use in the field. It was concluded that, additional testing is 

required to ensuse field requirements are met. 

2- Polyester resins These materials are cheaper than epoxies. However. because 

they s h h k  on hardening, they pull awey from the face of the crack and so may not 

be as relinble if bond is required. To reduce shrinkage, polyester resins with inert fine 

grained fillers are used. 

3- Polyurethane foam is a mixture of two liquids which are pumped into the 

crack. A solid foarn results from the mixture, which can accommodate considerable 

movement. Hydraulic pressure in the crack can prevent or limit development of the 

bubbles. 

4- Cernent based grouting materials Cernent-based grout, being a rigid brittle 

material with no guarnntee of bond to dl sides of a void, cnnnot be expected tu develup 

high tensile strength. Cementitious grouts can efficiently penetrate cracks lnrger than 

0.3 mm wide. In using cementitious grouting, only high speed hi&-shear rate mixers 

should be used to ensure that individual cernent particles are separated from one 

another. 

Many grouting applications involving large fissures also include smaller fissures 

which are not easily penetrated by conventional cementitious materials. In such cir- 

curnstances, grout formulations are adjusted during grouting operations and may 



include eliminating various meterials from the grout formulation, as well as substi- 

tuting microfine cements for cements for convent ional portland cements. According 

to Houls by (IWO), the suit abili ty of various cernent grouting materials , to penetrate 

narrow fissures may be evaluated by using the following formula: 

Grouting Ratio (GR) = fissure width/dB5 (grout) 

where dus reflects type of grout. Satisfactory pouting results c m  be consistently 

obtained with stable cementitious grout mixes for site conditions. When GR<5, it be- 

cornes increasingly difficult to obtain satisfactory grouting results. Grout penetration 

into narrow fissures cnn be facilitated by selecting grouting mnterials to accommodate 

various si te conditions. 

Research has shown that penetration of grouting Auids into fine fissures is propor- 

tional to the cube power of the fissure width (ut3).  As n results of this relationship, 

penetration of fine fissures may be significantly enhanced at various waterlcement ra- 

tio by selecting finer cements in accordance with site conditions. For grouting projects 

which involve filling large fissures and voids, the use of stable pouts formulated with 

locally-availsble portland cements are recommended. Where grouting operations are 

performed under water-Wed conditions, cohesive, thixotropic, water-repellent grout 

formulations prepared with low water /cement ratio are preferred. In the case of plac- 

ing cementitious grout into flowing water conditions, the use of special thixotropic 

agents are used to obtain a rapid gelation of the grout in order to resist dilation and 

minimize the extent of grout washout . Under extreme grouting conditions involving 

high water velocities and short flow paths, it may be necessary to combine the use of 
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cernent itious grout and water-activated resins to obtain very fast set ting cementi tious 

grouting materiah. 

5- Chernical grouting This is usually a chernical substance mixed with water 

in a wide range of proportions to form a strong film, gel or foam according to the 

mix design requirements of the application. This capability makes chernical grouting 

ideal for use as a remedial waterstop. The form of the final product, whether it is 

film, gel or f o m ,  is controlled by the ratio of water to the final prodiict. One of 

the disadvantages is that eech crack case is unique. So it needs highly experienced 

personal who can choose the correct mixture for the specific case. 

6- Latex membrane Geomembranes ore very low permeobility membrane liners 

and barriers used with geotechnicol engineering related material so as to control fluid 

migrations in a man-made project, structure or system. The term liner applies when 

o geomembrane is used as an interface or a surface revetment. The term barrier is 

usually reserved for the cases wliere the geornembrane is used inside an earth mass. 

Geomembrane is a generic term which has been proposed to replace many terms 

such as: synthet ic membranes, plastic liners, flexible membrane liners, impermeable 

membranes and impervious sheets. 

Geomembranes should not be confused with geotextiles. Geotextile refer to tex- 

tiles (fabrics) used in geotechnical engineering. Geomembrane are designed to have 

a permeability as low as possible. In other words, geotextiles allow or conduct fluid 

flow, while geomembranes restrict fluid flow. A geotextile is often used in conjunction 



with the geomembrane to provide protection against puncturing. 

In dam applications geomembranes corne in rolls, each roll being long enough 

to cover the height of the upstream face where it is to be installed, thus avoiding 

horizontal welds. Various configurations of geomembranes have been used tu pro- 

vide impervious synthetic barriers in dams particularly in Europe, for the last three 

decades. In general, membranes are either placed within an embankment or rockfill 

dam as part of the impervious core or at the upstream face of embankment, rockfill 

and concrete gravity dams. Also, the main requirement for a suitable membrane is tu 

be waterproof, have sufficient strength/ductili ty. have an acceptable life t ime, have an 

acceptable history, have test and design data available and to lny relatively without 

expensive equi pment. 

Application of geomembrane, have been reported by Koerner (1986), some of 

the geotechnical application of geomembrane in earth dams, concrete dams. spillway 

capacity etc. Geomembranes are used to rehabilitate concrete, masonry, rockfill, 

gravi ty, concrete dams, as well as reservoirs and canais. 

7- Shotcrete Shotcrete is a method that involves the premixing of binder and 

aggregates, which are then fed into a special mechanical feeder metering the premixed 

materials into a hose. The mix is jetted from the hose's nozzle at high velocity ont0 

the concrete surfaces.Prior to applying shotcrete, the surfaces must be prepared by 

cleaning out defective concrete using pneumatic picks or by very high pressure water 

jetting. The thickness of the shotcrete will be determined by the engineer to meet 

the requirements of loading, durabilit y and impermeabili ty. The shotcrete can be 
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reinforced with a mesh of either steel or glass reinforced plastic (GRP). In dam repair, 

shotcrete must be dense and durable and anchor bars should be used to secure the 

new shorcrete to the existing concrete. 

3.2.4 Grouting procedures 

3.2.4.1 Water pressure testing 

Chter pressure testing includes investigative procedures which are perfomed for var- 

ious stages of each grout hole prior to grouting. Appropriate grout formulations can 

be selected for specific stages to be grouted depending on the wnter pressure test 

results. 

3.2.4.2 Grout monitoring equipment 

Electronic flow measirring and pressure recorders are recommended for al1 major 

grouting projects. The availability of instantaneous grouting data and indications 

of dynamic trends are useful in achieving optimum results. 

3.2.4.3 Multiple hole gouting 

Multiple hole grouting techniques can irnprove grouting productivity when substrate 

conditions restrict grout flow rates. Improved grouting performance may also result 

from increasing the connection time to each grout hole. 



3.3. TEST MATERlAL CHARACTERISTICS 

3.2.4.4 Refusal techniques 

The application of long duration refusal techniques is recommended (i.e. maintaining 

zero flow nt maximum grouting pressure) a t  the conclusion of each grouting operation. 

Improved grouting results are achiewd when grouting materials have been allowed 

sufficient tirne to underp the pressure filtration phenornenon. 

3.3 Test material characteristics 

3.3.1 Concrete mixes 

Cuncrete wos mixed using aggregates from two different sites (limestone and crashed 

granite). For each mix, six standard 15 cm x 30 cm cylinders were used to the 

deteminate the concrete materiol properties. The waterlcement ratio was about 

0.4 and the cernent content was 400kg/m3. The mix proportions by weight were 

1 (portland cernent); 2.9 (course aggregate) : 1.7 (fine aggregate) . Rehobnilt 1000 

super-plastisizier with 3 liter/.m3 was used to increose the worhbility. The nominal 

specified compressive strength of concrete was found to be 20 MPa after 3 days. The 

tests were conducted according to ASTM C39-86. The elastic modulus as well as the 

tensile strength of concrete were also evaluated at the fist day of testing based on 

ASTM C.169-87a and C196-90, respectively. 

The compressive strength and tensile splitting strength for each concrete mix were 

detennined for each wedge-splitting specimen. The average compressive strength of 

concrete cylinders was 33 MPa at the day of testing. The dimensions of the wedge 
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splitting (ws) specimens tested in the experimental prugrarn are shown in Figures 3.2 

and 3.3. 

3.3.2 Repair materials 

Twu types uf cummercial eyuxies and une ultra fine cernent were usrd in tliis study, 

these being referred to as epoxy-K, epoxy-W and fine-cernent respectively. The two 

epoxies, have a viscosity between 150-200 poise at room temperature and a specific 

gravity between 1.1 and 1.6. The ultra fine cernent was prepaired with a 0.5 wo- 

terlcement ratio with 2.5% (of the weight of the fine cernent) plasticizer. The three 

repair materiols were applied to the broken surfaces of the specimens, the holves were 

clnmped and left for seven days to cure in a special curing roorn. Also small load cells 

were used to measure the amount of clamping force npplied to the repaired specimens. 

~ E P O X Y  K: is n two component. low viscosity, high modulus material. It has a 2:l 

( by volume) mixing ratio and employs special colorants for contrasting component 

color. Primary applications include the structural repair of cracks and delaminations 

in concrete, masonry, stone and wood. Filling of voids in porous and honeycombed 

concrete and gout ,  adhesive bonding of steel plates (external reinforcement) and 

anchoring bolts dowels and rebar into concrete or rock. 

~EPOXY W: is a two component, low viscosity, high modulus material. The resin 

to hardener mix ratio is 5:1 by volume and employs special colorants for contrasting 

component color. Primary applications include the structural repair of cracks and 

delaminations in concrete, masonry, stone and wood. 
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ULTRA FINE CEMENT: is a brittle gray solid powder material with a specific 

gravity of 3 and solubility in water at  20°C less then 1%. The powder is mixed with 

water/cement ratio of 1:2 with 2.5% superplostizier by weight of cernent. 

3.3.3 Specimen preparat ion 

In phase 1, the specimens are cast according to two procedures. They were cast from 

a single mix or cast in two stages whereby one hdf  is poured and left ta cure for 

a period of 7 hours. The concrete surface is then ruughened by sandblasting, and 

loose material and dust are removed by air jet and subsequently, the second half is 

poured the following day. A total of sixty specimens of two basic sizes, Figure 3.16. 

small (S) and large (L) were tested at temperatures varying between rcom and -50°C, 

Figures 3.10 and 3.11 are a photogapic representation, with initial crack sizes equal 

to 100 mm or 200 mm. Table 3.2 summarizes phase 1 experimental program. 

Phase II, a total of 60 specimens were tested 40 specirnens were repaired using 

epoxies repair materials and 20 specimens were repaired with ultra-he cernent, Fig- 

ures 3.12 and 3.13 are a photograpic representation. The specimens were tested at 

room temperature and - 50°C in dry and water saturated condition, with initial crack 

sizes equal to 100 mm. The specimens were leh for at least seven days inside cure 

room before test takes place. Table 3.3 summarizes phase II expenmental program. 

Ten specimens were re-repaired using ultra-he cernent; and epoxy K and were used 

for testing in phase III. 
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3.4 Splitting Wedge Test 

The cube and drilling core wedge splitting test, Figure 3.1 ( only the cube specimen 

was used in this program), was developed at the University of Technology, Viennn, 

and involves the testing of a number of drilled core samples. Siich samples have. of 

course, limited diameters and to overcome the special problem associnted with the 

application of fracture mechanics BaZant developed the size effect relationship shown 

in Figure 2.9. In the Baiant's model, the nominal strength at  failure is given by: 

where fi  = strength parameter. The factor 1 becomes insignificont within the 

value of (1 + d l & )  for large concrete specirnens and the relationship can be sim- 

plified as follows: 

on = c fi ( d / d o )  "' 

In linear elastic fracture mechanics the fracture toughness is given by 
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Klc = c fi (d,)'12 ~ ( a l d )  

the nbove expression is further reduced to, 

This equation can now be used to obtain values of K f c  for values of d 4 m . Tests 

carsied out on dam drilling cores having diameters between 200 m d  300 mm provide 

fracture energy values GF between 171 and 257 N/m3/'. This leads to cnlculatiuns 

of fracture toughness KIc of concrete in dams between 2 and 3.5 M N I m  . This 

shows the major strength of the above model, which is its ability t u  extrapolate 

experimental results obtairied from laboratory-size specimens to predict failure of 

geomet rically sirnilar stnic tiires. 

The setup of the wedge splitting test is presented in Figures 3.5 and 3.6. First 

a specimen is prepared by casting a groove and a notch. The specimen is placed 

on a linear roller support, which is fixed on the lower plate of the testing machine. 

Two massive looding devices both equipped with roliers, are placed on the top of the 

specimen as shown in Figures 3.4 and 3.9. A stiff steel profile with no identical wedges 

is fixed at the upper plate of the testing machine. The actuator is then moved so that 

the wedge enters between the rollers on each side, see Figure 3.5. The dimensions 

of the groove and the notch are chosen so that the crack propagates in the vertical 

direction; the specimen is split into two halves. During test, the applied load F, 
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(vertical component) and the crack opening displacement (COD) are measured. The 

splitting force F,, is the horizontal cornponent of the force acting on the rollers. It i s  

caiculated tnking the wedge angle a into consideration. 

The above equntiun can Le npplied in the case where the cuefficient uf hictiun p is 

smaller than 0.5%. The manufacture of the roller bearing give values ranging between 

0.1% and 0.5%. To reduce friction, rollers with a coefficient of friction 0.3% were used. 

and the wedge surface was cnrefully polished and Teflon sheet was used. In the case 

where the coefficient of friction is iarger than O.5%, the coefficient of friction p hns tu 

be taken into consideration and the splitting force is given by following expression 

The COD was measured by means of a clip gage, that is h e d  at the level where 

the splitting force acts on the specimen, at the axis of the rollers. The test stabili ty 

(Le. no sudden drop of load) was checked by means of a load-time plot. The tests 

were camed out by monotonically increasing of the displacement of the actuator of 

the testing machine. During the test, not only the splitting F,-COD curve, and 

the vertical force F,-vertical actuator displacernent wcurw recorded. The fracture 
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energy, CF, is obtained from the area under the splitting force FJp versus COD curve 

by the projected fracture area, also the energy can be calculated from the area under 

the vertical force Fv versus u curve. Theoretically the nbove two area should be equd, 

but larger energy values are determined from the 1;; versus u curve were because it 

includes contribution of the testing machine and test-setup displacements. 

3.5 Experimental Test Setup 

A schematic repsesentation of the test setup is illustrated in Figure 3.7 and Figure 3.8 

is a photograpic representation. It mainly consisted of a cold chamber which could 

essily achieve and maintain a temperature of up to - 50°C. The charnber was mounted 

on a mobile table to provide easy access in and out of the hlTS machine. The cold 

chamber has circulas holes a t  i ts top and bottom ends, in order to allow steel extension 

pipes with outside diameter of 168 mm and wali thickness of 14 mm to pnss through. 

The upper extension pipe was welded on one end to a 19 mm thick plate, and the 

other end was welded to a steel ?ipe cap. A hole of 76 mm diameter was threaded into 

the pipe cap where a matching threaded high aiioy steel rod of the same diameter was 

used to comect the pipe cap to a load cell. Load ceil rings were used to tighten and 

untighten the upper grip system. The lower plate of the MTS machine was removed, 

and the pipe cap was welded to a 89 ,mm thid< plate using 25 mm size fillet weld. 

This plate was then gripped iising the hydraulic grip system of the MTS machine. In 

addition, a plate was welded to the top of the extension pipe. This plate had a total 

of eight threaded holes with 19 mm diameter. Eight ASTM A325 19 mm diameter 



3.6. TEST PROCEDURE 

structural bolts were used for this connection. 

3.6 Test Procedure 

The specimens were tested imder crack opening displacement (COD) control; sub- 

jected to a constant COL) rate of 0.05 prn/aec. Ail specimen were tested according 

to the following procedure: as soon as the peak load wns reached, the specimen was 

unloaded then reioaded to  a COD value twice thot of the first peak load and unloaded 

again. Subsequently, unloading and reloading was performed with gradua1 increase 

of COD value each time. The loading rate in the post-peak softening regime wns 

increased to 3 times thnt of the pre-peak region. The test was terminoteci once the 

specimen was completely fractured, Figure 3.14 is a photograpic representation, which 

normally occurred a t  a load level less than 1.0 K N. The lond-COD, load-stroke and 

load-time diagrams were displayed during testing on the computer monitor. The test 

duration time was from 3 to 7 hours; depending on the specimen size. 

3.7 Measurements 

The data acquisition systern has a 48 Channel capacity, a sampling rate of U1 samples 

per second and a data scan 7000 digital card of 16 bit resolution a t  a range of 10 volts 

10.3 m.vdt, was used to  record the data. A software "Labtech Notebook" was used 

to store the data at a rate of 1 sample per second. The load and stroke of the cross 

head of the machine were recorded. The deformation was monitored on both sides 
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of the rpecimenu, t h  COD waa alw measured, 4 t h  the help of two MTS clip gages 

one in each side. 



Table 3.1: Specimens dimensions 

Type H W t s D a h Number 

SmaU 300 300 200 60 30 100 200 48 

Large 600 600 300 90 60 200 400 12 

Table 3.2: Test program Phase 1 

- - -  

Number of Specimen Temp. Aggr- Crack Stength Casting 

specimens type deg. C egate depth(mm) MPa type 

room 

room 

-50% 

-50°C 

-30°C 

-2O0C 

-OS°C 

room 

room 

-5O0C 

room 

local 

site 

local 

site 

local 

local 

local 

local 

local 

local 

local 

ha1 f 

ha1 f 

ha1 f 

half 

half 

half 

half 

full 

half 

half 

full 
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Table 3.3: Test program Phase 1, 11,111 

No. of Dimen- Agg. 

specimens sions type 

Descript ion Surface 

condition 

Phase Temp. 

deg. C 

large 1-stme aith 1 6 1 1 
(1) 

No 

repair 

joint 1 6 1 smail 1 grave1 

without 1 large 1 lime 

joint 

wet 

-- -- 

(II) 

with 

repair 

wet 

ultra-fine wet 

cernent 1 10 1 I 

(III) Re- 

repair 

dry 

f-cernent 
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Figure 3.1: Cube and dnlling wedge-splitting test 

Figure 3.2: Specimen geometry for phase ( I ) 



Figure 3.3: Specimen geometry for phase ( 1 1) 

Applicd b a d  

Support 

Figure 3.4: Wedge splitting test apecimen setup 



Lower Extension Pipe 

Figure 3.5: Test setup at room temperature 

LMCr Extedon Pipe 
Plywood 3ü.1 mm Tb 

Figure 3.6: Tset setup at low temperatun 



Figure 3.7: Schematic of the test setup 



Figure 3.8: Test set~ip 



Figure 3.9: Londing device 



Figure 3.11: Loaded specimen at low temperatire 
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Figure 3.13: Repoired specimen iising epoxy 



Figiire 3.15: Crack monituing 



Chapter 4 

TEST RESULTS 

4.1 Introduction 

This chapter represent the descriptions and the observations of the tests results. The 

discussions of those results and the behavior of each set of tests will be covered in 

chapter six. The energy necessary to split the specimens into two halves is represented 

by the area under the F,-CO D curve divided by the projected fracture area. 

A typical F,-COD curve representative of the (ws) specimen is presented in 

Figure 4.1. in the F, - COD curve, both linear and non-linear responses in the 

ascending prepeak branch and a descending postpeak branch can be observed. The 

fracture toughness Krc is evaluated using the cornpliance rnethod, with an effective 

crack length that is larger than the true crack length and shorter than the true crack 

length plus the fracture process zone. Before the test program started, six specimens 

were used as a pilot test to obtain the appropriate loading rate, also to avoid any 

problem in the setup. 



4.2. RESULTS OF PHASE I 

4.2 Results of Phase 1 

4.2.1 Description 

The central focus of this part of the experimental program is to identify the effect 

of residual strain accumulation in the vicinity of adjacent concsete layers due to 

differential curing histories. Wedge splitting specimens, cast in one and two stages 

are tested at  room and low temperntures. In addition, the size effect is studied using 

two different sizes of specimens. Also, two types of aggregate (limestone and crashed 

granite) were used to stiidy the effect of aggregates. 

4.2.2 Specimens with joints 

Small specimens 

A total of eighteen tests were performed for this test series. The first six specimen 

were used as pilot tests to determine the appropriate crack opening displacement 

(COD) rate which produces a stable test, and to observe if there are any problems 

related to the setup. Because of the different rates used in the first six specimens, 

the results from those tests were ignored. 

Six specirnens were tested at  room temperature. From Figure 4.2, linear behavior 

of the Fpa-COD curve was observed until approximately 80% of the maximum load 

was reached, with an average splitting force value of 11 KN. The loading rate in 

the postpeak softening regime was increased to 4 times that of the prepeak region. 

The test was terminated once the specimen was completely fractured, which normally 
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occurred at a load level of less t han 1.5 K N. The F,.-CO D , load versus vertical dis- 

placement and load versus time curves were displayed during testing on the computer 

moni toc. 

Six other specimens were tested at -50°C, Figure 4.3 shows a typical response of 

such specimens. The same behavior as the specimens tested at room temperature 

were observed, with a maximum splitting force of average value 26.3 k N .  A more 

brittle behavior was observed at low temperature. Also, the postpeak softening regime 

has the same behavior as the room temperature one, with complete splitting of the 

specimens occurring nt a load level of less than 2.5 KN. The loading rate in the 

postpenk softening regime was increased to five times that of the prepeak region. 

Twelve specimens were tested at different temperatures, Figures 4.4 and 4.5. 

These temperatures lay in the range between -50°C and room temperature, (- 5, 

- 20 and -30 O C ) .  These sets of tests were carried out to determine the gradua1 effect 

of the temperature. 

Also another six specimens with different aggregate types, Figure 4.6 and Figures 

4.27-4.28 are a photograpic representation, were used to study the nggregate effect 

on the fracture properties. In al1 of the above tests, the crack propagated dong the 

interface of the joint. 

Large specimens 

These tests were carried out to study the size effect. Eight specimens were tested, 

four for each temperature. At room temperature, Figure 4.7, linear behavior of the 

F,,-COD cunre was observed until the load reached 75985% of its maximum value, 
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with en average splitting force of 28 KN. The loading rate in the postpeak softening 

regime was increase to 3 times that of the prepeak region. The test was terrninated 

once the specimen was completely fractured, which normally occurred at  a load level 

of less than 2 KN. The same behnvior was obseived at low temperature (-50 OC), 

Figure 4.8, with nonlinenrity starting nround 60-70% of the maximum load, at a value 

of 64 KN. A complete splitting of the specimens occurred at a load ievei of less than 

3 K N .  The loading rate in the postpeak softening regime was increased to three 

times that of the prepeak region. 

4.2.3 Specimens without joints 

Small specimens 

A total of twelve specimens were tested under this test series, six of which were 

tested nt room temperature. Typical response is shown in Figure 4.9. In al1 tests, 

the initial linear elast ic response is followed by pre-peak non-lineari ty at about 80% 

of the maximum load. The test has a maximum average splitting force of 14.7 KN. 

A softening part where the crack graduaily propagates with increased displacement 

up to three times that of the prepeak region, and reduced load foliows. The test was 

terrninated once the specimens were completely fiactured, Figures 4.25-4.26. 

Six specimens were t e s t 4  at -50°C. Typical response is shown in Figure 4.10. 

The same behavior as room temperature specimens was observeci with considerable 

increase of strength. The test has a maximum average splitting force of 27.7 KN and 

a maximum applied l a d  of 14.7 KN. The loading rate in the postpeak softening 
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area was increased to five times that of the prepeak region with complete fracture at 

a load level of less than 2.5 K N .  

4.2.4 S t iffness degradat ions 

The stiffness of the specimen decreases with each loading cycle. If the relative stiffness 

klk,, Figures 4.11 and 4.12, is plotted versus the total deformation which has been 

reached on the envelope curve, a veiy steep decline in stiffness can be seen. At a total 

deformation of 20 prn the stiffness is only 30% of its original value. Various stages 

can be distinguished from the curves: elastic elongation of the specimen, small crack 

opening, elastic unloading and crack closure. From the slope of the lines it can be 

said that in each cycle the cracked zone increase in length and that the crack faces 

no longer match. 

4.3 Results of Phase II 

4.3.1 Description 

This part of the experimental program was to examine and obtain information on the 

fracture behavior of repaired cracks at  the horizontal interface between two adjacent 

lifts of concrete using different types of repair material, particularly on the influence 

of low temperature and the moisture condition of concrete. Such information is 

important especially for repairs taking place in cold climate areas. The same test 

procedure used in phase I was followed.. 
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4.3.2 Dry condition 

In al1 tests, the initial linear elastic response is followed by pre-peak n~nlinea~ity. This 

is caused by the formation of microcracks ahead of the macrocrack. A post-peak part 

where the crack gradually propagates with increase displacement and reduced load. 

Table 4.2, represent the average amount of fracture energy released. 

A dark purple color of the surface represents a strong bond of the dry condition. The 

same behavior as the previous tests was observed. In the case of room temperature 

the pre-peak nonlinearity starts at npproximately 90% of the maximum load. The 

maximum average splitting force is 25 K N ,  see Figure 1.13. At -50°C, Figure 4.14, 

the maximum average splitting force reached a value of 33 KN. The load rate in the 

postpeak softening regime was increased to four times in the case of low temperature 

and to three times in the case of room temperature testing. 

A yellow color of the surface represent a strong bond of the dry condition, Figure 

1.32. Similar behavior was observed os with epoxy K. The pre-peak nonlinearity 

starts at  approximotely 80% of the maximum load. In the case of room temperature, 

the maximum average splitting force is equal to 22 KN. At -50°C, the maximum 

average splitting force was 29 KN. The load rate in the postpeak softening regime 

was increase to three times in the case of low temperature, Figure 4.15, and to five 

tirnes in the case of room temperature, Figure 4.16. 
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Ultra-fine cernent 

In the ultra fine cernent, strong bond h as a green color after faih ire and a weak bond 

has scattered green spots. There was no difference observed between the behnvior 

of ultra fine cernent in case of dry and wet conditions, Figures 4.17-4.18 and Figure 

4.30 is n photogrophic representation. In both cases, and when t.he load dropped to 

approximately 40-45% of its maximum value, no more cycles wns needed and slow 

crack propagation was observed. 

4.3.3 Wet condition 

In the wet condition specimens were kept irnmersed under water for 24 hours 

before taken out and repaired. A total of thirty specimens were repaired in this test 

series. The FdP - COD curve was linear up to approximately 90% of the maximum 

load, followed by pre-peak nonlinearity. The amounts of fracture energy relensed are 

given in Table 4.2. 

The distinctive light purple color on the surface points to a weak bond, Figure 4.31. 

At low temperature, the bond becomes quite strong. In room temperature, the bond 

showed a decrease in strengt h. The pre-peak nonlinearity stnrts at approximately 

65% of the maximum load. The maximum average splitting force of 11.3 KN in the 

case of room temperature. At -50°C, the maximum average splitting force has a value 

of 41 KN. The load rate in the postpeak softening regime was increased to fiw times 
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in the case of the low tempernture, Figure 4.20, and up to 3 times in the case of room 

temperature, Figure 4.19. 

Epoxy- W 

The bond is weak and has a white/yellow color. At low temperature, the bond 

becornes we& and hns a crispy layer which is diffirrilt to rernow iising a watei jet.. 

Also, this layer is weak under tension load (if removed in a direction normal to the 

surface). The pre-peak nonlinenrity start at approximately 85% of the maximum 

lond, Figures 4.21 and 4.22. The maximum average splitting force of 11 KN in the 

case of room tempernture. At -50°C. the maximum average splitting force has n value 

of 2.3 KN. At room temperature and after the third cycle, theFu-COD cuve was 

dropping slowly and crack opening displncement was increosed up to 4 mm where a 

complete M u r e  occurred. 

4.4 Results of Phase III 

A total of twelve specimens were clemed and re-repaired using ultra fine cernent and 

epoxy K. Al1 specimens were tested at  room temperature. Both materials showed 

decreasing strength with considerable variation in the results, Figure 4.23. Ultrafine- 

cernent behavior were choracterized by one cycle failure, Le., the test needs just one 

cycle to be completed with no sudden failure occurring. 

4.5 Figures 
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Table 5.1: Remit8 of phase I 

Specimen Casting Temperature Maximum Max. split. Fracture 

size type deg. C load (W) load (kN) energy (N/m) 

small full room 7.9 14.7 231 

small fidl - 50 22.8 42.5 341 

small half room 6.1 10.9 95 

smaii half - 50 14.1 26.3 155 

large half room 14.83 27.7 113 
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Table 5.2: Results of phase II 

. - . . - - - - - - - - - 

Repair Condition Temperature Mmcimum Load (kN) facture 

material deg. C load (kN) Max. split. energy(N/m) 

epoxy K 

epoxy K 

epoxy W 

epoxy W 

epoxy W 

epoxy W 

f-cernent 

f-cernent 

f-cernent 

f-cernent 

dry 

dsr 

wet 

wet 

dry 

dry 

wet 

wet 

dry 

dry 

wet 

wet 

room 

-50 

room 

-50 

room 

-50 

room 

-50 

room 

-50 

room 

-40 
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COD (mm)  

Figure 4.1: Typical splitting force versus COD cuwe 

Figure 4.2: Response of specimen cast in two blocks at room temperature 
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O 0.2 0.4 0.6 0.8 1 
CO0 (mm) 

Figure 4.3: Response of specimen cast in two blocks at - 50 O C  

Figure 4.4: Responee of specimen cast in two blocks at -5 O C  



Figure 4.5: Response of specimen cast in two blocks at -20 OC 

O 0.2 0.4 0,6 0.8 1 

COD (mm) 

Figure 4.6: Specimen with site aggregate at room temperature 
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O 0.2 0.4 0.6 0.8 1 1.2 
CO0 (mm) 

Figure 1.7: Response of large specimen cast in two blocks at room temperature 

Figure 4.8: Response of specimen cast in two blocks at -50 OC 



Figure 4.9: Response of specimen cast in one block nt room temperature 

Figure 4.10: Response of specimen cast in one blocks at -50 OC 
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O 0.2 0.4 0.6 0.8 1 
Cûû (mm) 

Figure 4.11: Stiffness degradation 

+ Low tenp. 

+ Fbom tenp. 

Figure 4.12: Ratio of initial to current stiffness K/K. as a huiction of COD 



Figure 4.13: Response of epoxy-K at room temperature in dry condition 

O 0.2 0.4 0.6 0.6 1 
COD (mm) 

Figure 4.14: Response of epaxy-K at low temperatun in dry condition 
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O 0.2 0 * 4 ~ ~  (mm 0.8 1 

Figure 4.15: Response of epoxy-W at room temperature in dry condition 

4 

7 - ; . . . . 1  

O 0.5 f 1.5 2 
COD (mm) 

Figure 4.16: Response of epaxy-W at low temperature in dry condition 
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Figure 4.17: Response of ultra-fine cernent nt room temperature in dry condition 

Figure 4.18: Response of ultra-fine cernent at low temperature in dry condition 
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O 0.2 0.4 0.6 0.8 
CO0 (mm) 

1 

Figure 4.19: Response of epoxy-K at room temperature in wet condition 

Figure 4.20: Response of epoxy-K at low temperature in wet condition 
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Figure 1.22: Response of epoxy-W nt low temperature in wet condition 

O 0.2 0.4 0.6 0.8 1 
CO0 (mm) 

Figure 4.23: Response of ultra-fine cernent at room temperature in wet condition 
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O 0.2 0.4 0.6 0.8 
CO0 (mm) 

Figure 4.24: Response of ultra-fine cernent at low temperature in wet condition 



Fiyiie 4.25: Test specimens with and w i t h i i t  juint 
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Fi gi ire -1.27: Testd sperirnens iisiiig di fferent t.ypes uf aggegate 



Fi pire 4.29: Cracked surface t hruiigh fine cernent- mnterial 

Figure -1.30: Crscked surface through epoxy-K 



Figiire 4.31 : Crncked siirfiire thruugh epux>v- VI 



Chapter 5 

DISCUSSION OF RESULTS 

5.1 Phase 1 

Al1 tests show initial lineor elastic response, with an incrense in applied tensile force, 

and microcrocks form at the mortarlaggregate interfaces leading to the pre-peak 

non-linearity. The transition from linear to nonlinear response is primarily governed 

by the extent of available interfaces. A softening part follows where the damnge is 

localized to a narrow zone. The eventual failure of the material tnkes place along 

this localized damage zone which forms the dominant macrocrack. The scattered 

microcracks elsewhere in the material no longer play a major role in determining the 

response of the material. The role belons only to the macrocrack. An immediate 

advance of the macrocrack is prevented by some mechanisms, the major among these 

mechanisms is the so called 'bridging mechanism' which breaks the continuity of the 

dominant macrocrack so that the discontinuous segments can no longer grow unstably. 

The bridging is provided by the interlocking of hard phase particles, by the strain 

114 
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hardening capacity of unbroken ligaments between macrocrack and any voids which 

attract the macrocracks. It is however worth noting that the feed-back control signals 

play a big role in recording the tension softening behavior. This feed-back control 

signals are provided by displacement control test and not by the decreasing tensile 

force 

5.1.1 Effect of joints 

Figure 5.4 represents the effect of simulated joint on the material response at room 

tempereture, a decrease in fracture energy of 58% and a reduction in splitting force of 

30% was observed. Figure 5.5 represents the effect of simulnted joint on the material 

response at -50°C tempernture, again a decrease in fracture energy of 54% and a 

reduction in splitting force of 38%. This behavior is due to an unavoidnble flow of 

moisture and heat across the interface during construction time, becnuse the new 

concrete initially exhibi ts processes of hardening, and subsequently holds up external 

climatic action which do not directly reach the deeper parts of old concrete. 

5.1.2 Effect of temperature 

Specimen dimensions were selected to enable a cornparison with results obtained by 

other researchers. During the test, the vertical load, vertical displacement, time and 

the crack opening displacement (COD) were measured. The fracture energy GF for 

each size and temperature is obtained by dividing the area under the splitting force 

versus COD curve by the ligament area (ligament length x thickness). Averages of 
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the experimental results are summarized in Tables 4.1 and 4.2 with errors of ~ 8 % .  In 

general, there is a large increase of fracture energy with decrease in temperature. It 

appears that structures are safer at low temperature, from n fracture point of view, 

than structures operating at room temperature when subjected to the same loading. 

Also, the tensile strength of concrete increases considerably with the reductiun in 

temperature, the main cause of this increase being exerted by the moisture content. 

\.Vater snturnted concrete may obtain a relative strength increases at  -50°C of 200% 

or more when compared to room temperature. This is in agrement with the results 

obtained by Elices ut.  el. (1987) in his three point bending beam test. 

Specimenv with joints 

Small specimens X total of thirty six tests were preformed. The response of small 

specimens cast in two blocks at - 50°C and room temperature is represented in Figure 

5.6. There is an increase OF fracture energy with decrease in temperature of 55 - 60% 

with an increase of 150% in splitting force. Figures 5.7 and 5.8 represent the effect of 

simulated joint on the material response at different temperature, where the gradua1 

temperature effect can be seen. 

Large specimens A total of eight tests were preforrned. Four specimens for each 

level of temperature. Figures 5.9 and 5.10. show an increase on fracture energy with 

decrease in temperature of 100-150 % with an increase of more than 200% in splitting 

force value. 
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Specimens without joints 

A total of twelve small specimens were tested, six of which were tested at -50°C while 

the remaining were tested a t  room temperature. No large specimens were tested 

under t.his series. 

Small specimens Figure 5.11 represents the response of the specimen cast in a 

single block at low and room temperature. there is an increase on fracture energy 

with decrease in temperature of 45 to 55% with an increase of 190% in the splitting 

force. By comparing the room temperature results with the results obtnined by 

Brahwiler et .  al (1991), a very good agrement was obtoined. 

5.1.3 Influence of different aggregate on fracture energy 

Figure 5.12 shows schematically the influence of the tortuosity of the crack path 

on the stress transferring capacity in the descending branch. The tensile strengt h, 

f i ,  and the fracture energy G F  are based partly on different material charocteristic. 

The tensile strength depends on the undamaged material, while the fracture energy 

depends mainly on interlocking, which in turn depends on the smoothness of the crack 

surfaces. 

5.1.4 Size effect 

For the application of size effect method, it is required to test geometrically similar 

notched concrete specimens of different sizes. Two different sizes of specimens were 

used for this purpose with geometrical similarities. The specimen~ were cast from the 



5.1. PHASE 1 118 

same batch of concrete. The nominal stress for each specimen was calculated using 

Equation 5.1 and Figure 5.1, which is derived from linear elastic beam approximation 

applied to the specimens with consideration to the effect of vertical component of 

applied load , Saouma et. al (1991). 

where 

F,= maximum splitting force 

F, = mnximum vertical force 

h = ligament length 

t = speciinen thickness 

For the purpose of statistical regression analysis of test data, Equation (2.38) may 

be transformed to a linear plot, see Figure 5.2. 

A='-  
B2 

and C = 
W X ,  

d 
where A is relative structure size(-) 

da 

From Figure 5.3 and at j; = 300 psi (2MPa), the two constants B and A, were 

found to be: B = 0.8555 and A,= 42.2. 
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5.1.5 Brittleness number 

If equation (5.2) is followed exactly, the plot of Y versus X should be a stsaight 

line. The characteristic dimension for this geometry c m  be found from the point 

of intersection. At the point of intersection, the brittleness nurnber as suggested by 

BoZant (1987), is given by: 

where 13 is brittleness number and do is the characteristic dimension of the speci- 

men geometry. 

d 13 = 1, indicate the relative size - at the point where the horizontal asymptote 
da 

for the stsength criterion intersects the inclined straight line asymptote for the energy 

failure criterion of linear elastic fracture meclianics, Le., 0 = 1 represents the transition 

between these two elementary failure criterion. 

For ,d < 1 the behavior is closer to strength of materials (SOM) criterion and 

for B > 1 it is closer to LEFM criterion. Bejant (1987) found that for P 5 0.1 or 

d < 0.157rn, the SOM analysis may be used as approximation and for ,8 2 10 or 

d > 15.7m (51 f eet) , linear elastic fracture mechanics must be used. 

Thus for 19mm MSA ( aggregate size used for this experimental program), for 

LEFM to be applicable the structure should have a characteristic dimension and two 

cases are plotted in Figure 5.3. In the case study under consideration (Long Spruce 

Generation Station) in this thesis, the maximum aggregate size (da)  was to equal 3 
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in (80 mm) and do = A, * 80 = 3.376 ,m. According to the brittle number criterion, 

for MSA found in this dam: 

1- for SOM to be applicable, do < 0.3376m 

2- for LEFM to be applicable, do > 33.76 m 

Therefor for 80 mm MSA, LEFM can be applied to a structure with characteristic 

dimension equal or greater than 33.76 m. A structure of this dimensions a large 

gavity dam. 

5.2 Phase II 

A total of 60 small specimens were tested, of these 40 specimens were repaired using 

epoxies repair materials and 20 specimens were repaired with ultra-fine cernent. see 

experimental program summnrized in Table 3.3. The specimens were tested at room 

temperature and a t  - 50°C in dry and water snturated conditions. The specimens 

were left for at  least seven days inside cure room before test takes place. 

5.2.1 Influence of temperature on the fracture behavior of 

the repair materials 

Dry condit ion 

Rom the results plotted in Figures 5.13-5.24, the polyrner (epoxy resin) repaired 

concrete tested have good performance in the dry condition. The crack propagating 

in concrete away h m  the repaired joint indicated that the repair material provided a 
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good bond, Figure 5.28 is n potoqaphic presentation. In case of K-epoxy, Figure 5.15, 

there is an increase on fracture energy with decrease in temperature of 25-30% with 

an increase of 50% in splitting force value. There is an increase on fracture energy 

with decrease in temperature of 20% with an increase of 35% in splitting force in case 

of epoxy W, see Figure 5.24. The ultra fine cernent shows good performance with an 

increase of fracture energy with a decrease in temperoture of 100% with an increase of 

200% in splitting force over the room temperature values, see Figure 5.19, but ultra 

fine-cement appears to be quite weak in comparison with polymers. 

Wet condition 

The wet condition specimens were kept immersed under water for 24 hours before 

taken out and repnired. A total of thirty tests were used in this test series. 

In the case of epoxy K repoir materinl shows n pour efficiency nt room temperature 

with a decrease of 15% in the fracture energy in cornparison with the joint before repair 

and a decrense 65% in fracture energy in comparison with dry condition, Figure 5.16. 

At low temperature, good efficiencies with increase of approximately 15-20% of the 

energy and between 3040% increase of strength, although two of the specimens show 

a low performance. 

Epoxy W in the wet condition shows very poor performance especiaily at low 

temperatures, see Figure 5.21. At room temperature, there is a decrease of 20% 

in the fracture energy in comparison with the joint before repair with no change 

in the value of the splitting force. At low temperature, the decrease of fracture 

energy and the splitting force in comparison with dry condition is very hi& and it 
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can be seen in Figure 5.21. The ultra fine-cement gouting material, Figure 5.20, 

show consistencies in its results, where there is almost no effect of the wet condition. 

Like with other materials, an increase in the strength and the fracture energy with 

decrease in temperature can be seen. Figure 5.25-5.27 show a cornparison between the 

performance of the homogeneous specimens and the repair mnterials. In general, poor 

performance of the three materials in wet condition was noted. hlso the ultra-fine 

cernent gouting is considered to be weaker thnn the epoxies. 

5.3 Phase III 

5.3.1 Effect of re-repair 

Twelve small specimens were re-repaired using ultra fine cernent and epoxy K. First 

the specimens were cleaned of the old repair materials, half of the specimens were 

cleaned using special knife and the other hdf  cleaned using water jet. Al1 specimens 

were tested at room temperature. Both materials show extra decrease in the peak 

lood of the joint by approximately 20% to 25%, and a decrease in fracture energy by 

20% to 25%. For the second case (water jet), both materials show decrease in strength 

and fracture energy GF with consideroble variation in results. This behaviour is due 

to the amount of damage (in vicinity of the crack) the cracked joint experienced before 

the re-repairing took place, and the contamination of the old repair material which 

created several points of weekness along the fracture surface, Figure 4.29. 
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5.4 Summary 

The foliowing comments can be drown from the above discussion, 

0 The peak load for the specimens tested at low temperature, appears to be 50- 

200% higher than for specimens tested at room temperature. 

0 Fracture energy increase with a decreose in temperature, which suggests that 

at low temperature structures are safer, from a fracture point of view, thnn 

structures nt room temperature when subjected to the same loading. 

0 Concrete at low temperature becomes more brittle and needs extra cnre during 

testing to control crack propagation. 

a Successive rehabilitation depends heavily on the type of repnir material. Also 

the response of repair materinls depend on the condition of the crncked surface. 

As expected, concrete specimens of different size was observed. Although the 

specimens were of large laboratory scale, the specimen dimensions were still 

too smdl for LEFM analysis. So fracture medianics principles are applicable 

to concrete provided a h i t e  nonlinear zone at the fracture front is taken into 

account . 

Dimensional analysis based on Bazant's size effect shows that, for structures 

that are geometrically similar, the nominal stress at failure varies with the 

structure size. 
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For the amailest structure that can be made with a given aggregate, the strength 

criterion governs, and for structures that are sufficiently large, the fracture 

mechanics criterion governs. The plot of the nominal stress at failure versus the 

size of the structure represents a smooth transition from the strength criterion 

to iinear fracture mechanics criterion. 



Figure 5.1 : Beam t heory approximation 

Figure 5.2: Regresstion analysis of fracture test data 



Figure 5.3: Specimens size effect for da = 19 mm 
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Figure 5.4: Effect of simulated joint on the material response at room temperature 
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Figure 5.5: Effect of simulated joint on the material response at low temperature 
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Figure 5.6: Response of srnail specimen cast in two blocks et low and room temper- 

at ure 
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Figure 5.7: Response of specimen cast in single block at iow and room tempearture 
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Figure 5.8: Size effect in specirnen cast in two blocks at room temperature 
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Figure 5.9: Size eflect in specimen cast in two blocks at low tempernture 
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Figure 5.10: Local aggregate versus site aggregate 
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Figure 5.11: Effect of simulated joint on the material response at different tempera- 

t ures 

Figure 5.12: Evolution of fracture energy with temperatun 
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Figure 5.13: Response of epoxy-K at roorn temperature 
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Figure 5.14: Response of epoxy-K at low temperature 
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Figure 5.15: Response of epoxy-K at applied to dry surface 
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Figure 5.16: Response of epoxy-K applied to wet surface 
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Figure 5.17: Response of ultra-fine cernent at low temperature 
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Figure 5.18: Response of ultra-fine cernent at room temperature 



Figure 5.19: Response of ultra-he cernent applied to dry surface 

Figure 5.20: Response of ultra-fine cernent applied to wet surface 
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Figure 5.21: Response of epoxy-W applied to wet surface 
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Figure 5.22: Response of epoxy-W at room temperature 
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Figure 5.23: Response of epoxy-W at low temperature 
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Figure 5.24: Response of npair materials at room temperature for wet condition 
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Figure 5.25: Response of repair materials at room temperature for wet condition 
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Figure 5.26: Response of npair materiais at room temperature for dry condition 



Figire 5.27: Wenk points creat,ed by uld repais materiol 

Figure 5.28: Typical strong bond, crack propagate in the nearby concrete 



Chapter 6 

THEORETICAL CALIBRATION 

OF TEST RESULTS 

6.1 Introduction 

In this chapter, the results of the numerical analysis preformed on splitting wedge 

specimens will be presented, using the finite element program SIMEX. This chapter 

coven detailed description and procedure involved in the analysis. 

6.2 Mat hemat ical Mode1 

A mat hemat ical model was developed with exponential calibrated from the test results 

and their model can be used in predicting actual practical situations. 
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6.2. MATHEMATICAL MODEL 

6.2.1 Fracture energy 

The least squares regression methods with sinewave square were used to determine the 

"best" equation which fits a set of observations . Nonlinear algorithms are employed 

to enable us to describe a statistical relationship between grnph series, Figure 6.1. 

where, 

GFo = initial fracture energy at room tempernture 

Po, pi = constants 

T = temperature. The function allows a simple determination of material parnm- 

eters since it may be written in the form Y = aX + 6. 

6.2.2 S t ifhess degradation 

TThe l e s t  squares regression methods with Gaussian exponential to determine the 

"best" equation which fits a set of observations. Nonlinear algorithrns are employed 

to enable us to describe a statistical relationship between gaph  series, Figure 6.2. 

VVhere , 

K = stiffness at any point 
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K, = initiai stifiess 

COD= crack opening displacement. By using measured crack opening displace- 

ment and equation 6.2, the amount of degradation in the stiffness of the interface c m  

be predicted. 

6.3 Finite Element Program 

SIMEX is a h i t e  element program developed at the University of Manitoba by Ayari, 

Appendix. It is a collection of computer routines linked together through a gaphics 

interface. These routines are specific to certain types of mathemnticol solutions to 

engineering problems, including standard structural analysis, heat t ransfer and ot hers. 

SIMEX is based on the discrete crack approach. Cracks c m  be initiated at any 

desired location during an analysis either by direct input from the user or using 

interactive computer graphics.Elastici ty, plast icity and viscoplastic formidat ion are 

linked to libraries that include several classical failure criteria such as Von-Mises, 

Drucker-Prnger, Mohr-Coulomb and Tresca. Additional user-dehed material failure 

criterion c m  easily be inputed, which allows easy adaptation of SIMEX to analyze 

cracking and deformation of structures made of any material like metals, plastics, 

concrete etc. The major features of this program include: 

1, two dimensional finite element . 

2. use of triangulcrr elements with quadratic shape functions, arbitrary numbering 

of nodes and elements, 
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3. element library includes four-noded element, six-noded and eight noded isopara- 

rnetric serendi pi ty elernents. 

4. cdculation of stress intensity factors using displacement correlation technique 

or surface integral technique of Bnbuska and Miller (1984). 

5. automatic remeshing can be used to accommodate discrete crack powth.  

6. isotropie or anisotropic models . 

7. different types of loading can be used including nodal, pressure on element sides, 

thermal loading and initial nodal displacement. 

8. solve nonlinear fracture mechanics problems based on the Hillerberg's model. 

9. capability of using interface elements along the crack during growth in order to 

prevent its closure or to model shear resistmce. 

Additional information about the use of SIMEX h i t e  element progrm can be 

found in the Appendix A. 

6.4 Cornpliance Met hod 

In the thermodynamics approach of linear elastic fracture mechanics, the energy re- 

lease needed to extend the crack by da is given by: 
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where W, is the total potential energy of the crack system and a is the crack 

length. There are several equivalent expressions for G including the following: 

where P is the total applied point load, B is the specimen thickness and 

C is the cornpliance or flexibility of the system (inverse of the stiffness) defined 

by : 

L I =  C.P (6.5) 

where LJ is the load displacement. According to Griffith criterion (1921), crack 

powth occurs when 

G I  = G c  

and according to Bareblatt's criterion (1962), crack growth occurs when: 

where Gfc and Klc are the critical energy release rate and the critical stress 

intensily factor respectively. The relationship between GIc and Klc was derived by 

Irwin (1957): 

where 



for plane stress 

E 
for plane st rain 

(1 - 4 J 
By using one of the experimental techniques available to obtain G I  , the mode 1 

stress intensity factor, K I  can be determined using Equation 6.8. 

Substituting Equations 6.4 and 6.9 into Equation 6.8. we obtain 

for plane stress 

E 1 /2 

Ki = ( for plane strain 

The fracture toughness can be calculated usinp the &ove equation. The only 

unknown is the value of the critical crack length a,. Rossi et. al. (1991) and Bascoul 

et. al. (1987) pointed out that the experimental determination of the critical crack 

length a, is difficult and cannot be accurate because the visible crack at  the surface 

does not represent the real crack for a number of reason such as: 

drying shrinkage that induces skin microcracking 

the heterogeneity of the concrete between the volume and the surface 

a the change from plane strain behavior in the volume to plane stress behavior at 

the surface, Figure 6.3. 

To solve this problem, the conccept of effective crack length, discussed in chapter 

two section, is used. With the assumptions that linear elastic fracture mechanics 

and fracture process zone, true crack in the specimen can be replaced by an effective 
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crack length, a,lj , as shown in Figure 2.7. From the F' versus COD curve the 

experimental compliance, Ceq, for each cycle was measured by connecting the initial 

unloading point to the final reloading point of each cycle. The effective Young's 

modulus, E, is determined inàirectly from the initial compliance. 

where CL, is the initial experimental compliance determined during the first load- 

ing in the linear elastic regime before pre-peak nonlinearity which corresponds to the 

formation of microcracks around the notch tip. Ci, is the initial norrnalized numer- 

ical compliance for the initial crack length using a unit elastic modulus. From the 

above equation, the effective Young's modulus is calculated. 

6.5 Finite Element Analysis 

The experimental results of the tests were nurnerically predicted using the progrm 

SIMEX with the mesh shown in Figure 6.4. For reasons of symmetry, only half of 

the mesh shown is considered in each case. Also an interface elements was added 

to the program, Figures 6.5. This element is a linear line element suitoble for two- 

dimensional anaiysis with six-nodes and zero initial t hickness. The i terat ion process 

and the interfacial constitutive relations were designed for this interface element . 

The finite element analysis was first carried out to obtain the relationship between the 

normalized compliance (numerical compliance) and the effective crack length wi th the 

assumptions that linear elastic fracture mechanies is applicable and fiacture process 



zone true crack in the specimen can be replaced by an effective crack length, a , ~ l  

The analysis was repeated several times with the notch as the initial crack length. 

From each analysis both the stress intensity factor and the nurnerical compliance were 

determined. Fkom the above data, a curve relating the nurnerical compliance to the 

effective crack length is obtained, Figure 6.6. Using equation 6.12, the finite element 

calibration obtain several value for normalized C,,, equal to 

From the experimental results, and for each successive post-peak unluad-reload 

cycle, the experirnental compliances are obtained. Ench experimental complimnce is 

nomalized with respect to Eell and then, the effective crack length a.,! is deter- 

mined. From the critical peak load for each cycle and the values the effective crack 

length, the fracture toughness Klc were obtained. The fracture tests were simdated 

nurnerically and, then, the calculated F, versus COD cuve  was compared to the 

experimental curve. 

Figures 6.7 and 6.8, are chosen to demonstrate the agreement between experi- 

mental results and nurnerical predictions. In the case of room temperatures, the GF 

values obtoined from the simdated curves are up to 9% larger than GF values de- 

termined from the experimental data. GF values were 4% as smaller as detennined 

from the experimental curve obtained at -50 O C  in cornparison to room temperature. 

This difference could be due to energy dissipated outside the hcture surface. 
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6.6 Evaluation of Fracture Toughness Krc 

Figures 6.9- 6.12 represent the fracture toughness as n function of the effective crack 

length. The behevior is chsractierized by vnrious phases. There is an increase in the 

value of the fracture toughness with increasing crack length. This increase in KIc 

may be attributed to increasing size of the microcracked zone a t  the crack tip, which 

is the stage of formation of the fracture process zone. The above increase in kmIc is 

followed by a steady state, where there is no increase in h',= with the increase in the 

crack length. This part of the curve represents the steady crack propagation regime. 

This phenornena was observed by Snouma et la (1992) nlso by Rossi (1991). The 

steady part of the curve is followed by a decrense in Kit with an increase in crack 

length. Both the first and the third part of the curve involve a trsnsitional crack 

propagation regime. 
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Figure 6.2: Stifhess ratio versus COD 



Figure 6.3: Plane stress and plane strain behavior 

Figure 6.4: Finite element mesh used for the calibration 



Figure 6.5: (a) Interface in close state (b) Interface with opening (c) Interface element 

in a body 

1 O0 120 140 160 180 200 
a e f i  (mm) 

Figure 6.6: Cornpliance versus effective crack length 
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Figure 6.9: Ftacture toughness versus effective crack length for small specimen at 

room temperature 
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Figure 6.10: Fkactue toughness versus effective crack lengt h for K-epoxy 
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Chapter 7 

REPAIR ON CRACKED 

JOINTS-CASE STUDY 

7.1 Introduction 

This chnpter, discussing the validity of the different repair methods proposed for the 

specific case study, which leads to give a summery of the work carried out by other 

resenrchers working in the same research program in order to give full understanding 

of the scale O f the problem. 

The dam of interest in this study is the Long-Spruce Generation Station on the 

Nelson river in the northern region of Manitoba. This dam is a low head-high dis- 

charge gravity one, 27.28 rn high and 1.1 km wide. A cross-section of the dam is 

shown in Figure 7.1. The construction of the dam started in 1974 and finished in 

1979. The site is in a zone of subarctic climate, where the daily maximum tempera- 

ture in summer can be above 35 OC, and the daily minimum temperature in winter 
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c m  be below - 45 OC. After less than five years in service, leakage began appearing 

on the downstream face of the south transition structure from the topmost horizontal 

construction joint, Figures 7.land 7.2, at a height of 23.62 m above the prevailing 

bedrock surface. The south transition structure is an unreinforced concrete gravi ty 

structure. It consists of three blocks, each 50 feet in length. Two vertical PVC wa- 

terstops are iocated between blocks at the upstream side of the contraction joints. 

The blocks were poured in 9 feet vertical lifts. Horizontal construction joints were 

prepared by green cutting to expose oggregates and removing ail laitance. A tliin 

grout layer was broomed ont0 the construction joint at  the stnrt of a pour to enhance 

bond a t  each horizontal joint. It is not likely thnt poor joint preparation is the cause 

of the leskage, because it occurs in dl three blocks and only at  elevation 337.5 rn. 

The amount of leakage varies throughout the years. Figure 7.2 shows ice forms in 

the downst.ream face of the dam dunng winter time. In the lnte 1992, an intensive 

investigation was initiated by Manitoba Hydro, Canada to determine the cause of the 

leak and what could be done to ensure the stability of the dam. The investigation 

was aided by instruments, Figure 7.3, which were installed in the middle block of the 

south transition structure to automatically record thermal stress movernents temper- 

ature OF. an hourly basis. Six Geokon mode1 4430 vibration wire strain gags ,  which 

are designed for long term strain measurements in mass concrete, were installed along 

the leakage joint. The data indicates that the concrete above the construction joint 

curls upwards during the cold weather and during the warm spell, the block uncurls 

but is unable to flatten due to ice build up and this leads to the center jacks up as 

shown in Figure 7.4. 
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7.2 Kinematics of Cracked Concrete Dams due to 

Ambient Condit ion 

Construction joints in dams are considered to be the weakest link of the structure. In 

sub-arctic regions, where there is a large variation in ambient temperature, the joints 

become vulnerable to this severe condition, which may partially or totaliy break the 

bond of the construction joint. A cracked joint inside the dam causes leakage. Some 

of those cracks can be very serious and con affect the integrity and the safety of 

the structure. Motion analysis of the dams with leaking joints is important for both 

safety assessrnent and rehabilitation. Recorded data from 1992 until June 1996 weie 

accumulated. The joint opening displacements were recorded at the locations shown 

in Figure 7.3. The b i t e  element results are compared with the in situ measured 

data, in Figure 7.6. One important observation made was that the magnitude of 

the recorded normal displacements are in good agreement with the numerical one 

at certain tirne of the yenr. The numerical results do not coincide weil with the 

recorded data during winter. This is because the effects of ice build-up have not been 

introduced into the finite element analysis. Figures 7.7 through 7.10, represent the 

joint opening displacement monitored in the site during the last five years. These 

data were recorded fiom the site to help in predicting the best repair time. It can be 

seen that there is almost no increase in the joint opening displacement during those 

years. This indicates that the stability of the dam is not an issue and only the lenkage 

is a problem. 
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7.3 Ice Loads 

Ice loads are considered to be one of the major factors causing damage in the structure 

of the dam. It is an extremely difficult task to get an accurate ice load measurement. 

Certain load data can be obtained by field measurernent. However, ice loads are 

strongly environment dependent. Ice can exert a load on the structure in two different 

ways: An ice layer forms inside the crack; and an ice sheet forms on the surface of 

the forebay. The cracked joint is filled with wnter. Water freezes during winter 

time creating the ice layer, Figure 7.11. The phenomena related to the ice layer is 

quite complicated. To simulate this phenomena, the following factors need to be 

deterrnined. 

1. Freezing stort temperature: this temperature cannot be set to zero degree. 

It should be the temperature for the ice to consoiidate. This interface temper- 

ature might be different from point to point according to the moisture of the 

location. 

2. Ice layer stopping time: the ice layer growth does not take place for the whole 

winter. F'reezing ice blocks the water supply for the ice layer to grow. To 

choose this time as the time when the temperature of the whole joint is below 

zero degrees. 

3. Ice breaking stress: the debonding stress for the ice-concrete interface. It 

might be a function of temperature and can be established experimentally. 
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4. Ice melting temperature: this temperature is related to the start of freezing 

temperature. The ice layer reduction should also be considered. There might 

be another factor to be concerned about. That is the ice draft force acting on 

the upstream side. 

The serond effect of ire is the load h m  forebay ice sheet on t h e  upstream side of 

the dam. The ice sheet forrns in winter due to the river freezing. It is believed thnt this 

sheet induces a large force on the structure of the dam. Zhang (1998) analyzed the 

mechanism of the ice load and developed a simple mode1 to determine the thickness 

(as a function of time) of the ice sheet. Figure 7.12 represents the ice sheet where it is 

considered to be a large elastic plate. Both horizontal and vertical loads imposed by 

the ice sheet on the face of the dam' are found to be quite important in determining 

the mode1 of the d m .  

7.4 Repair St rategies 

7.4.1 Background 

There is a wide choice of solutions for repairing or reinforcing of concrete dams. 

Grouting with epoxy, chernical cornpounds or with special cements, is one of the 

possibilities, where the choice of grout depends on the injectability of the material 

selected. In the case study under consideration in this research. As mentioned pre- 

viously in chapter six, ail these types of materials showed tremendous changes in the 

bond properties of the material due to severe thermal condition. 



The second rehabilitation method is the use of anchorages (post-tensioning cables). 

This method was first used in Cheurfas Dam in Algeria by Andre Coyne (1934), (cited 

in ICOLD, 1995). The use of stressed cables has pnmady been associated with the 

modification of existing dams to take account of modem design standards. Dams 

which have suffered concrete deterioration or cracking leading to excessive leakage 

c m  be repaired economically using stress cables. 

The third type of repair methods is the use of geomembrane. With this wnter 

proofhg method, a flexible geomembrane is fixed to the upstream face. There are 

cases of non-drain geomernbranes glued directly to the concrete, but drained mem- 

branes, which are mechanically fixed to concrete, are preferable. 

The t hree different repair met hods are discussed in the following sections. 

7.4.2 Grouting Technique 

Chernical grouting material was used to repair the crack in the Long Spruce dom. The 

repair method selected consisted of injecting the crack with grouting through holes 

drilled to intersect the crack. The selection of the material was based on its ability 

to adhere to the sides of the crack. Below the reservoir water surface, holes were 

drilled from the gallery to intersect the crack near the upstream face. As the station 

start operating again, the grouting appeared to have stopped the leakage. However, 

the leakage was reappeared on the downstream face. The theoretical analysis showed 

that very hi& thermal stresses exist and cause the upper block of the dam to curl and 

uncurl from season to season, the curling may not be hold by any type of grouting 
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material. This observation is supported by examining different types of grouting 

material tested in the experimental program undertaken in this thesis. The results 

of the tests showed that grouting materials fail a t  lower loads than expected. The 

failure of t hese mate rial are attribu ted to several factors; 

a the surface condition of cracked surface, 

change of material properties of repair material et low temperature. 

incomplete Wing of the crack betwecn injection points 

incomplete control of water flowing through the crack during grouting. 

Because of the rnany drnwbacks of this repair solution! it is recommended not to 

use this solution unless its combined with other solutions such as use of anchorage 

which will lend to very high cost. 

7.4.3 Anchorage 

The choice of the anchorage system depends on the static and dynnmic loads required 

to ensure the stability of the dam. The choice should be based upon the information 

provided from the site and laboratory tests. Calculations will be required to obtain 

factors such as anchor load, spacing and transfer lengths. Anchorage tension members 

can either be high tensile steel wires or of aramid or carbon fiber-reinforced polymers 

(FRP) rods. The FRP anchorages have advantages over steel anchorages including, 

durability, high tensile strength and low relaxation, i.e., less load loss, also FRP 

anchorage need no corrosion protection. The main disadvantage of FRP anchors are 



higher material cost, lower lateral compressive strength. lower shear strength and 

fewer proven application cases. 

In general anchorage performance can not be predicted solely on the Lasis of em- 

pirical design rules because it is greatly influenced by the quality of the workrnanship 

during construction. Hence regular checks on the residual load should be made during 

the service life of the dam to ensure the safe and satisfactory performance of each 

anchorage system. 

7.4.3.1 Stress analysis of anchorage 

It has been found from analytical analysis of the thermal and ice loads thot high 

tensile stresses exist near the upstream side. The tensile stress in the downstream 

side can be as high as 7 MPa and in the upstrearn side as high as 4 MPa. Typical 

normal stress distributions are shown in Figures 7.13- 7.14 for winter and summer 

respect ively. 

Also, the residual stresses caused by concrete hydrat ion following the construction 

of the dam is nnother important factor. Analysis of the residual stresses for the dam 

were carried out by Radormoric (1998). The distribution of the residual stress along 

the construction joint can be seen in Figure 7.16, which has similar pattern as the 

thermal and ice loa& and should be added to the ice and thermal load to produce the 

total tensile stress on the interface. In worst case, residual stresses can reach a level 

of 2 MPa. The combination of residual stress with thermal and ice induced stresses, 

can reach a value of 6 MPo in the vicinity of upstream side and to  9 MPa in the 

downstream side. Both of these stress levels are far beyond the bond capacity of any 



of the gouting materials examined in this thesis. 

The analytical study is turned to examine the use of anchors. The analytical 

analysis was carried out based on dywidag anchorage system (1990) which is threadbnr 

post-tensioning system with double corrosion protection, Figure 7.16. Bars selected 

are 36 mm (lain) diameter with an ultimate tensile strength of 1000 kN (150 ksi). 

The design prestressing force was 650 kN (142 ksi). The use of anchorage in both 

sides of the dam, requires the use of very strong anchors. Installation of such anchors 

in both sides would lead to new cracks in the upper block of the dam, thus failing to 

solve the leaknge problem. 

To avoid this problem, anchors can be install only in the upstrearn side where 

the downstream side can move freely. Two different cases of anchoring schemes were 

considered in the analysis. Case 1 with two anchorage (36 mm diameter) located 

at 0.47 m and 1.15 m from upstream face and the second case II (36 mm diameter 

dywidag bars) located at 0.47 m and 1.4 rn from the upstream face as shown in 

Figure 8.17. 

In case 1, and during summer time, location 2 experiences higher deformation with 

a load exceeding its prestress force level. At location 2, the opening displacement 

for case II is larger than that of case 1. Figure 7.18, shows a typical joint opening 

displacement during winter time. It can be seen that with fixing the upstream side, 

the joint opening displacement in the downstream side is enlarged significantly from 

1.7 mm without the installation of anchors to 3.8 mm with anchors installed. 

The analytical study by Zhang (1998) showed that during summer, the down- 

stream side cm not move freely and the action of the anchor forces is against the 



thermal bending deformations. It is not expected that the anchor forces can over- 

corne the bending deformations. Use of anchorage in one side (upstream) solves the 

problem in the winter time but the problem increase in the summer time when the 

anchorage can not take the load. To reduce or overcome this problem, a use of in- 

stallation material on the surface of the top block of the dam is recommended as a 

thermal contïol rnethod 

7.4.3.2 Thermal control 

Frorn the ashrae table, kreith and keider (1978), at none time July 21 at altitude 7-4 

north the incident solar energy on the horizontal road 703 w/m2 (assurning a cleor 

day) a black top will absorbs 93%, Le. 654 w/rn2, while concrete will absorb 60% one 

422 w/m2. This is a reduction of (1-422)/624 or 35%. Thus it may concluded that, in 

order to reduce the thermal load by 35% at surnmer time, one should never use black 

top road on the top of the dam. Better one shouid add white surface to reflect the 

solnr energy. If noon time surface temperature was 40°C and the underline concrete 

top 20°C, having a concrete surface would reduce the surface temperature to 33OC. 

If the underline temperature on the dam is 10°C the surface temperature would be 

30°C. In conclusion future dams build in the north should never have asphalt roads 

or any other black material on top. The batch itself should have a reflecting color to 

minimize the effect of solar heat. 
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7.4.4 Geomembrane 

7.4.4.1 Background 

The use of geomembrane in the repair of concrete dams has increased in the past 

few years, particdarly in Europe where geomembranes have been used successfully 

tu iesurface the upstream face uf a number of old concrete dams. 

Applications of geomembrane, have been reported by Koerner (1986). Some of the 

geotechnical applications of geomembrane are in earth dams, concrete dams, spillway 

capnci ty, also on rehabili tation of concrete, masonry, rockfill, grovity doms. reservoirs 

and canals. 

Under extreme cold temperature, most of the available commercial membranes 

are affected as they become brittle and stiff. If their glass transition temperature is 

higher than -40°C, then breaking of membrane occurs. Applying the present tech- 

nology enables rnanufact urers to ai ter membrane composition by incorporating in the 

mixture, elastomers and binder agents to lower their glas  transition temperoture and 

keep the elastic properties of the membrane under colder temperatures One should 

be aware that stability of the materials can be affected. In choosing membrane for 

severe thermal climate, there are several properties that should be considered, such 

as brittleness under cold temperature, stress strain properties, resistance to bursting 

and sealed joint. A literature survey has shown that very few data on properties of 

membrane are available for low temperature. These include tests carried out in Hydro 

Quebec by Rollin at el (1985), Also different attempts were carried out in dams in 

the northern part of M y ,  Sweden and Rance. 



In a weil documented case, a geomembrane of 2.5 ,mm thickness, manufactured 

with a PVC mix, heated-bonded during production to a 500 g/m3 of polyester felt 

geotextile was used in the repair of the Publino dam, which is !ocated in the mountains 

area of the north of Italy. The geomembrane used for the Publino d m  was tested 

first by the Italian National Power Authority (ENEL). The selected geomembrane, 

showed good resistance to temperature, where the is no sign of cracking when tested at 

-35°C. During manufacturing, a great care wns taken over the choice of the plasticizers 

added to the mix, so as to obtain a geomembrane with good performance in view of 

the difficult climatic conditions. 

In another cases, the Lago Noro dam also in Italy, an anti-ice device was instailed 

in order to prevent the formations of large ice blocks that could produce lacerations. 

also the anti-ice system would create a water movement in the surface of the upstream 

face by means of n continuous erogation of compressed air. 

7.4.4.2 Properties of geomarnbrane in cold regions 

7.4.4.2.1 Brittleness and stiffness the literature shows that geomembrane ma- 

terials become l e s ~  flexible and more brittle as temperature is lowered. Under cold 

temperature, these properties control the membrane behavior. In the presence of 

elastomen, the membrane keeps it's flexibility under a wide ranges of temperatures. 

7.4.4.2.2 Stress-strain As the load is increased the membrane elongates until 

reaching a breaking point. Rollin at el (1985), carrieà out tests of 21 different types 

of membrane materials at low temperatures. Figure 7.19, represents the stress-strain 
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relationship. The temperature has a great influence on the elastic behavior of a 

membrane such that its elastic modulus increases with the lowering of temperature 

so the yield point and breaking point appear at lower strain level. 

7.4.4.2.3 Resistance to puncture and bursting 

Giroud (1982) found that the puncturing and the bursting risk are a function of 

the elastic properties of membrane. At cold temperature resistance to bursting and 

puncturing increases as long as the glass transition temperature are not exceeded. 

7.4.4.2.4 Installation 

Figures 7.20 and 7.21 show the method of installation in case of empty reservoir 

as well as under water installations. The installation procedure used in Europe are 

described by the International Cornmittee of Large Dams, ICOLD (1995) can be listed 

as follows: 

The water tightness layer of geomembrane of 2-4 mm thick with a geotextile 

attached to the back of it. The geotextile is provided both as support for the ge- 

omembrane against the surface of the dam and for drninge. The geotextile strips 

are anchored to the face of the dam by vertical stainless steel double profiles. The 

inner profile has a U-shaped section with two small wings and the outer profile has 

small wings that bends inward, Figures 7.22-7.23. The two profiles are fixed to the 

concrete by a threaded rod. These profile also provide drainge downstream of the 

geomembrane. The water is conveyed to  the drainge pipes at the bottom of the dam. 

No profles are located close to the vertical joints, so any movement in vertical joints 
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can be accommodated. 

The parameter of the membrane is sealed by a stainless steel strip, fixed to the 

concrete face, Figure 7.20. At the change of the slope or any other changes of direction 

the membrane is aiso anchored by stainless steel strip, fixed to the face of the concrete. 

Special connection and other devices are needed for difficult locations on the surface 

of the dam. 

A wire system should be install behind the geomembrone over the whole covered 

areo to monitor any discontinuity or sliding of the waterproof membrane. 

7.4.5 The Long Spruce- Case Study 

Based on the analytical study, mentioned previously, also based on the experiment al 

results described in chnpter six. It can be concluded that: 

grouting material c m  not be use for this case, because of the changes occurs 

in the properties of grouting msterial due to the influence temperature and surface 

condition. 

Anchors can not be used in both up and downstream sides. In view of the con- 

siderable stresses that develop due to the use of anchorage in both sides of the dam, 

which could initiate a new cracks in the top block of the dam. 

Numerical tests have been carried out to simulate the dam motion with the joint 

fixed by anchors only in the upstream side, where the downstream side can still move 

freely as indicated in Figure 7.18. Based on these results of the numerical analysis. 

The use of anchors cm reduce the deformation but it can not stop the leaking. Its 



believed that the use of anchors could stop the leaking, if they are used in combination 

wi t h one of the following: 

1. The use of thermal control materid to reduce the thermal load which will leads 

to further reduction in the thermal deformation. 

2. Groiiting material. where the anchors tnke the load and the grouting material 

fil1 the cracks. 

The disadvantage of the above two solutions is thnt they will lead to a very high 

cost. Based on the data collected from the site over the last seven years which 

indicates that, during the last four years, Figure 7.7 through 7.10. the top block of 

the dam shows no increase in deformation which is n sign of stability. In this case 

where stability is not affected, it is recommended that the crack should be left free 

to deform and a suitable material like geomembrane acting as o waterstop could be 

used. But should be able to allow relative displacements to account for the seasonal 

de format ions. 

For the case of Long Spruce, the selected membrane must exhibit a low modulus 

of elasticity under wide range of temperatures (from 20 to -40 OC) to allow sufficient 

strain before reaching the yield point or breaking point. One must be aware not to 

choose too weak membrane that will not offer enough resistance to applied loads. 

Under stresses the membrane must be inaccessible and must participate in the dope 

stability by resisting the applied load. 

Because of the location of the Long Spruce Generation Station, the behavior 

of geomembrane under cold temperature conditions can not be mispredicted and 



laboratory test must be preformed on samples a t  room as well as low temperature. 

The selected membranes shouid not be affected by the temperature fluctuations 

such as to break under expected loads especially at edges, joint and folds. Under 

cold conditions, one should avoid the use of a membrane that becomes brittle enough 

that any load transmitted from the ice action on the rip might damage the membrane. 

Similarly the types of glue used to seal the overlapping joints and to increase adherence 

between the textiles and the membrane should not be offected by cold temperatures. 

Any product with a glass transition temperature lower than -40°C is acceptable. 

The membrane to be laid down on the upstream face of a dam should be onchored 

at the top section of the dam. Care should be taken to select a membrane with o high 

flexibility and to avoid sharp bends that will represent sites for stresses to build up 

when the membrane will be submitted to loads under cold temperatues. The risk of 

brenking the membrane at anchor location under these conditions con be very high. 

The overlapping width of rolls should be determined to predict the slipping risk. 

Tests must then be performed at higher temperatures a t  which the risk of slipping 

is greater because, as believed, most joints will behave better at colder temperatures 

unless the seal material becomes brittle. Fùsion techniques as well as sealing materials 

should be thoroughly checked under cold temperatures. 

An efficient draining system is essential in order to  eliminate the accumulation of 

water condensation and from filtration. 

Also anti-ice systems can be used with the installation of a membrane to prevent 

the formation of large ice. The anti-ice system create a water movement in the 

upstream face by means of a continuous pumping of compressed air. 



O In case of ueing grouting material, account must be taken of the charactenstics 

of the grout mix (viscosity, pot-Me, bleeding, wssh-out resistance, temperature 

affect) and of the crack (active or passive, dry or wet, water pressure and w i n g  

water). 

O If the stability in the case study dam is considered not affected, the cracks 

should be left free to deform and flled with a suitable material acting as a 

water-stop but able to allow relative displacement or by using geomembrane. 

Geomembrane can be used not only to eliminate leakage, but also to protect 

the concrete from aggressive water and to prevent decay. 

Attention must be paid to the correct time to undertake the repairing procedure 

which can depend on the concrete and air temperature 



FIG URES 

Figure 7.1: Dimensions of the south transition structure (dimensions in mm) 

Figun 7.2: Leakage in the south transition on the hdzontal construction joint (win- 

ter, 1994) 
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Figure 7.3: Location of instrumentation (Manitoba Hydro 1994) 

Figure 7.4: Deformation pattern of the dam with debonding joint 



FIGURES 

Figure 7.5: Finite element mesh for the south transition 

Figure 7.6: Mode1 cornparison for upstream side, Zhang (1998) 
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Figure 7.7: Joint opening displacement in (1994) 
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Fi y r e  7.8: Joint opening displacement in(1995) 
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Figure 7.9: Joint opening displacement in(1996) 

Figure 7.10: Ice layer f o m  inside the crack 
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Figure 7.11: Sketch of the forbay ice sheet 
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Figure 1.12: Normal stress distribution dong joint interface during winter 
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Figure 7.13: Normal stress distribution dong joint interface during summer 
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Figure 7.14: Residual stresses dong the joint interface 
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Figure 7.15: Dywidag threadbar anchor with double corrosion protection 
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Figure 7.16: Anchors installation position 
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Figure 7.17: Open displacement dong the joint interface 

Figure 7.18: Temperature influence on tensile strength 
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Figure 7.19: Installations of geomembrnne 

Fi y r e  7.20: Under water installations 
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Figure 7.21: Detail of vertical anchorage and drainage profiles (ICOLD 1997) 
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Figure 7.22: Detail of ~ealing profiles (ICOLD 1997) 



Chapter 8 

CONCLUSIONS AND 

RECOMMENDATIONS 

8.1 Introduction 

This research addressed the repair of concrete dams under sever thermal conditions. 

The main objectives were to: 

1. identi& and characterize cracking in concrete dams, when subjected to severe 

t hermol condit ions. 

2. establish the fracture properties of joints between adjacent concrete lifts under 

ext terne low temperat ure 

3. study the effectiveness of repair materials commonly used to seal and prevent 

leakage from joints, 
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4. study the overall failure medianism of concrete joints in dams operating in cold 

regions and develope proper repair strategies for a specific case study. 

The program consisted of experimental and an analytical study. The experimental 

program was divided into three phases and includes the testing of one hundred and 

t hi rty specimens. 

In phase 1, the specimens were tested under different temperatures and with dif- 

ferent siaes of specimens. For phase II, specimens tested in phase one were repaired 

and tested again and the same procedure was used for phase III. The variables in the 

experiments were temperature. repair materiais? aggregate type, size of specimens 

and the moisture condition of cracked surface. 

The experimentd results were numerically reproduced and the compliance method 

was used. The finite element calibration analysis with the finite element progarn 

SIMEX. The fracture tests were simulatecl numericaily and, then, the calculnted load 

(F,) versus crack opening displacement (COD) cuve  compared to the experimentd 

curve. The analysis was repeated until good agreement between calculated and ex- 

perîmental curve is obtained. The softening post-peak regime of the (F, us COD) 

diagram leading to this agreement was considered to be the tensile softening response 

of the tested concrete, 

Based on this research program repair strategy of an actual case study of cracked 

concrete dam operating in the north region of Canada were proposed. 



8.2. CONCL USIONS 

8.2 Conclusions 

The following sumrnarizes the finding of this investigation 

1. The peak load for the specirnens tested at  low temperature, appear to be 50- 

200% higher than specimens tested at room temperature. Concrete at low 

temperature becomes more brittle and needs extra care during testing to control 

crack propagation. 

2. Fracture energy increase with a decreose in temperature (up to 250% higher), 

which suggest that ot low temperature structures ore safer, h m  the fracture 

point of view, than structures at  room temperature when subjected to the same 

loading. 

3. The limestone concrete behaves more brittle according to the definition in the 

fracture mechanics npproach than the govel concrete. Also more energy was 

required to fracture the grave1 aggregate concrete than to debond the limestone 

one. 

4. Size effects in concrete specimens of different size was observed. Although the 

specimens were of large laboratory scale, the specimen dimensions were still too 

small for LEFM analysis. 

5. Dimensional analysis based on BaZant's size effect shows that, for structures 

with geometrically similar, the nominal stress at failure varies wit h the structure 

size. 
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6. For the smallest structure that can be made with a given aggregate, the strength 

criterion governs, and for structure that are sufficiently large, the fracture me- 

chanics criterion governs. 

7. The fracture properties of specimens cast in two stages exhibited lower energy 

than the specimens cast in one stage (4040% less) and this is due to weokness 

in interface joints. 

8. The compressive strength of concrete increases with a reduction in temperatiire. 

This increase is due to the moisture in the concrete being frozen. 

9. In terms of overall performance of the repair materials, the material con be 

r d e d  from best to poorest as follows: Epoxy-K, fine cernent, epoxy-W when 

perform at room temperature and compared with the performance of specimens 

wi t h interface joint. 

10. Temperature effects on the fracture properties of the materiols are significont. 

In general, the decrease in temperature causes increase in the fracture energy, 

GF. This is not the case in the repaired specimens, where the effect depends 

on the type of the materials. 

11. Successive rehabilitation depends heavily on the type of repair material. Also 

the response of repair mat-erials depend on the condition of the cracked surface. 

12. A second repair is even weaker than the first one, because of the amount of 

damage, the cracked joint experiences before the re-repair, and also the con- 

tamination of the old repair material which creates several points of weakness 
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in the fracture plane. 

13. Wetting of concrete specimens, induces a reduction in the capacity of the spec- 

imens and this is believed to  be due to residual stresses, also due to the effect 

of wetting condition on the properties of the repair material. 

14. This study Oves the basic information on repair materials commonly used in 

concrete dams. It gives a practical method for repair of cracks in terms of surface 

preparation, surface mois ture condition and application of repair materiol in 

wet and dry condition. This information are not available fsom manufactures. 

however. it is very essential for repair the process. Right application of repoir 

materials will results in significant reductions of cost and time used in the repair 

process. 

15. new techniques for measuring fracture parameters will be of greot practical 

importance. Furt her results from st d i e s  of the composite concrete- repair 

materials under low temperature will provide procedures to adàress the ever 

re-occurring failure due to cracking. 

Recommendat ions for F'ut ure Research 

Several issues remain open for further work. Some of the important ones are: 

1. Eiirther tests are needed on specimens with different kinds of interface and 

exposun to other types of loading. It may be expected that the influence of the 



8.3. RECOMhiENDATIONS FOR FUTURE RESEARCH 188 

scale of the specimens examined is of importance, particularly as it concems 

stresses induces induced by differential s hrinkage and t hemal deformations. 

2. Further research on the phenornenon of a residuai stress for laboratory tests as 

well as for real structures is recommended. 

3. Further study of the rnea~urements of horizontal and vertiral ice londing affect- 

ing large concrete structures. 

4. Testing larger speciinens to stiidy the size effect on strength and fracture prop- 

erties. 

5. Achieving thermal control of concrete dams in the north. The question to 

answer here is: 1s there an economically feasible way to keep the temperatlire 

of critical section of dams in an acceptable range?. 
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APPENDIX 

Appendix A 

SIMEX User's Manual 
B y: 
M. L. AYAM 
Faculty of engineering 
the university of Manitoba 
Winnipeg. Manitoba. Canada R3T 2N2 

1.1 The Data File "simx.inpU 

The program SIMEX reads the data input from the file "simexhp". The data input is entered in 

an unformatted sequential layout with a maximum of 80 characters per record. 

1.1.1 Card Number 1: The problem header 

this card is composed of one or more entry lines. where the user can write comments describing 

the nature of the problem, or any other information. More imponantly, this card must contain 

five kcy parameters which control the problem submitted for analysis. The control parameters 

are: 

The maximum number of elements (for example 80) 

The maximum number of nodes (for example 300) 

The maximum number of different materials (for example 3) 

The order of gauss integration (for example 2 by 2) 

Problem type: 2D axisymmetnc, or 2D plane stress, or 2D plane strain 

Once the problem Simex reads a control parameter (highlighted in this text), the value attributed 

to this parameter is read from the fint subsequent word containing numeric characten which 

follows in the text of the problem header. Note that the example data given above can by itself be 

input as it is for a tow dimensional plane strain analysis of a solid discretized into a number of 



elements not exceeding 80, and a total number of nodes less than 3000. The maximum number 

of different materials is 3 and the order of gauss integration is 2 by 2. 

1.1.2 Card Number 2: The Connectivitv Matrix Selements 

The program SIMEX detects card number 2 by the keyword: 

$demen ts 

Once the connectivity environment is detected the code will expect a subsection title of the form: 

44, or 

46 ,  or 

Q8 

for four noded elements, triangular six noded elements, or eight noded isoparametric serendipity 

elements, respectively. The connectivity matrix i s  then entered. for each element. as follows: 

elementnurnber material-number node, nodez ....... node,, 

Where k can be either the number four, six or eight. 

Example 

material 1 

7 

material 2 

4 6 

Figure 1. I : The Connectivity Matrix. 



Input Data Card Number2 

1.1.3 Card Number 3: The Nodal Coordinates $nodes 

This card is detected by the keyword: 

$nodes 

Once the nodal coordinates environment is dctected, each line must contain: 

node-number x-coordinate y-coordinate 

The midside nodes need not to be input, unless a specific position required. 

Example 

input Data Card Number 3 



1.1.4 Card Number 4: The automatic Mesh Generation Sgenerate 

This card is optional, and detected by the keyword 

Sgenerate 

it performs an automatic generation of elements by partitioning the elements (considered now as 

superelements) entered in card number2. Each superelement must have three entry lines of the 

form : 

elem-i j k I 

where e l e m j  is the superelement number i to ôe subdivided into Qj type of elements with k 

subdivisions in the e direction and 1 subdivision in the n direction, 

P I  * * * * *  Pk 

the weights of the subdivisions lm....& in the e direction, and 

V I  ..... VI 

the weights of the subdivisions 1 . J  in the n direction 

Example 
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Figure 1 -2: Automatic Mesh Generation. 

hput Data Card Number 4 

Sgenerate 

1 8 5 6 



-p. - - - - - . - - -- -- - 

1.1.5 Card Number 5: The boundary Conditions Sboundary 

-. 

This Card is detected by the keyword: 

Sboundary 

Each node is considered to be free, unless restrained in this section. Each restrained node must 

have an entry of the fom: 

node-i i, iy dis, disv 

where node-i is the node number i, i, and iv point to the fixity conditions in the x and y directions 

respectively ( 1  is fixed and O is frce). 

dis, and dis, are prescribed displacements in the x and y directions respectively. 

Example 
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Input Data Card Number 5 

1.1.6 Card Number 6: The material Properties Srnaterial 

This card is detected by the keyword: 

Srnaterial 

Once the material environment is detected. SIMEX expects to read a material model, and a 

failure surface. ui this case the material type is: 

*elastic with surface 

Surface can be either Von-Mises, or Mohr-Coulomb. or Druker-Parager. or Tresca. or Self. 

Self is a user supplied failure surface. A documentation of the available failure surfaces cm be 

found in the Theory Document. The next entry must be the material number identifier mati 

followed by the properties 

prop J propz. .... ........ propro 

where: 

mat i is the matenal number 

prop+ is Young's modulus, 

propz is Poisson's ratio. 

props is the material thickness in the case of plane stress and unity for plane strain. 

This entry must be zero otherwise. 

propd is the mass density of the material 

props is the coefficient of thermal expansion 

propa is the uniaxial (ensile strength 

props is the cohesion of the matetial 



propg is the angle of friction of the material (in deg.), 

prop is the fracture toughness of the matenal. 

The above information is entered as many time as required by the nurnber of different material 

properties, and material models in the previously described sequence. 

Example 

Input Data Card number 6 

$ materi al 

*elastic with von Mises 

1.1.7 Card Number 7: The loadiag Sloading 

This loading data card is detected by the keyword 

Sloading 

followed by the number of load steps over which the total load is to be applied: 

n-loadcases 

The subsequent instruction must be either: 

*nodal load, or 

*edge lad,  or 

*gmvity, or 

*initial displacement 

The user can input one or more of the above instructions. The end of the loading section is 

detected by the instruction: 



The 'nodal load 

Each loaded node must have an entry of the form: 

inode x-component y-component 

where inode is the loaded node number, x-component and y-component are the x and y 

components of the applied nodal force respectively. 

The *dge load Environment 

Each element subjected to an applied traction must have two entry lines of the form: 

e h i  nodel node2 .............................. nodei 

........................ sign, tau! sign2 tau12 signk taut 

wherc: elelmi is the element numberi and, nodel nodel ... nodel are nodes forming the side of the 

element elem, to be loaded. This set of nodes are entered in an anti-clockwise sequence. 

sign, ... signt and tau, ... taui are the magnitudes of normal (positive if inward) and tangential 

distributed loading at the corresponding nodes nodel ... nodek of the element side, as shown in 

figure 1.4. 

Figure 1.4: Normal and tangential distributed loading 



The 'gravity Environment 

tow parameters are required for specifying a gravity load: 

angle Ng 

where angle is the angle measured counterclockwise from the positive y direction, as shown in 

figure 1.5 and Ng is a multiple of the gravity acceleration g. For example to sirnulate twice 

earth's gravity field, use Ng = 2. 

The *initial displacement Environment 

No entry is required in this section, the specified displacements are entered already in the 

$boundary section. 

X 

Gravity 

Figure 1.5: Gravity axis for 2 dimensions. 

The *end Control 

This entry is designed to end the loading card section. 

Example 

input Data Card Number 7 

Sloading 

1 



1.1.8 Card Number 10: The end of input $end 

This card detected by the keyword 

$end 

and is required to end the input in "simex.inp". 

1.2 Example of a "simplex.inp" Input File 

1.3 The Hardware Data File "device.inp" 

The hardware configuration file. named "device.inpM contains six lines of information. The first 

tow lines penain to the graphics hardware environment in use. the third line contains information 

about the locator device, the fourth line contains the type of font to use, and Anally, the last two 

lines are required for the printing hardware and attributes. This file is made accessible io the user 

to configure, or, update as required. 

-- - -- -- -- - - - - - - - . - 

1.3.1 Card no.1: Graphies Device Driver 

A wide range of graphics carâs is supported under the HALO PROFESSIONAL graphics 

environment. The graphics driver has a standard W S  file name of the fonn: 



where xxxx is usually a four letter word unique to the device drive in question. Following is 

listing of the available drivers: 

ahdatil .dsp ahdatip.dsp ahdherc.dsp ahdhlvl .dsp 

ahdibmdsp ahdibme.dsp ahdi bmg.dsp ahdi bmi.dsp 

ahdbmpdsp ahdi bmv.dsp ahdpar 1 .dsp ahdparpdsp 

ahdtec 1 .dsp ahdiecp.dsp ahdtl4l.dsp ahdtril .dsp 

ahdtrip.dsp ahdvïv 1 .dsp ahdv7vp.dsp ahdvlin.dsp 

ahdvplndsp ahdvri .dsp 

A complete description of these drivers is available in the HALO PROFESSIONAL Device 

Reference Manual. 

1.3.2 Card Number 2: Mode of Operation 

The mode of operation of the device drivers described by an integer fhg which value depends on 

the resolution in use by the graphics card. Again the value of mode can be found in same 

Appendix. 

1.3.3 Canl Number 3: Locator Device Driver 



The user has the choice of using the locator's manufacturer driver by sirnply loading the mouse 

prior to ninning the program, or use a Halo supplied driver. Following is a list of the available 

locator drivers: 

ahdbpoi.loc ahgtci.10~ ahdrnou.10~ ahdmsmi. loc 

ahdsdti . loc 

1.3.4 Card Number 4: Port 

An integer entry which identifies the serial communications port for the locator. 

1.3.5 Card Number 5: Font File Narne Fantfile 

The display of stoke text on the screen of the monitor cûn be specified by the user. The stoke file 

"ahdlû6.fnt" member of the high density stoke family hm given adequate display on most EGA 

and VGA cards, and is suggested to be used as a first trial. This file has to be resident in the 

current directory where the program is k i n g  executed. Following is the list of the halo supplied 

fonts: 

ahdOO 1 . fnt 

ahd0 l2.fnt 

ahd 104.fnt 

ahdIO8.fnt 

ahd20 1 .fnt 

ahd2OS. fnt 

ahd2SO.fnt 

ahd320.fnt 

ahdûû2.fnt 

ahdO 13.fnt 

ahd 105.fnt 

ahd109.fnt 

ahd202.fnt 

ahd2Oo.fnt 

ahd3 l0.fnt 

ahd32 1 .fnt 

ahdo 10.fnt 

ahd 102.fnt 

ahd 1M.fnt 

ahd 1 1 l .frit 

ahd203.fnt 

ahd207. fn t 

ahd3 1 1. fnt 

ahd322.fnt 

ahdOll .fnt 

ahd 1 O3 .fnt 

ahd107.fnt 

ahdl 1S.fnt 

ahd209.fnt 

ahd2O8. fnt 

ahd3 12.fnt 

ahd330.fnt 
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ahd33 1. fnt ahd332.fnt ahd405.fnt ahd406,fnt 

1.3.6 Card number 6: Printer Driver printerdriver 

The user has to specify a pnnter driver, printerdriver, which will be loaded into memory before 

any printing can occur. A list of printer drivea can be found in the Appendix. A wide range of 

printers are supportrd by HALO Professional. The printer driver has a standard DOS file narne of 

the form: 

where xxxx is usually a four letter word unique to each specific printer. Following is a listing of 

the available printer divers: 

ahdbw24.prt 

ahdco8 .prt 

ahdijtp. prt 

ahdpjx I .prt 

ahdtk93 .pn 

ahdbw8.prt ahdcna2.prt 

ahdcpst .pn ahddjet . prt 

ahdokipprt ahdpa44.pn 

ahdpsct.pn ahdsh73 .pn 

ahdik97.prt ahdxjet.prt 

ahdco24. prt 

ahde PM *prt 

ahdpjet . prt 

ahdshrppit 

1.3.7 Cad Nurnber7: Printer Attributes 

The printer attributes are set through 22 integer numbers: 

pm( 1 ) pm(2). . . . . .pm(22) 

Following is a description of the printer attribute table 

1- Width of output in dots 

- 1 = Normal 



>O = Specify the printer width 

Height of output in dots 

- 1  = Normal 

>O = Specify the printer width 

Image orientation 

O = Normal (default) 

I = Landscape (sideways) 

BlacWwhite reversai 

O = Perform BlacWwhite reversal 

1 = Do not perform BlacWwhite revend 

Dither flag 

O = Perfom dithering (default) 

I = Do not perform dithering 

Fonn feed flag 

O = Perform form feed after image (default) 

1 = Do not perfonn f o m  feed 

Printer output 

O = Printing through BIOS (efault) 

1 = Printing through DOS 

Dots per inch 

Printer specific 

Number of copies 

Printer specific 

Centering 

O = Perfom centering (default) 

1  = Do not perfonn centering 

X offset in dots 

O = No offset (default) 

n = Specify n dots in x-offset 

Y offset in dots 



O = No offset (default) 

n = Specify n dots in y-offset 

Printer ID 

Printer specific 

COM port 

O = COM 1 (default) 

1 = COM2 

Process ID for EMS 

Printer specific 

Bold printing 

O = Normal printing 

I = Double printing 

Paral le1 port 

O = LPT 1 (defaul t) 

1 = LPT2 

2 = LPT3 

Image size 

O = Original size (default) 

Other to replicate or interpolate 

image to maximum size 

Color conversion 

Others gamma correction 

Halftone Angle 

Hue Adjustment 

Saniraiion Adjustment 

1.4 Example of a "deviceainpW File Input 

Following is an exarnple of how to enter the ncfessary data in the "device.inp" file 



In this example we have used 

1. The device driver for commercially available AT1 VGA WONDER card. named 

"ahdat ip.dsp". 

2. A resolution of 800x600 corresponding to mode =O. 

3. A Microsoft compatible mouse driver "ahdmou.loc" 

4. The locator communications port in this case has a zero value 

5. The display stroke file name is "ahd106.fnt" 

6. The pinter to be used in this case is a Hewlett Packard Laserlet series II. 

1.5 The device initializer "initdev" Subrouthe 

The data described in the previous section is read from the routine initializedevice. This 

subroutine is written to accommodate a variable hardware configuration by performing the 

following tasks: 

1. read the graphics and drive 

2. 

3. 

4. 



c this subroutine initializes the graphics environment 

c of the PC by loading device dependent parameters 

c from the user supplied file 'device.inpl 

C 

c** device dependent routines 

c* * Graphic Card 

read(7 ,* ,ew99) dev ice 

cd1 setdev(device) 

cal1 inqerr(233,ierr) 

if (ierr.ne.0) then 

wnte (output,*) 'emr in setdev =', ierr 

stop 

end if 

c** Initialize graphics mode 

read(7,*,err=89) mode 



call intergraphics(m0de) 

call inqerr( i l 3  ,ierr) 

if (ierr.ne.0) then 

write (output,*) 'error in initmode =', ierr 

stop 

end if 

c** Initialize locator 

read(7,*,err=79) locator 

read(7, * ,err=69) port 

call setlocator(loc;itor.port) 

cal1 inqerr(23 1 ,ierr) 

if (ierr.ne.0) then 

write (output.*) 'error detected in setting the locator: '. ierr 

end if 

c** Stroke text 

read(7, * ,en=59) font 

cal1 setfont(font) 

cal1 inqerr(l47,ien) 

if (ierr.ne.0) then 

wnte (output.*) 'error in setstroke= '. ierr 

end if 

c** Printer driver 

read(7,*,ed9) printer 

cal1 setpm(printer) 

cal1 inqerr(304,ierr) 

if (iea.ne.0) then 

write (output,*) 'error in setpm= '. ierr 

end if 

c** Printing characteristics 

read(7,*,err=39) (pm(ii),ii= 1,22) 
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cal1 setpattr(prn) 

cal l inqerr(305, ierr) 

if (ierr.ne.0) then 

write (output,*) 'error in setting pinter attributes: ', ierr 

end if 

return 

write(output,*) 'error in reading the printer parameters' 

stop 

write(output,*) 'error in reading the printer driver' 

stop 

write(output,*) 'error in reading the font file' 

stop 

write(output,*) 'error in reading the port for the locator' 

stop 

write(output,*) 'error in reading the locator driver' 

stop 

write(output,*) 'error in reading the graphics mode' 

stop 

write(output,*) 'error in reading the graphics device driver' 

stop 

end 

13.1 E m r  Diagnostic 

In the case when an emr has taken place, for exarnple, in setting device driver, or in entering a 

parameter in the "initializedevice" file, an error message is written in the output file "simex.out" 
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with an associated error function code. Following is a description of the possible erron and their 

error function codes: 

1- Clipping, Coordinate out of range. 

2- Parameter other than x, y coordinate out of range. 

3- Function not initialized. 

4- Display list capture buffer overflow. 

5- Attempted change from world to device coordinate during display list capture. 

9- Function not implemented on graphics device. 

1 1- File not found. 

12- Error closing file. 

13- Error writing file. 

14- Invalid filename 

I s- Premature end of file dunng read. 

16- Not a HALO file wrong type. 

Pinter Error Codes 

20- Device timeout. 

2 1- V 0  Error. 

22- Paper out. 

23- User abort. 

30- Illegal w idth spec i fied. 

3 1 - Ulegal height specified. 

32- Ulegal DPI specified. 

33- iilegal number of copies specified. 



34- iîlegal serial port specified. 

35- illegal parallet port specified. 

36- Viewport exceeds maximum size. 

Scanner Error Codes 

40- Scanner not connected. 

4 i - Tirneout error. 

42- Y 0  error. 

43- Scanner overheat. 

44- Nothing to scan 

45- Scan beyond end of page. 

46- User abort. 

47- SCNBLCKN without STARTSCAN. 

50- Bad mode. 

5 i - Bad righueft margin. 

52- Bad top/bottom margin. 

~ 3 -  Function not supported. 

54- Bad DPI mode. 




