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Dimensional changes of thin cement paste specimens were monitored 

during exposure to distilled water, hydrochloric acid, alkaline and FeCl2 

solutions; and comparison was made with the experimental results obtained by 

other authors. Post experimental examination of reaction products formed on the 

specimen surface exposed to FeCh was conducted using X-Ray diffraction. The 

data resulting from the measured dimensional changes were input to a finite 

element model to project the stresses that should occur in association with 

localized corrosion of embedded steel and wetting of adjacent cement by 

aqueous FeCl2. Implications of the findings with regard to cement and concrete 

cracking in association with embedded metal corrosion are discussed. 

lV 



TABLE OF CONTENTS 

Page 

ABSTRACT ...... ......... .......... ...... .. .. ......................................................... ..... ...... .. ..... .... iv 

LIST OF FIGURES ...... ... ................ ...... ...... .... ...... ...... .. .......... ...... .. ............ ............ .... viii 

LIST OFT ABLES ....................... .... .... .... ...... ........ .. .. ...... .. .... .... ............ .. .................... xii 

CHAPTER 1: INTRODUCTION .................................................................... 1 

CHAPTER 2: BACKGROUND AND LITERATURE REVIEW ....... 4 

2.1. CORROSION OF STEEL IN CONCRETE .............. .... .. ............ .. .................. . 4 

2.1.1. Magnitude of the Problem .. ........................ ......................................... 4 

2.1.2. Mechanism of Corrosion of Steel in Concrete ........ ........................... 5 

2.1.2.1. Depassivation .................................. .... .... ............................... 5 

2.1.2.2. Propagation ........................... .. .................... .... ........ ........ ........ . 7 

2.1.2.3. Final State ...... .... .... .... .......... .. .. .... .. .. .. ...... .. .. .. .. .. .. .. .... .. .. ........ ... 9 

2.1.2.4. Factors Influencing the Rate of Corrosion of Steel in 

Concrete ............... ............ ...... .. .... ...... .... .................... .............. . 9 

2.1.3. Corrosion Products ........................ ........ .. .. ................................ .......... .. 10 

v 



2.2. HARDENED PORTLAND CEMENT PASTES AND CONCRETE .......... 13 

2.2.1. Concrete ................................................... ....... ..... ........ .. ......................... . 13 

2.2.2. Portland Cement Components .......... .............. .. .. ...... .... .......... .. .. ...... ... 13 

2.2.3. Structure of Portland Cement Paste and Concrete .... .. ..... . ....... ... .... .. 15 

2.2.4. Mechanical Properties of Portland Cement Paste ............................. 16 

2.3. VOLUMETRIC CHANGES OF HARDENED CEMENT PASTES .. .......... 17 

2.3.1 . Shrinkage .................................... ...... ...................................................... 17 

2.3.2. Expansion . .. .. .. .. .... .. .. .... .. .. ..... ... .. ...... .. .. .. .. ...... .. .. .. .. .. .. .. .. .. .. .. . ... .. .. .. . . ... ... 18 

2.4. CRACKING OF CONCRETE DUE TO EMBEDDED METAL 

CORROSION ......................................... .................. ................... ... ...................... 21 

2.5. RESEARCH OBJECTIVE .... .... .... ...... .. ............ ................................................... 24 

CHAPTER 3: EXPERIMENTAL METHODOLOGY ............................. 26 

3.1. CEMENT PASTE SPECIMEN AND EXTENSIOMETER ........................... 26 

3.2. CHARACTERISTICS OF THE EXPERIMENTAL SYSTEM ...................... 28 

3.3. EXPERIMENTAL PROCEDURE ...................................................................... 29 

3.4. EXPERIMENTAL PLAN ..................................................................................... 34 

3.5. USE OF ADDITIONAL TOOLS ........ ............ ................................................... 34 

CHAPTER 4: RESULTS AND DISCUSSION ......................................... 36 

4.1. EXPERIMENTAL RESULTS .............................................................................. 36 

4.1.1. Typical Displacement Behavior ........................................................... 36 

4.1.2. Overall Description of the Results .................. ....... ... ........................... 38 

4.1.3. Exposure to Distilled Water ................................................................. 40 

VI 



4.1.4. Exposure to Hydrochloric Acid ... ...... ........ .............................. ............ 43 

4.1.5. Exposure to Alkaline Solutions ....... .................... ............. ... ........... ...... 46 

4.1.6. Exposure to Ferrous Chloride Solutions ........ ... .. .................... ............ 51 

4.2. X-RAY DIFFRACTION RESULTS ........................... ...... ... ....................... ........ 56 

4.3. FINITE ELEMENT ANALYSIS ......... .. .............. .... ... ...... ........ ................ ........... 60 

4.3.1. Definition of the Objectives . .. .. .. .. ...... .. .. ...... .... .. .. .. .. .. .. .. .. .. .. .. .... .. .. . . .. .. . 60 

4.3.2. Description of the Model . .. .. .... .. .. .. .. ........ .. ... ..... .... .. .. .... .. .. .... .. .. .... .. .. .. . 62 

4.3.3. Stress Distribution .............................. ................. ................... ........ ....... 65 

4.3.3.1. Horizontal Stress Distribution ( crx) ... .. ... . ... .... . .... ... . .. .. .. ...... .. 65 

4.3.3.2. Vertical Stress Distribution (cry) ............ ..... ...... .... ................. 68 

4.3.3.3. About the Locations of the Maximum Stresses .... ...... ...... .. 72 

4.3.4. Comparison with Cement Paste Strengths ....... .. ..... ....... ............ .... .... 77 

CHAPTER 5: CONCLUSIONS ......... ........................ ............... ... ... ..... ... ........ 82 

REFERENCES ....... .. .... .... .... .. ... .... ..... ... ........ .... .......... ........... ... ..... .. .... .. ..... .. .......... ...... 85 

Vll 



LIST OF FIGURES 

Page 

Figure 2-1: Effect of pH on corrosion of iron in aerated soft water, room 

temperature [8] ...................................... .. .. .. .... ..................................... 6 

Figure 2-2: Effect of corrosion product hydrolysis and recycling Cl- on 

pitting corrosion [7] .. . . . . .. .. .. . . . . . . . . .. .. .. . . . . . . . . . . . . . . .. .. . . . . . . .. . . .. .. . . .. . . . . .. ... . . . . . . . 8 

Figure 2-3: Effect of water-to-cement ratio on permeability of cement mortar 

specimens [13] ....................................................................................... 11 

Figure 2-4: Strain changes with time on a pretensioned concrete specimen 

during various stages of exposure and polarization. Anodic 

and cathodic polarization were at a current density of 

0.25 mA.cm-2 [19] ................................................................................. 20 

Figure 2-5: Strain development during testing of specimens containing bare 

steel and polarized at 1.5 and 6 Volts [2] ........................................... 23 

Figure 3-1: View of the cement paste specimen with the strain gage system. 27 

Figure 3-2: General view of the experimental set up .......................................... 30 

Figure 3-3: View of the experimental set up with an experiment in progress. 31 

Figure 3-4: Calibration of a strain gage system using a vertical calibrator 

and a strain indicator .......................................................................... 33 

Vlll 



Figure 4-1: Typical displacement versus time behaviors observed for 

exposure of cement paste to different solutions .. ........ .. .. ... ............. 37 

Figure 4-2a: Volumetric changes measured under exposure to distilled water 

for experiments3.4, 3.5, 3.6 and 3.7 ............ ... ........ ... ............ ... ........... 41 

Figure 4-2b: pH evolution of the distilled water solution surrounding the 

cement paste specimens for experiments 3.4 to 3.7 ......................... 42 

Figure 4-3a: Volumetric changes measured under exposure to hydrochloric 

acid for experiments 3.10, 4.1, 4.2 and 4.3 ......................................... 44 

Figure 4-3b: pH evolution of the hydrochloric acid solution surrounding the 

cement paste specimens for experiments 3.10, 4.1 to 4.3 ............... 45 

Figure 4-4: Volumetric changes of specimen 4.3 during the first hour of 

exposure to hydrochloric acid solution ............................................. 47 

Figure 4-5a: Volumetric changes measured under exposure to alkaline 

solutions for experiments 3.8 and 3.9 ................................................ 48 

Figure 4-5b: pH evolution of the alkaline solutions surrounding the cement 

paste specimens for experiments 3.8 and 3.9 ................................... 50 

Figure 4-6a: Volumetric changes measured under exposure to FeCh solutions 

for experiments 3.1, 3.2 and 3.3 ......................................................... 52 

Figure 4-6b: pH evolution of the ferrous chloride solutions surrounding the 

cement paste specimens for experiments 3.1 to 3.3 .. .. .... .. .. ............ 54 

Figure 4-7: X-Ray diffraction pattern of a powder sample (2) extracted from 

the surface of a cement paste specimen after exposure to a FeClz 

solution. Comparison with the reference patterns of hisingerite, 

lepidocrocite and green rust . ........................ .. .. .... .. .... .. .. .... .. .... .. .. ......... 57 

ix 



Figure 4-8: X-Ray diffraction pattern of a powder sample (3) extracted from 

the surface of a cement paste specimen after exposure to a FeCb 

solution. Comparison with the reference patterns of calcite, 

lepidocrocite and hesingerite . .. .. .. .... .. .. .. .. .. .. .. .. .. . . . . .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. . 58 

Figure 4-9: X-Ray diffraction pattern of a powder sample (3) extracted from 

the surface of a cement paste specimen after exposure to a FeCb 

solution. Comparison with the reference patterns of magnetite, 

magenesioferrite and goethite .. .. .. .. .. . . .. .... .. . . . . .. .. .. .. .. .. .. .... .. .. .. .. .. .. ... . ..... 59 

Figure 4-10: Representation of the interface between concrete and embedded 

corroding steel ... ............................ .................................................. ..... 61 

Figure 4-11: Finite element mesh of the model realized with ANSYS ® and 

showing the boundary conditions placed at the external 

borders ................................................................ ...... ............................ 64 

Figure 4-12: Deformed contour of the finite element model (b) after running 

the solution phase of ANSYS ®compared to the model before 

application of a dimensional change of Domain 1 (a) ................... 66 

Figure 4-13: Representation of the horizontal stress distribution O'x showing 

the locations of compressive and tensile stresses ............................ 67 

Figure 4-14: Representation of the horizontal stress distribution O"x with the 

locations of the maximum compressive and tensile stresses ......... 69 

Figure 4-15: Horizontal stress distribution O'x as a function of distance along 

the X and Y -axis starting from the origin 0 ... .. ...... .. .. .. .. .. .... .. .... .. .. .. 70 

Figure 4-16: Representation of the horizontal stress distribution O'y showing 

the locations of compressive and tensile stresses ............................ 71 

Figure 4-17: Representation of the horizontal stress distribution cry with the 

locations of the maximum compressive and tensile stresses ......... 73 

X 



Figure 4-18: Vertical stress distribution cry as a function of distance along the 

X andY-axis starting from the origin 0 ............ ........ .................. .. .... 74 

Figure 4-19: Calculated Compressive Stresses crx and cry obtained with ANSYS 

as a function of the experimental specimen displacement ........ .... 78 

Figure 4-20: Calculated Tensile Stresses crx and cry obtained with ANSYS® 

as a function of the experimental specimen displacement .. .......... 79 

xi 



Table 2-1: 

Table 4-1: 

Table 4-2: 

Table 4-3: 

LIST OF TABLES 

Page 

Expansion recorded for cement paste specimens submitted to 

different solutions and temperatures [31] ................... ...................... 19 

Results obtained for exposure of cement paste specimens to 

different solutions with continuous strain and pH measurement 39 

Difference in the maximum tensile and compressive stresses 

obtained after running the finite element analysis on the same 

model with different boundary conditions ........ .............................. 76 

Values of the minimum displacements when reaching the 

strength in tension or compression of cement with the finite 

element model ....... .. .. .. .... .. .. .. . ... .. .. .. .. .. .. ...... .... .. .. .... .. .... .. .... .. .. .... .. .. .. .. . 80 

xii 



CHAPTERl 

INTRODUCTION 

During the past several decades concrete cracking and spalling in 

association with corrosion of reinforcing steel has evolved as a major problem 

throughout the United States. Reinforced and prestressed concrete have been 

projected in some cases to be durable over 75 or more years. However, 

deterioration of concrete does occur when certain conditions are present. 

Cracking of the concrete due to corrosion of embedded steel may be regarded as 

the most common and troublesome cause of deterioration; but mechanisms of 

deterioration are often complex, involving chemical and physical elements as 

well. 

Reinforcement for concrete is usually steel because the two materials have 

almost the same coefficient of thermal expansion and because concrete, though 

strong in compression, is weak in tension, whereas steel is exceptionally strong in 

tension. The reinforcement and prestressing is protected by virtue of the 

passivating action of the highly alkaline environment provided by the soluble 

cement hydration products. 

The widely accepted explanation of the problem associated with the 

deterioration of reinforced concrete due to corrosion of embedded reinforcement 
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is that solid products of corrosion exert stresses within the concrete which cannot 

be supported by the limited plastic deformation of the concrete; and, therefore, 

the concrete cracks. The corrosion products have usually been projected to 

occupy from 2 to 14 times the volume of original steel, as reported by Bennett [1]. 

Experiments have indirectly monitored the pressure that develops because of the 

accumulation of corrosion products at the rebar-mortar interface [2], but almost 

no investigations have been undertaken to understand further these interface 

effects. 

Different interpretations have been made, however, most people think the 

cracking mechanism is known though fundamental aspects remain uncertain. 

Rosa et al. [3] pointed out the possible importance of corrosion product solubility 

within concrete with respect to the development of cracks. Further experiments 

involving cathodic and anodic polarization of pretensioned concrete specimens 

showed longitudinal expansion during anodic polarization (4]. The latter results 

were partly explained by the migration of products of anodic and cathodic 

reactions and reinforced the idea of the importance of soluble ions produced at 

the steel-concrete interface. The concrete pore system enables these corrosion 

products to move and react away from the interface. 

Preliminary investigations on cement paste under exposure to different 

solutions showed that ferrous ions and pH could produce volumetric changes for 

this type of material. The objective of this research was to investigate further 

these volumetric changes. Also, the mechanism by which concrete cracks and 

spalls as a consequence of embedded metal corrosion was studied. The 

experiments were based upon the premise that the stresses which result from 

volumetric changes from wetting of hardened cement by aqueous corrosion 

products constitute a possible cause for concrete cracking. From quantification of 
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these volumetric differences mechanical models can be formulated and attempts 

made to correlate these with cracking behavior of this material class. 

If it can be shown that concrete cracking and spalling result from 

volumetric changes due to corrosion products reactions with cement, then it will 

be possible to mitigate such damages by using new approaches which will 

minimize or eliminate these volumetric gradients. Thus, this study could impact 

understanding and control of infrastructure deterioration problems. 
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CHAPTER2 

BACKGROUND AND LITERATURE REVIEW 

2.1. CORROSION OF STEEL IN CONCRETE 

2.1.1. Magnitude of the Problem 

The major problem associated with corrosion of reinforcing steel in 

concrete is not that the mechanical strength of the reinforcement is reduced but 

rather that accumulation of solid corrosion products near the embedded steel

concrete interface gives rise to concrete cracking and spalling. The significance of 

concrete deterioration in association with embedded metal corrosion to the 

economy and functionality of the United States has been established [5, 6]. This 

problem has become widespread to many transportation and infrastructure 

components, coastal buildings and related structures. At the end of 1983, a state

of-the-art publication reported data from the Federal Highway Administration 

(FHW A) indicating that the total estimated costs to the year 1996 for repairs and 

protection of bridges "on the interstate system only" would be 2.6 billion dollars 

[5]. However, the projection for surface system repair alone was subsequently 

projected as 50 billion and five years later increased to 700 billion dollars [6]. 
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2.1.2. Mechanism of Corrosion of Steel in Concrete 

Corrosion of steel in concrete is most commonly described in terms of 

depassivation, corrosion propagation and the final state [7] . 

2.1.2.1. Depassivation 

Pore water in concrete is alkaline with pH between 12.5 and 13.7 [2]. This 

range of pH results in a low corrosion rate for steel because of passivity of the 

metal surface in the presence of an adequate supply of oxygen. Figure 2-1 shows 

the corrosion rate of iron as a function of pH in aerated aqueous solutions [8] . 

This situation produces a film of y-Fe203 (y-ferric oxide or lepidocrite) on the 

surface, which acts as a barrier against corrosion [5] . 

Passivating films are disrupted or prevented from forming by halides (Cl-, 

1-, Br-, F-). Chloride ions present in deicing salts, sea water and calcium chloride, 

which is a set accelerator for concrete, reduce or destroy the protective nature of 

the passive film. Data taken from 473 bridge decks led to the conclusion that 

chloride levels of about 0.4% by weight of cement would initiate corrosion of the 

reinforcement [9]. There is also an interdependency of pH and the [Cl-] for 

corrosion initiation. The minimum chloride to hydroxide ratio required to 

compromise passivity is believed to be equal to 0.6 [10]. 

Corrosion initiation can also occur because of carbonation. This process 

involves reactions of atmospheric C02 with cement constituents to form 

carbonates. The pH is then lowered to the range 8.5- 9.5 where embedded steel is 

no longer passive. The forms of corrosion that are likely to follow the initiation 

period are dependent on the specific circumstances and can be either pitting or 

general attack [7]. 
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2.1.2.2. Propagation 

The propagation stage extends from the beginning of corrosion product 

formation to the phase when stresses sufficient to crack the concrete cover are 

generated or when the structure becomes in need of repair, depending on one's 

definition [5, 7]. The propagation stage can develop as pitting or general 

corrosion. 

In the case of pitting corrosion, propagation requires continuing activity at 

specific sites by maintenance of the [Cl-] I [OH-] ratio above the critical value for 

initiation as a result of the continuing influx of chloride to the site. The 

replenishment of chloride can occur by: 

- migration from the pore liquid in the bulk concrete, 

- recycling of chloride, as shown schematically in Figure 2-2 [7], by the 

following reactions [1]: 

Fe + 2Cl- ---> FeCl2 + 2e-

FeC12 + 2H20 --> Fe(OHh + 2H+ + 2Cl-. 

Note that these reactions not only provide chloride ions but also reduce the pH 

by producing H+. 

General corrosion results from an inability of the passive film to be 

maintained over a broader area of the steel surface than in the case of pitting. The 

possible oxidation reactions are: 

Fe ---> Fe2+ + 2e-

Fe + 2H20 ---> Fe(OHh + 2H+ + 2e-. 

Protons, that are also generated at the anode contribute to corrosion by 

lowering the surface pH. Clear et al. [11] reported pH near actively corroding 

rebar sites to be between 4.8 and 6.0, whereas the passive film is no longer 

thermodynamically stable below pH 9 [7]. It is important to realize that corroded 
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steel cannot be restored to its original state, but corrosion of steel in concrete can 

be effectively stopped using cathodic protection. 

2.1.2.3. Final State 

The definition of the final state is not well defined because this state is 

dependent on the degree of deterioration acceptable before maintenance is 

necessary. However, two major consequences of reinforcing steel corrosion are 

commonly observed: (1) a decrease of the cross-section of the reinforcement; and 

(2) development of cracking and spalling, which are generally thought to result 

from tensile forces due to the corrosion products that occupy a greater volume 

than the parent metal [1, 5, 7]. Only few studies have been made concerning the 

latter subject. Bennett [1] reported the widely accepted fact that corrosion 

products occupy up to 14 times the volume of the original steel. Experiments 

were also set up to measure the stresses produced by the volumetric changes 

associated with corrosion evolution [12], and strains corresponding to a stress of 

490 MPa have been measured under conditions of non-uniform environment and 

artificially produced macrocells. These experiments by Hoke et al. are discussed 

further in section 2.4. 

2.1.2.4. Factors Influencing the Rate of Corrosion of Steel in Concrete 

The nature of the environment has an important role in corrosion of steel 

in concrete, for example, the most severe corrosion occurs in the splash zone of 

marine coastal environments. According to Slater [5], the main factors that cause 

and control reinforcement corrosion in the splash zone include: 

-pH near the reinforcement; 

- chloride level; 

9 



- oxygen availability at cathodic sites and presence or absence of possible 

macrocells; 

- moisture level of the concrete which affects both the resistivity of the concrete 

and oxygen permeability; and 

- quality of concrete which includes important parameters like the concrete cover 

depth to reach the steel reinforcement and the water-to-cement ratio. Figure 2-3 

[13] shows how this latter factor affects permeability of cement paste specimens. 

2.1.3. Corrosion Products 

The nature and chronology of steel corrosion products in concrete is only 

qualitatively understood. This comes from the fact that analytical tools cannot be 

used in situ to observe species generated at or near the embedded steel surface. 

Also, corrosion products are likely to oxidize upon opening the concrete and 

exposing the bulk electrolyte to air. 

The +2 and +3 oxidation states of iron form numerous complexes and 

ligands. Baes and Mesmer [14] report that in the presence of ferrous ions the 

stable solid phase is magnetite, Fe304. The Fe2+ ion hydrolyzes only slowly 

before precipitation of Fe(OH)2 or Fe304 commences. The ferric ion (Fe3+) 

hydrolyzes more readily than the ferrous. The stable form of precipitated ferric 

hydroxide is a-FeO(OH), but attainment of equilibrium requires several years at 

room temperature. Also, the solubility of each species increases with decreasing 

pH. 

Solid corrosion products commonly observed when concrete cores were 

broken open include [1]: ferrous hydroxide Fe(OH)2, hydrated ferrous chloride 

FeCb.xH20, and black oxide Fe304; but the exact product formed depends on the 

availability of oxygen, water, chloride ion concentration and pH. Both Hartt [15] 

10 
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and Clear [11] have measured pH of concrete pore water adjacent to embedded 

corroding steel and report values of approximately 4. This low value is consistent 

with a relatively high ferrous ion concentration. Exposure to air provoked the 

blackish corrosion products to oxidize to red rust over a short period of time 

(from several minutes to a few hours). 

Experiments studied the pH stability and evolution of various forms of 

Fe++, Cl- and OH- versus time using Mossbauer spectroscopy to determine the 

product structures [16]. Species that were identified depending on the chloride to 

hydroxide ratio were: goethite a-FeOOH, magnetite Fe304, lepidocrite y

(8FeOOH,Fe0Cl) and hydroxides and chloride containing hydroxides 

(2Fe(OH)2.FeOHCl).Fe(OH)2Cl). 

Despite the widely cited assumption that y-Fe203 (hematite) forms on steel 

in concrete [5], no experimental evidence supporting this is available. The 

original source of this idea seems to be based on thermodynamics [17], where no 

experimental confirmation of the formation of y-Fe203 as opposed to a-Fe203 or 

·some other iron oxide, hydroxide or hydrated iron oxide has appeared. 

Conventional scanning electron microscopy cannot differentiate between a and 

y-Fe203. Both forms of rust are commonly detected on steel which has corroded 

in concrete. They can be identified using X-Ray diffraction or infrared 

spectroscopy if the rust is voluminous [18]. However, the actual nature of these 

products is still in question since they may oxidize quickly when concrete is open 

and exposed to air. 
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2.2. HARDENED PORTLAND CEMENT PASTES AND CONCRETE 

2.2.1. Concrete 

The Romans were the first to use concrete as a construction material. 

Indeed, the word concrete comes from the Latin "concretus" that meant 

"growing together." The material Romans used was made of lime to which they 

mixed pozzolana, a volcanic ash they obtained from the vicinity of Mount 

Vesuvius [19]. This building material was a sort of cement that hardened under 

water. With this hydraulic cement they built massive constructions such as 

aqueducts, bridges and foundations that were charaterized by extreme 

durability. 

Concrete as we know it today is a mixture of sand, gravel, crushed rocks 

or other aggregates held together by a hardened paste of cement and water. 

Upon hydration of the cement by water, concrete becomes stonelike in strength, 

hardness and durability. Concrete is differentiated from other cement based 

mixtures by the size of the aggregates. For fine aggregates having a size less than 

6 mm, the resulting material is known as mortar. When aggregates larger than 6 

mm are used, the final product is called concrete [19]. Steel reinforcement has 

been used with concrete for improving the tensile strength of this building 

material that is weak in tension. 

2.2.2. Portland Cement Components 

Portland cement was first made during the early nineteenth century. Since 

then it has been modified to provide different properties, as described in ASTM 
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ClSO. The compounds present in cements are formed by the interaction during 

burning of the lime, silica, alumina and ferric oxide compounds which constitute 

the bulk of the raw mix, together with the various minor components such as 

magnesia and the alkalis which are also present. Portland cement is composed of 

over 90 per cent lime, alumina and silica. 

We may consider the components of cements as the oxides formed from 

the elements present and the compounds as the combinations which can be 

formed between the components [20]. The components are: 

- Calcium Oxide (CaO) or lime which is mostly derived from the 

decomposition of calcite (CaC03); 

-Calcium Hydroxide (Ca(OH)2) is a product of hydration of lime by water. 

In the presence of moisture, calcium hydroxide reacts with carbon dioxide 

to form calcium carbonate; 

- Magnesium Oxide or magnesia (MgO) is only present in small quantities 

in Portland cement; 

- Silicon Dioxide, or silica (Si02), is the most abundant of all minerals. It is 

present in cements in a state of combination. The combination of silica 

with water gives rise to silicic acid gels; 

-Aluminium Oxide, or alumina (Al203) in a combined state is an important 

component of cements, in which it behaves as an acid; 

-Ferrous Oxide (FeO) does not usually occur in more than small amounts 

(less than 0.4%) in Portland cement; 

-Ferric Oxide (Fe203) resembles alumina in character and acts as an acid 

radical in cements, being combined with the bases present (mainly CaO); 

- Sulphur compounds such as S03 vary in content usually from less than 

0.1% to 0.5%; 
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- Titania (Ti02) occurs to a small extent, about 0.2-0.3%, in all Portland 

cements; 

-Manganese Oxide (Mn203) is present in very small amounts; and 

-Phosphorous Pentoxide (P20s) is found in most Portland cements at about 

0.2%. 

2.2.3. Structure of Portland Cement Paste and Concrete 

Scanning electron microscopy (SEM) has revealed the micromorphology 

of the mature paste and indicated a continuous matrix of C-S-H (amorphous 

calcium silicate hydrate) containing [21]: 

-large crystals of calcium hydroxide Ca(OHh; 

- small clusters of calcium sulfoaluminate hydrates; 

- unhydrated residues; and 

- a capillary pore system. 

C-S-H is essentially an amorphous, colloidal material including sub-micropores 

(pore diameters smaller than 26 A). Its chemical composition can be diverse, and 

it is able to incorporate large quantities of impure oxides. Calcium hydroxide 

forms as a stoichiometric, crystalline material sufficiently large to be seen by 

optical microscopy. Its crystals are not completely pure in that they contain 

silicate and sulphate impurities. 

Concrete like cement contains pores which are interconnected throughout. 

Such an extensive network leads to high permeability of the concrete to both 

liquids and gases. This is of critical importance in the corrosion process, because 

both the initiators (chloride ions or atmospheric carbon dioxide) and the 

supporters (water and oxygen) of reinforcing steel corrosion must migrate 
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through the overlying concrete to the steel. The degree of permeability of 

concrete to water is dependent upon water-to-cement ratio (w I c) as was 

illustrated by Figure 2-3 [13]. 

2.2.4. Mechanical Properties of Portland Cement Paste 

For concrete the average Young's modulus is given as Eav = 14 GPa [22] 

and Poisson's ratio (statically) in the range 0.15- 0.20 [23] . The value of Poisson's 

ratio determined dynamically is somewhat greater than for static tests and 

typically ranges from 0.20 to 0.24 [24]. For cement paste the modulus of elasticity 

is determined by its porosity. Values in the range 6.9 to 27.6 GPa have been 

reported for hydrated Portland cement pastes of varying porosity [25] . The 

modulus of elasticity of cement, E, has been found to be proportional to 

approximately the cube 1-Pc where Pc is the capillary porosity expressed as a 

ratio [26] . The relationship can be written as: 

(2-1) 

where Egis the modulus of elasticity of the hardened cement paste at zero 

porosity. For ordinary Portland cement, Eg appears to be about 32 GPa. The 

capillary porosity is given by 

Pc = w- 0.36a (cm3 I g), 
c (2-2) 

where a is the fraction of cement that has hydrated. Thus, for totally hydrated 

cement paste specimens a = 1.0 and in the particular case of w I c = 0.44 the elastic 
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modulus is E = 24.9 GPa. 

The stress provoking failure has been reported for the particular case of a 

water-to-cement ratio w I c = 0.44 as follows: 

• For concrete, Hornbostel [19] gives a compressive strength of t::Jy' = 37 MPa (28 

days) with a tensile strength 10 to 15 times smaller or ri/ = 2.5 to 3.7 MPa (28 

days). Richards [27] gives riy' = 34.5 MPa and t::Jyt = 2.8 MPa respectively, at 28 

days; and 

• For Portland cement, Doriot [28] gives a compressive strength of riy' = 26.5 

MPa (28 days) and a tensile strength equal to approximately 1/9 of the 

compressive strength or t::Jyt = 3 MPa (28 days). 

2.3. VOLUMETRIC CHANGES OF HARDENED CEMENT PASTES 

2.3.1. Shrinkage 

Shrinkage is caused by loss of water from evaporation, hydration of 

cement, and carbonation (24]. While cement paste is plastic, it undergoes a 

volumetric contraction, the magnitude of which is of the order of 1% of the 

absolute volume of dry cement. This contraction is known as plastic shrinkage. It 

is caused by the loss of water by evaporation from the external surface or by 

suction by more dry concrete. The contraction induces tensile stress in the surface 

layers because they are restrained by the non-shrinking inner concrete; and since 

the concrete is weak in its plastic state, cracking can readily occur at the dry 

surface. 

Experiments showed that hardened cement paste, mortar and concrete 

shrink more the first time they are dried than they swell when rewet; and so part 
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of the shrinkage is irreversible [29]. This is attributed to a change of structure of 

the paste during drying. According to Helmuth et al. [29], the irreversible 

shrinkage is related more to a decrease of pore volume than to an irreversible 

decrease of volume at constant porosity. Carbonation of hydrated cement by 

atmospheric C02 has been also demonstrated to have an effect on shrinkage. 

2.3.2. Expansion 

Experiments showed that alternate wetting and drying of concrete 

specimens caused expansions of 0.10 to 0.25% [30]. These tests consisted of 120 

cycles of: 

- 9 hours of oven drying at 82°C; 

-48 hours of immersion in water at 21°C; and 

- 15 hours of room environment storage at 21 OC. 

Recent experiments investigated the behavior under various conditions of 

concrete specimens containing ASTM type I cement with and without additional 

alkali [31]. The tests consisted of expansion measurements in different solutions 

at different temperatures. After 275 days of exposure expansion of both specimen 

types was within the same order of magnitude (0.077 to 0.409%), as shown by 

Table 2-1. 

Strain measurements were performed on cathodically polarized 

pretensioned concrete specimens under different conditions [4]. A small 

measurable expansion upon sea water ponding (free corrosion) and a greater 

expansion during anodic polarization were recorded. The net expansion 

exceeded that which should have occurred upon complete loss of bond between 

the tendon and concrete. Figure 2-4 shows the strain changes with time of a 
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Expansion (%) Expansion (%) 

Cement + Aggregate Cement + Aggr + Alk* 

Water (38°C) 0.087 0.087 

5% NaCl (38°C) 0.077 0.094 

1 N. NaOH (38°C) 0.124 0.100 

1 N. KOH (38°C) 0.077 0.096 

5% NaCl (80°C) 0.130 0.126 

1 N. NaOH (80°C) 0.347 0.409 

1 N. KOH (80°C) 0.346 0.389 

* Alkalies came from incorporation of high volumes of low calcium fly ash 

containing mostly Si02, Al20 3 and Fe20 3• 

Table 2-1 : Expansion recorded for cement paste specimens submitted to 

different solutions and temperatures [31] . 
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mechanism, nor have consistent data provided further confirmation. Hoke et al. 

[2] performed experiments on mortar specimens with a single, centrally 

positioned steel reinforcing rod. The specimens were cast into strain gage 

equipped titanium cylinders . After curing and upon impressing an anodic 

current on the steel rod, tensile strains were recorded as shown by Figure 2-5. 

The strain magnitude was found to be proportioned to the exposure time and the 

current . These observations are consistent with the Corrosion 

Product/Mechanical Pressure cracking mechanism. Yet, there was no proof that 

the strains resulted directly from the stresses induced by solid corrosion 

products. 

Grimes et al. [35] defined the following factors as being involved in the 

Corrosion Product/Mechanical Pressure cracking process: 

- Corrosion rate of the embedded metal; 

-Diffusion rate of metal ions away from and of reactants (CI- and 02) toward the 

metal-concrete interface; 

- Properties of solid corrosion products which tend to form, particularly specific 

volume relative to that of the corroding metal and solubility limit of reaction 

product(s) in concrete pore water; and 

- Composition, including pH, of pore water near the metal-concrete interface. 

It was also mentioned that corrosion products when in the soluble state should 

not contribute to concrete cracking. Rosa et al. [3] had also pointed out the 

importance of corrosion product solubility as a factor controlling cracking of 

concrete some 65 years earlier. 

While some authors have projected the corrosion rate of steel in concrete 

to cause cracking in the order of 0.025 mm per year, several observations from 

service have revealed reinforcements that were nearly corroded away but with 
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pretensioned concrete specimen. It was concluded from these results that 

wetting, probably compounded by products from anodic or cathodic reactions 

(or both), was responsible for at least some of the observed specimen expansion. 

2.4. CRACKING OF CONCRETE DUE TO EMBEDDED METAL 

CORROSION 

Cracking of reinforced concrete was first recognized as an important 

problem at the beginning of this century. Its occurence was attributed to stray 

direct currents from power sources such as railways [32 - 34]. However, no 

definitive explanation was at that time available concerning the detailed 

mechanism provoking the cracking. Possible explanations that were given were: 

- Development of pressure in the concrete due to gas evolution at the embedded 

metal surface in associ£Ztion with an electrochemical reaction; 

- Development of pressure in the concrete due to heating from the electrical 

current; 

- Electrochemical deterioration of the concrete which rendered it susceptible to 

cracking; and 

- Development of mechanical pressure from accumulation in the concrete of 

relatively high specific volume solid corrosion products. 

Of the above explanations, the last was indirectly supported by the 1913 study by 

Rosa et al. [3] while the first three were eliminated. In fact, Rosa et al. [3] 

explained that concrete cracking and spalling as being the result of tensile hoop 

stresses due to corrosion product accumulation in the concrete pore space. This 

classical explanation was and still is universally accepted. No experimental 

results have contradicted this Corrosion Product/Mechanical Pressure cracking 
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no concrete cracking [36, 37]. Both of these instances involved concrete in poorly 

aerated soil coupled to atmospherically exposed concrete which served as a 

cathode. Presumably, the iron product remained in a relatively soluble ferrous 

state and, as such, did not contribute to cracking of concrete. 

Analogy with the protective (or nonprotective) oxides that form on metals 

during high temperature exposure was made to explain concrete cracking due to 

evolution of solid corrosion products [5]. The tendency of high temperature

oxides to spall is quantified by the Piling-Bedworth ratio [38], where the oxide 

specific volume is compared to that of its parent metal. Grimes et al. [35] 

monitored impressed current/time-to-cracking experiments with different 

embedded metals having Piling-Bedworth ratios for probable corrosion products 

varying from about 1.2 to over 6. It was found that a direct correlation existed 

between time-to-cracking and corrosion product solubility. However, while for 

high temperature oxidation the higher the specific volume ratio above unity the 

lower the protectiveness, for corrosion products the opposite occurred. It was, 

therefore, concluded that the solubility parameter had an important role in the 

cracking mechanism. 

2.5. RESEARCH OBJECTIVE 

The purpose of this project was to characterize the volumetric changes of 

cement paste due to wetting by simulated corrosion products of steel and to 

quantify the stresses induced by such changes via a mechanical model. First, the 

volumetric changes of cement paste specimens were recorded through a strain 

gage system as a function of time. pH was also monitored during these 

experiments. Different solutions including ferrous chloride, hydrochloric acid, 
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distilled water, simulated pore water and calcium hydroxide were used as a 

testing environment. Second, the dry products of reaction between cement pore 

species and solution were removed from the surface of the specimens after 

experiments and analyzed with an X-Ray diffractometer. Finally, a finite element 

model was designed to allow analysis of the stresses produced by the 

displacements that were recorded experimentally. This model was an attempt to 

simulate the microscopic mechanical behavior of a cement paste area wetted by 

soluble corrosion products at the place of a corrosion pit in steel reinforced 

concrete. The result was the determination of the stress distribution in the cement 

and comparison with the respective tension and compression strengths of cement 

so that cracking tendency from this cause could be evaluated. 
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CHAPTER3 

EXPERIMENTAL METHODOLOGY 

3.1. CEMENT PASTE SPECIMEN AND EXTENSIOMETER 

The specimen was a cement paste disk instrumented with an 

extensiometer as shown by Figure 3-1. It was prepared using Portland cement 

type I and water only, with a water-to-cement ratio equal to 0.44. The dimensions 

were 102 mm (4.0 inches) for the diameter and 3 mm for the thickness. Specimens 

were cast upon a Plexiglas® plate to provide a smooth surface on which PVC 

molds were placed. For every specimen two Delrin® pins that received the strain 

gage system were placed along a diameter with a spacing of 60 mm between the 

two gage mounting holes. Once poured, the specimens were frequently rewetted 

for 3 to 4 days to facilitate cement hydration and avoid plastic shrinkage and 

cracking. Then they were removed from the mold and placed in simulated pore 

water or wet tissues for either 20 or 28 days for curing. 

The extensiometer was comprised of a strain gage (Measurement Group, 

type CEA-06-125UN-350) attached to the center of a 5x70 mm flexible stainless 

steel strip of thickness 0.15 mm. The strip, strain gage and the lead wires were 

protected from corrosion with an acrylic coating (air drying M-Coat D, 
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Measurement Group). This system was screwed on the two Delrin® pins on top 

on the cement paste specimen 24 hours before experimentation, during which 

time readings on the gage were acquired to assure stability. The extensiometer 

measured strains that could be related to displacements along the diameter, ~1. 

The assumption was made that the volumetric change ~ V was directly 

proportioned to the diameter displacement by a relationship of the form: 

~v = k.~P, 

with k being a constant. The extensometer was connected to a digital strain 

indicator (Measurements Group, model P-3500) that was connected to a two 

channel strip chart recorder. 

3.2. CHARACTERISTICS OF THE EXPERIMENTAL SYSTEM 

Because no standard procedure was available for the proposed exposures 

(the set up used by Hoke et al. [2] is not appropriate for the present purpose), a 

specific experimental system was designed to satisfy the following requirements: 

(1) The cement paste specimen geometry and the experimental vessel must help 

solution penetration into the pore system of the specimen; 

(2) The volumetric changes and the solution pH have to be recorded as a function 

of time during the experiment; 

(3) Aqueous solutions of simulated corrosion products of steel must be used and 

have to be deaerated (to avoid oxidation); and 

( 4) The experimental vessel must be isolated from outside contamination, 

especially from air to avoid oxidation or carbonation of the solution. 
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The experimental system consisted of two parts: the main vessel where the 

specimen was located and a container which was used for solution deaeration 

and as a reservoir. These are shown in Figure 3-2. The main vessel was a 

conventional plastic desiccator that was modified to allow solution and gas 

inputs via glass tubes and data output through electrical leads. It contained a 

specially made Pyrex® vessel that supported the specimen horizontally on three 

stands arranged as a tripod. The supports were wrapped with rubber bands to 

limit vibrations due to solution movement or other causes and consequent noise 

on the displacement-time record. Two glass tubes provided solution and 

nitrogen gas, respectively, to the Pyrex® vessel. An epoxy-bodied electrode 

(Markson) was mounted upon the nitrogen injection tube for measurement of 

solution pH adjacent to the specimen. Potential output of the pH electrode was to 

an Accumet 910 pH-meter (Fisher Scientific) which was connected to the two 

channel strip chart recorder. Nitrogen injection near the pH electrode bulb 

provided solution stirring. A nitrogen exhaust tube led to a glycerol flask. 

Continuous nitrogen injection into the vessel during the experiment provided an 

internal pressure slightly greater than atmospheric which minimized any air 

contamination. 

3.3. EXPERIMENTAL PROCEDURE 

Before starting an experiment, the simulated corrosion product solution 

was prepared and deaerated by nitrogen bubbling for 10 to 20 hours in the 

solution container. The main vessel was secured with spring-clips, and all the 

tube valves were closed. Figure 3-3 shows a photograph of the experimental set 

up before running an experiment. A digital vacuum gage (Vacuubrand, DVR 1) 
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Figure 3-3: View of the experimental set up with an experiment in progress. 
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was connected to the main chamber to measure the inside pressure. The system 

allowed a minimum pressure equal to 33 mbar as a typical value. Before 

beginning an experiment the vessel containing the specimen was evacuated for 

30 minutes to remove air from the chamber and some air and adsorbed water 

from the specimen pores. Solution was injected under vacuum. Nitrogen was 

then injected such that a pressure slightly above ambient resulted. Strain and pH 

were measured and recorded from the beginning of the evacuation phase. To 

maintain the pH of the solution surrounding the cement paste specimen in a 

desired range, additional deaerated solution was added from the solution tank as 

required. 

After each experiment the specimen was removed from the experimental 

cell and broken in order to recover the Delrin® plug-extensiometer system and 

determine an exact calibration. This was achieved through a MTS calibrator 

(Model 650-03) as shown by Figure 3-4. Calibration consisted of measuring 

strains associated with imposed displacements of the strain gage system. The 

result was a linear relationship that permitted translation of the raw data to 

displacement, ~1, between the two Delrin® pins that were separated by the 

distance 1 = 60 mm. Consequently, a strain£ was calculated using the formula 

~ 
£=-. 

1 

The strain gage system allowed continuous measurement and recording of 

the stainless steel strip displacement. However, the desired result was the 

volumetric change of the cement paste disk assuming the linearity of a 

relationship between displacement and volumetric changes. 
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3.4. EXPERIMENTAL PLAN 

The principal experimental task consisted in measuring the magnitude, 

pH dependence and time dependence of size changes associated with wetting of 

cement by simulated corrosion products. At actively corroding sites on an 

embedded steel surface (no impressed current) pH is about 4, and a pH gradient 

is established with distance into mortar or concrete as controlled by outward 

diffusion of fe2+ and H+ and inward migration of Cl- and OH-. To reproduce this 

situation the specimen was exposed to deaerated solutions of FeCl2.xH20 

crystals mixed to distilled water while extensiometer output was recorded as a 

function of time. Deaerated distilled water, hydrochloric acid solutions and 

alkaline solutions (simulated pore water or saturated Ca(OH)2) were also 

investigated. 

3.5. USE OF ADDITIONAL TOOLS 

X-Ray diffraction was used to identify the products present on the cement 

specimen surface after drying at the end of some experiments. Powder removed 

from the specimen surface was used for analysis with an Automated X-Ray 

Powder Diffractometer (X-Ray generator XRG 3100 by Philips) and a 

computerized analysis system (APD 3720 developed by Philips) and software 

(APD 1700, Philips, version 4.0 on a VMS system). After analysis, the resulting 

patterns could be compared with the reference patterns of the most probable 

compounds that may be found on the surface of the tested specimen. For that 

purpose, software built in restriction functions on the chemical elements were set 
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using the composition of the cement paste (see section 2.2.2) and the test 

electrolyte (see section 3.4). 

Finite element analysis was also used. A mechanical model was designed 

with ANSYS® (version 4.4A) to represent the corroding steel-concrete interface at 

a microscopic scale. The analysis provided a stress distribution for the finite 

element model, and this was compared with the respective tensile and 

compressive strengths of cement. 
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CHAPTER4 

RESULTS AND DISCUSSION 

4.1. EXPERIMENTAL RESULTS 

4.1.1. Typical Displacement Behavior 

Different tendencies were observed for the displacement change that 

r(;!sulted when specimens were exposed to the test environments. Observation of 

the displacement versus time curves led to categorization in terms of three types 

of behavior as illustrated in Figure 4-1. In all cases a relatively rapid expansion 

during the first few minutes was noticed. This period will be termed Phase A in 

the following discussion. 

Type I behavior was characterized by a continuous decrease of the slope 

of the displacement record with increasing time. The slope remained positive 

after Phase A and eventually became zero. This period of low positive slope 

(subsequent to Phase A) could last from less than one hour to one day. A plateau 

(or constant displacement) was then observed, and the specimen dimension was 

usually stable until the end of the experiment. 
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Type II behavior was characterized by a negative slope in the 

displacement-time curve subsequent to Phase A. Thus, specimen diameter 

during this period decreased. This period lasted for from one to ten hours. 

Attainment of a slope of zero designated the end of this stage. The slope then 

became positive and progressively decreased to zero. The subsequent behavior 

was characterized by a stable plateau that was observed until the end of the 

experiment. 

Specimens which conformed to Type III behavior were similar to Type II 

but with the specimen diameter decreasing progressively after Phase A and 

apparently achieving a constant value. The long-term specimen diameter was 

sometimes greater and sometimes less than the initial value. In the latter 

situation the specimen had apparently contracted in association with wetting. 

4.1.2. Overall Description of the Results 

In Table 4-1 are presented chronologically the results obtained for 

experiments 3.1 to 4.3. Four types of exposure environments were used: ferrous 

chloride solution of different initial pH (3.1 - 3.3); distilled water (3.4 - 3.7); 

alkaline solutions containing calcium hydroxide (3.8 and 3.9) and hydrochloric 

acid solutions (3.10 and 4.1 - 4.3). Several parameters, including initial and final 

pH and maximum displacement associated with the displacement-time behavior 

(Figure 4-1) were employed to characterize specimen response to a solution. The 

initial pH was the value of this parameter when the specimen was first contacted 

by the solution. Final pH was that was achieved at the end of the experiment (24 

to 72 hours) . Maximum displacement was either (1) the plateau value for Type I 

results; (2) the maximum of Phase A or the plateau value for Type II (whichever 
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Spec. Solution Behavior Initial Final Maximum Time at Plateau 

# Type Type pH pH Displacement Max. Dis pl. 

3.1 FeC12 I 3.95 10.04 0.140mm 24 hr 0.140 mm 

3.2 FeC12 II 2.13 3.10 0.100mm 24 hr 0.100 mm 

3.3 FeC12 II 2.92 6.20 0.079mm 24 hr 0.079mm 

3.4 H20 I 4.96 11.51 0.118mm 43 hr 0.118 mm 

3.5 H20 III 6.40 11.32 0.111 mm 18min (mm) -0.038 

3.6 H20 III 9.02 11.29 0.153mm 21 min 0.009mm 

3.7 H20 II 8.92 10.94 0.114 mm 12min 0.014mm 

3.8 SPW II 12.08 12.26 0.290mm 2hr 0.290mm 

3.9 Ca(OH)2 II 11.72 11.68 0.180mm 27 hr 0.180mm 

3.10 HCl I 2.60 11.23 0.093mm 52 hr 0.093mm 

4.1 HCl III 2.81 11.26 0.164mm 4.5 min (mm) -0.038 

4.2 HCl III 1.77 10.35 0.167mm Smin (mm) -0.162 

4.3 HCl I 5.48 10.52 0.162mm 40 hr 0.162mm 

Table 4-1: Results obtained for exposure of cement paste specimens to 

different solutions with continuous strain and pH measurement. 
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was greater) or; (3) the maximum reached during Phase A for Type III 

experiments. 

4.1.3. Exposure to Distilled Water 

pH was not controlled for these exposures because of the inability of the 

experimental set up to maintain a near neutral pH by addition of distilled water 

only. Four successive specimens were tested in this environment where 

Specimen 3.4 exhibited Type I behavior, Specimens 3.5 and 3.6 Type III and 

Specimen 3.7 Type II. Displacement and pH evolution as a function of time are 

presented in Figures 4-2a and 4-2b, respectively. At the beginning (Phase A) the 

overall displacement trend was similar for the four specimens. This was 

characterized by an expansion for the first 12 to 23 minutes. The displacement 

data for Specimen 3.4, which exhibited Type I behavior, stabilized subsequent to 

Phase A. The value of the final displacement was +0.118 mm after more than 40 

hours of exposure, and it was stable. Specimens 3.5, 3.6 and 3.7 showed a 

contraction after Phase A. Specimens 3.5 and 3.6 exhibited Type Ill behavior, but 

their final displacement differed in sign. Though the magnitude of these final 

displacements was relatively small as compared with that of Specimen 3.4, 

Specimen 3.5 ended with a negative displacement ( -0.038 mm) and Specimen 3.6 

with a positive one ( +0.009 mm). Specimen 3.7 showed Type II behavior 

characterized by a slight expansion after 10 hours of exposure. The final 

displacement for Specimen 3.7 was expansive with a relatively low value ( +0.014 

mm). It can be noticed that the behavior exhibited by Specimen 3.7 was close to 

Type III behavior and it may in fact be Type III behavior. In all cases pH 
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increased rapidly for each experiment to reach a stable value ranging from 10.94 

to 11.32. 

Data from experiments 3.4, 3.6 and 3.7 were generally consistent with the 

literature since it is accepted that this type of material should expand under 

wetting [23, 30, 31]. However, the behavior of Specimen 3.5 indicated a final 

contractive state; and the magnitude of the final expansions for experiments 3.6 

and 3.7 were lower than those reported in the literature. In fact, Alasali et al. [31] 

reported expansion values for concrete (cement and aggregate mixtures) exposed 

to water equal to 0.087%. The experimental values for Specimens 3.6 and 3.7, 

respectively, were 0.023% and 0.015% only. It can be noticed that the expansion 

recorded for Specimen 3.4 corresponded to a strain of 0.197% which is larger than 

those reported in water or any alkaline solution at ambient temperature by 

Alasali [31]. 

4.1.4. Exposure to Hydrochloric Acid 

Two different trends were observed in the case of this electrolyte: (1) Type 

I behavior for experiments 3.10 and 4.3; and (2) Type III behavior for experiments 

4.1 and 4.2, as illustrated in Figure 4-3a. For an initial period at the beginning of 

each experiment, pH was controlled by addition of deaerated hydrochloric acid 

solution. This was done for 3 to 5 hours except for experiment 4.3 (only 45 

minutes) in which the pH was too high to be maintained in the acidic range. 

Subsequent to HCl addition pH increased to the alkaline region and stabilized 

between 10.35 and 11.26 in less than 5 hours as shown by Figure 4-3b. 

Experiments that resulted in Type I behavior showed an expansion 

followed by a slower expansion increase and reached a plateau after more than 
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Figure 4-3a: Volumetric changes measured under exposure to hydrochloric acid 

for experiments 3.10, 4.1, 4.2 and 4.3. 
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Figure 4-3b: pH evolution of the hydrochloric acid solution surrounding the 

cement paste specimens for experiments 3.10, 4.1 to 4.3. 

45 



one day. Final expansion values recorded for Specimens 3.10 and 4.3 were 0.93 

and 0.162 mm, respectively. 

An interesting trend was noted during the beginning of experiment 4.3, 

where the initial expansion seemed to momentarily stabilize after a few minutes, 

subsequent to which the specimen continued to expand as shown by Figure 4-4. 

Type IT behavior may be a manifestation of this. This phenomenon may have 

been related to pH evolution. Even though pH was kept in the acidic range for 

less than one hour, continuous injection of HCl solution at the beginning was 

probably responsible for part of the momentary stabilization trend observed 

during the first minutes of experiment. This observation showed that, for all 

exposure conditions, occurrence of Type I versus Type IT and Type ill behaviors 

was very sensitive to various factors such as pH evolution but was not fully 

understood. 

Results obtained for hydrochloric acid exposure led to the conclusion that 

whatever factor was responsible for Type I versus ill behavior was subtle. This 

was exemplified by Specimens 3.10 and 4.1 for which solution composition and 

pH evolution were nearly identical but with two opposite tendencies (Type I 

versus Type ill) being observed. 

4.1.5. Exposure to Alkaline Solutions 

Tests were performed in alkaline environments to simulate pore water in 

cement paste by using solutions of either calcium hydroxide or simulated pore 

water. Results, which were characterized as Type II, are shown in Figure 4-Sa. 

They underwent an expansion followed by a slight contraction, and then a 
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dimensional increase to a plateau. In every situation pH was not controlled, but 

variations were less than two pH units as shown by Figure 4-Sb. 

Comparison with results from exposure to distilled water can be made to 

explain the relatively small magnitude of the final expansions observed for 

Specimens 3.5 to 3.7. In distilled water the three specimens mentioned previously 

first expanded, then contracted and returned near to their original size. This was 

typical of Type III behavior. In alkaline environments the specimens expanded 

and showed a final expansion (Type II behavior). 

Differences in consumption of surface alkalinity may be responsible for 

the two types of behavior. This can be explained by a reaction of distilled water 

with free cement pore species such as NaOH, KOH and Ca(OH)2, provoking an 

initial expansion followed by a contraction after the free alkaline species were 

consumed. This can be confirmed by results obtained from exposure to saturated 

solutions of Ca(OH)2 or simulated pore water that contains a large amount of 

NaOH, KOH and Ca(OH)2. Indeed, these environments generated an expansion 

which was consistent with the usually observed effects of cement paste wetting 

by water [23, 30, 31]. No explanation could be given for the Type I behavior of 

Specimen 3.4. 

The final contractive state observed in some cases for exposure to distilled 

water and hydrochloric acid has not been reported in the literature. This may be 

due to the geometry of the actual specimens. In fact, the specimens used in the 

past by others had different shapes (cylinders [2, 12], prisms [31]) and were 

larger. With a thin disk, alkalinity consumption could be enhanced. Therefore, 

the specimen geometry may be a viable explanation for the final contractions 

observed. 
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Experiments with distilled water revealed final expansion values that 

were relatively small. With alkaline solution the final displacements were larger 

with values of 0.290 and 0.180 mm. These correspond to strains equal to 0.483% 

and 0.300% that are larger than those observed by Alasali et al. [31] for exposure 

of cement and aggregates to KOH and NaOH solutions. However, Alasali [31] 

showed larger expansion for exposure to alkaline solutions than to water. From 

these results it can be inferred that the volumetric changes measured 

experimentally followed the same trends as those described in the literature [31] : 

in both cases dimensional changes measured for alkaline exposures were larger 

than for exposure to water. 

4.1.6. Exposure to Ferrous Chloride Solutions 

Simulated corrosion products of steel in concrete were comprised of 

ferrous chloride solutions having different initial pH. This reflects the ionized 

corrosion product of steel (Fe2 +) and the corrosion initiator usually present at 

corroding sites (Cl-). Results for experiments with FeCl2 solutions, presented in 

Figure 4-6a, were undertaken with controlled pH during the first few hours. 

The three specimens exposed to ferrous chloride solution underwent 

generally similar behavior, as presented in Figure 4-6a, but with experiment 3.1 

exhibiting Type I behavior and experiments 3.2 and 3.3 Type II. Maximum 

expansion ranged from 0.079 mm to 0.140 mm. These defined a region of 

expansion from 0.131 to 0.233% that included larger values than those presented 

in the literature [31] for exposure to water and alkaline solutions at ambient 

temperature. This suggested that ferrous chloride may cause abnormal expansion 

if compared to results for Specimens 3.5 to 3.7. But since Specimen 3.4 expanded 
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in the same order of magnitude (0.194%) as for the FeCb solutions, no conclusion 

can be derived except that FeCl2 was able to produce expansions of larger values 

and with more reproducibility than did distilled water. 

Measurement of the pH of solutions extracted from the experimental 

vessel revealed an initial pH increase when exposed to air (one pH unit increase 

during the first 2 minutes). The relatively high rate of increase in pH of these 

solutions (containing simulated corrosion products and free species corning from 

the pore space of the cement paste) led to the conclusion that pH values lower 

than the ones observed when concrete specimens were broken open [11, 15] may 

actually occur at corroding rebar sites. Moreover, measurement of pH of the 

corrosion products on concrete involves wetting with distilled water which 

contributes to a pH increase. This was the reason why ferrous chloride solutions 

more acidic than pH 4 were also used as testing environments. 

As stated previously pH was kept within about one unit of variation for 

the first 5 to 8 hours of exposure, as shown by Figure 4-6b. After this period, pH 

increased but did not reach the alkaline region in every case. This pH behavior 

was a function of the time during which solution was continuously renewed and 

of the initial solution pH. The longer the time of pH control, the lower the final 

pH; and the lower the initial pH, the lower the final pH. Such observations can be 

explained by a consumption of the specimen surface alkalinity. 
" 

An explanation of the phenomenon observed for pH may be derived from 

the solution composition itself. Indeed, hydrochloric acid solutions were 

prepared by dilution of HCl. Since HCl is a strong acid, its dissociation was total. 

Generated protons could react with the free alkaline species of cement. 

Subsequent to the period of pH control, pH increased to the alkaline region 

relatively fast because all protons H+ could react. Ferrous chloride solutions were 
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cement paste specimens for experiments 3.1 to 3.3. 
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prepared by mixing FeCl2 crystals with distilled water. The following equations 

show the hydrolysis of solid ferrous chloride: 

FeCl2 + 6H20 --> Fe(H20)62+ + 2Cl-, 

Fe(H20)62+ ¢::} Fe(OH)(H20)s+ + H+, 

Fe(OH)(H20)s+ ¢::} Fe(OH)2 + 4H20 + H+. 

Two explanations could be derived from the observed results: (1) formation of 

Fe(OH)2 is a slow process [14], and (2) FeCl2 solution can be considered as a 

weak acid. Indeed, for the latter point, the pH evolution that resulted in the case 

of FeCl2 exposure was similar to titration curves of weak acids by strong bases 

but with pH being plotted versus time rather than volume of solution added. 

Also, Fe(OH)2 formation is accompanied by H+ production in the 2nd reaction 

which is itself dependent upon alkalinity of the environment. Moreover, the 

curves for HCl (Figure 4-3b) suggest a comparison with strong acid-strong base 

titration curves. This suggested that the different pH behaviors observed for HCl 

and FeCl2 exposures could be explained by a titration effect involving a strong 

base (free alkaline species in cement paste) reaction with H+ and subsequent, 

progressive formation of Fe(OH)2. 

Also, post experimental examination of the specimen surfaces revealed the 

presence of a precipitate on the specimens exposed to ferrous chloride. This 

could have restricted solution penetration and the exchange between specimen 

alkalinity and the bulk solution. Furthermore, this could have had an influence 

on the observed dimensional behavior. 
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4.2. X-RAY DIFFRACTION RESULTS 

Several powder samples were taken from the surface of cement paste 

specimens after exposure to ferrous chloride solutions. They were analyzed with 

an X-Ray spectrometer. Such equipment allowed automatic recording of the 

diffracted X-Ray intensities at various angles according to Figures 4-7 to 4-9. The 

chart records of diffraction pattern for two samples are presented herein with the 

reference patterns of the best matching components that may be present at the 

specimen surface. The resulting spectra when compared with the most probable 

reference patterns revealed the possible presence of: 

• calcite: CaC03, 

• lepidocrocite: y-FeOOH, 

• green rust: Fe3.6Fe.9(00HS04)9, 

• goethite: a-FeOOH, 

• hisingerite: Fe2Si20s(OH)4.2H20, 

• magnetite: Fe304t 

• magnesioferrite: MgFe204. 

Most of these products are consistent with those referenced in the literature for 

corrosion products existing at the corroding steel/ concrete interface. However, it 

can be noticed that calcite is the product of a reaction occurring between calcium 

hydroxide Ca(OH)2 and carbon dioxide C02 in the presence of moisture. This 

observation is consistent with the curing condition of the specimens where 

cement was mixed to water under ambient air exposure conditions. Presence of 

green rust, lepidocrocite, magnetite and goethite were reported in the literature 

for mixtures of ferrous chloride and sodium hydroxide NaOH [16]; but 

magnesioferrite and hisingerite were not encountered. This may be explained by 
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the fact that these products contain elements such as magnesium and silica that 

are only present in small quantities in cement. The X-Ray powder diffraction 

technique does not allow testing on wet samples. Thus, it is important to realize 

that the present results show the possible compounds found at the specimen 

surface after drying. The actual results showed the structure of the compounds 

present at the simulated corrosion products-cement interface after they were 

exposed to air. Therefore, they were probably products of oxidation and 

carbonation of the wet products that precipitated on the immersed specimen. 

4.3. FINITE ELEMENT ANALYSIS 

4.3.1. Definition of the Objectives 

The purpose of this effort was to develop a simple numerical model using 

finite element method to predict failure of concrete at the interface between 

concrete and the embedded steel rebar because of the occurrence of a corrosion 

spot or pit at the rebar surface. A schematic representation of this situation is 

shown by Figure 4-10. The starting information was the experimentally 

measured volumetric changes which occurred when cement was placed in a 

solution of simulated corrosion products. The final goal was determination of the 

stress distribution in the cement surrounding the corrosion pit. The finite element 

analysis software ANSYs® (version 4.4A) was used to simulate the behavior of 

the cement paste exposed to different environments through the built in thermal 

expansion functions. The finite element analysis results were compared with 

assumed tensile and compressive strengths for cement and concrete (see section 

2.2.3). 
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Figure 4-10: Representation of the interface between concrete and embedded 
corroding steel. 
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4.3.2. Description of the Model 

A single model was used to simulate the mechanical behavior of a cement 

paste area surrounding a corrosion pit in reinforced concrete. For reasons of 

simplification, the analysis was restricted to the intersection of the diameter of 

the cement hemisphere with a vertical plane. Therefore, the analysis was two

dimensional and led to a planar solution. It was assumed that corrosion products 

were located in a hemispherical volume (Domain 1) having a diameter larger 

than the pit external diameter and that the corrosion product wetted area only 

undergoes expansion. The characteristics of the model were chosen assuming 

that the cement area had the same properties as the experimentally tested cement 

paste specimens. An average value was chosen for Poisson's ratio (v = 0.2) 

according to the values given in the literature [23, 24]. Young's modulus was 

calculated for the case of the experimental cement paste specimens using 

Equation (2-1) [26]. The degree of hydration a was chosen as unity (fully 

hydrated cement) and the water-to-cement ratio equal to 0.44. Thus, the elastic 

modulus was taken as E = 24.9 GPa. Because the dimensional behavior of the 

specimen was similar to the mechanical behavior of metals when submitted to 

temperature variations (volumetric expansion), analogy with the linear thermal

mechanical functions was used to simulate the volumetric change caused by 

wetting with soluble corrosion products. The thermal expansion relationship for 

a strain £ is given by Equation (4-1) where a is the coefficient of thermal 

expansion and ~T the temperature change. 

£=a.~T (4-1) 
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Finite element analysis was performed using ANSYS® (version 4.4 A) 

installed on SUN Spare® stations. The investigated cement area was meshed by 

539 two-dimensional triangular elements (type STIFF2) and 299 nodes as shown 

by Figure 4.11. The wetted area (Domain 1) was a semi-circular area with a 

radius equal to 20 I-LID. The dimensional change effects were studied on a total 

area the diameter of which was chosen in accordance with the Saint-Venant 

Principle that states that stress or strain due to loading on a small part of a body 

may be expected to diminish with distance [39]. Calculation with the finite 

element software showed that resulting stresses at the external border could be 

neglected for a diameter size six times larger than Domain 1, as is common for 

calculation of stresses in soil that result from driving of concrete piles. Thus the 

external limit for the surrounding cement (Domain 2) was placed so that it 

described a semi-circle of radius 128 I-LID. This was made in order to avoid 

arbitrary boundary conditions and inherent errors on the external diameter of 

Domain 2. The boundary conditions placed on the horizontal border (metal

cement interface) were chosen to simulate debonding between wetted cement 

and steel rebar; and adhesion between dry cement and reinforcement. Therefore, 

the horizontal limit of Domain 1 was only restrained vertically, while for Domain 

2, the horizontal border had no displacement allowed in both the directions X 

andY. 

The model was subjected to equivalent strains by use of the built-in 

thermal functions of the finite element software (TREF and TUNIF). To produce a 

dimensional change of Domain 1 due to wetting by corrosion products, a non

zero coefficient of thermal expansion (a= 1Q-6) was arbitrarily given as a material 

property of this area. Domain 2 was given a zero coefficient of thermal 
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Figure 4-11: Finite element mesh of the model realized with ANSYS® and 

showing the boundary conditions placed at the external borders. 
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expansion. Thus application of a temperature change ~T to the model produced a 

dimensional change of Domain 1. The temperature change ~Twas related to the 

experimental displacement~ by the expression 

~T = ~1 
I 

a.l 
(4-2) 

where 1 = 60 mm was the distance that separated the two Delrin® pins on the 

specimen. 

4.3.3. Stress Distribution 

Since the finite element analysis was of linear structural type, the resulting 

stresses obtained are directly proportioned to the experimental displacements. 

Thus, the stress distribution is presented here for a typical experimental 

displacement ~1 = 0.1 mm. 

A typical deformed contour of the model obtained after application of a 

temperature change is presented in Figure 4.12 and compared with the 

undeformed model (a) . The original boundary is presented over the deformed 

mesh (b) by a dark dashed line. 

4.3.3.1. Horizontal Stress Distribution (ax) 

The stress distribution Ox presented in Figure 4-13 shows the locations 

where tension and compression were generated. The light areas represent 

positive stresses (tensile stresses) and the dark areas the compression. 

Compressive stresses Ox were present in the region defined as Domain 1, and 

they extended to either sides to the external boundaries of the model. Tensile 
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Figure 4-12: Deformed contour of the finite element model (b) after running the 

solution phase of ANSYS® compared to the model before 

application of a dimensional change of Domain 1 (a). 
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Figure 4-13: Representation of the horizontal stress distribution crx showing 
the locations of compressive and tensile stresses. 
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stresses were located above the previously defined area and to a smaller extent 

along the X-axis. 

A more precise image of the crx stress distribution is given by Figure 4-14 

where five colored regions represent the different stress ranges. This 

representation showed that the maximum compressive stresses were located in 

Domain 1 near the intersection between the horizontal boundary and the Domain 

1-Domain 2 interface. The value for the maximum compressive stress was crxmin = 

-45.9 MPa at this location. The largest tensile stress was located just above 

Domain 1 and reached crxmax = 10.6 MPa. 

Stresses crx at different locations along the X and Y-axes were plotted 

versus the distance from the origin 0. The resulting graph is shown by Figure 4-

15. Stresses along the X-axis presented large values of compression in Domain 1 

(from -46 to -30 MPa). Near the limit of Domain 1 the compressive stress 

d~creased and approached zero. After a distance equal to half of the radius of 

Domain 1, the stress crx in Domain 2 approached zero. 

The distribution of crx along theY-axis was compressive in Domain 1 with 

values ranging from -30 to 0 MPa. However, in this case, when the limit between 

the two domains was reached, crx along the vertical axis attained tensile values. 

The increase continued in Domain 2 attaining about 10 MPa as the border was 

approached. 

4.3.3.2. Vertical Stress Distribution (ay) 

Figure 4-16 shows the resulting stresses cry as regions of tension and 

compression. The darker area is the region where negative values of stress 

(compressive stresses) are located while the lighter one c-orresponds to tensile 
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Figure 4-14: Representation of the horizontal stress distribution crx with 
the locations of the maximum compressive and tensile stresses. 
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Figure 4-16: Representation of the vertical stress distribution cry showing the 
locations of compressive and tensile stresses. 
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stresses. The compressive stresses were located in the area previously defined as 

Domain 1. They extended vertically above this region up to the top of the model. 

Tensile stresses (positive values) were located on both sides of Domain 1 and 

occupied about two third of the total area. 

A more detailed picture of the cry stress distribution is given by Figure 4-

17 where four domains define different ranges of values for tension and 

compression. The largest tensile stress was crymax = 18.7 MPa and was located 

near the intersection of the horizontal boundary and the border between Domain 

1 and Domain 2. The largest compressive stress was near the top of Domain 1 

with a value equal to crymin = -20.2 MPa. 

Stress values cry were plotted along the X and Y -axes and are presented in 

Figure 4-18. These curves show that cry along the X-axis was compressive in 

Domain 1 (from 0 to 18 11m) with values ranging from -16 to 0 MPa. Beyond the 

border between Domain 1 and Domain 2 cry continued to increase in tensile and 

reached a peak value followed by a gradual decrease to zero-stress. 

Stresses along the Y -axis were compressive in Domain 1 with values 

between -20 and -17 MPa. Upon reaching the vicinity of the border between the 

·two Domains, the vertical compressive stresses decreased to a value of zero near 

the external boundary of the model. 

4.3.3.3. About the Location of the Maximum Stresses 

Maximum tensile or compressive stresses have been found to be located in 

two major places: (1) the intersection of the horizontal border and the limit of 

Domain 1, and (2) the top of Domain 1. It can be noticed that the largest 

compressive and tensile stresses were crx and cry respectively: crxmin = -45.9 MPa 
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Figure 4-17: Representation of the vertical stress distribution cry with 
locations of the maximum compressive and tensile stresses. 

73 



20~------~-------------------------------------------------. 

15 • cry along X-axis 

10 
• cry along Y-axis 

5 Tensile Strength 

0 ~-~-lr~~-~-~-:-~-~-~-~-~~~;==1 
I 
I -5 

-10 

-15 

-20 
-25 

-30 

-35 

-40 

I 
I 
I 
I 
I 

Compressive Strength 

-45 ~~~~~~~~~~~_.~_.~~~~~~~~~~~~~~~~~ 

0 8 16 24 32 40 48 56 64 72 80 88 96 104 112 120 128 

Distance from Origin 0 (J.lm) 

Figure 4-18: Vertical stress distribution cry as a function of distance along the X and 
Y-axis starting from the origin 0 . 

74 



and crymax = 18.7 MPa. Also, it is interesting to notice that these high stresses were 

located near the horizontal border; and they were larger than the respective 

strengths of cement in compression and tension. 

The specific locations for the maximum stresses can be explained by the 

inherent discontinuity due to the property distribution and the boundary 

conditions placed on the model. In fact, two main reasons account for this 

discontinuity : (1) Domain 1 and Domain 2 can be considered as made of two 

different materials because of their different expansion characteristics, and (2) the 

different boundary conditions at the cement/steel rebar interface also created a 

discontinuity at the border between the two domains on the X-axis. 

As stated earlier, maximum tensile and compressive stresses occurred 

near the horizontal border next to the boundary between Domain 1 and Domain 

2. These locations could be the place for crack initiation but it may be more 

appropriate to consider sensitivity of the results to the assumed nature of the 

adhesion loss between steel and cement. To investigate this, analyses were run 

with ANSYS® on the same model but with the free horizontal displacement being 

twice as long as for the initial model. The results showed that the maximum 

tensile or compressive stresses were about the same as those obtained with the 

original model as shown in Table 4-2. 

It can be inferred from the results described previously that stresses 

created by volumetric changes due to corrosion product migration into cement or 

concrete may be responsible for part of the debonding observed at the interface 

between corroding steel rebar and concrete. Further finite element analysis 

involving load steps (successive analyses with different boundary conditions for 

adhesion between steel and cement) and consideration of adhesion strength 

(which is not a known parameter) should be performed to obtain more precise 
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Original Model Modified Model 

d 2d 

Note: dis the distance over which the boundary conditions were: 

"free displacement along the horizontal axis" 

Maximum Original Modified Difference 
Stresses Model Model (%) 

(MPa) (MPa) 

crx > 0 10.6 12.6 +18.86 

crx < 0 -45.9 -23.8 +48.14 

cry > 0 18.7 18.0 -3.74 

cry < 0 -20.2 -20.2 0 

Table 4-2: Difference in the maximum tensile and compressive stresses obtained 
after running the finite element analysis on the same model with 
different boundary conditions. 
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results concerning the stress distribution and the stress magnitude. As far as the 

relative maxima occurring at the top of Domain 1, they may be mostly involved 

in the process of cracking since they were located away from the horizontal 

border. 

4.3.4. Comparisons with Cement Paste Strengths 

The tensile and compressive strengths for cement paste were discussed 

earlier. In the following discussion strength reference values were chosen as crtens 

= 3 MPa and crcomp = 26.5 MPa (see section 2.2.4). 

Finite element results obtained for a localized wetting induced 

displacement ~1 = 0.1 mm showed that the strength values were exceeded in the 

assumed model as was illustrated by Figures 4.14 and 4.17. Further finite element 

results showed the behavior of the stress distributions (crx and cry) to be a linear 

function of displacement. Plots of the compressive and tensile stresses as a 

function of experimental displacement are shown in Figures 4.19 and 4.20, 

respecti vely. From these graphs, the displacement leading to the tensile or 

compressive limit of strength for cement paste could be derived. These results 

are presented in Table 4-3. It is interesting to notice that tensile strength was 

reached by all tensile stress components for the above model. The weakness of 

cement in tension could explain this phenomenon. However, it can also be 

noticed that the dimensional changes reported in the literature would lead to 

stresses in the above model which exceed crtens and crcomp. Indeed, the minimum 

expansion (0.077 %) reported by Alasali et al. [31], if input on the model, would 

lead to stresses crx and cry larger than crtens and crx higher crcomp. Moreover, the 

expansions measured by Washa [30] under wetting and drying cycles were able 
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Figure 4-19: Calculated Compressive Stresses crx and cry obtained with ANSYS as 

a function of the experimental specimen displacement. 
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Figure 4-20: Calculated Tensile Stresses O'x and cry obtained with ANSYS® as a 
function of the experimental specimen displacement. 
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Contractive Strain Expansive Strain 
Stress Displacement (%) Displacement (%) 

(mm) (mm) 

O'x > 0 -o.0070 -D.Oll7 0.0402 0.0670 

O'y > 0 -o.0167 -o.0278 0.0181 0.0301 

O'x < 0 -{).3552 -o.5920 0.0621 0.0135 

O'y < 0 -o.1669 -o.2781 0.1472 0.2453 

Table 4-3: Values of the minimum displacements when reaching the strength 
in tension or compression of cement with the finite element model. 
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to produce stresses for the model that are largely greater than the strengths crtens 

and crcomp. 

The finite element analysis revealed that stresses larger than the strength 

of cement were generated either in tension or compression at specific sites of the 

model for the experimental displacements and also the dimensional changes 

reported in the literature [30, 31]. It can be concluded that the dimensional 

changes encountered by cement paste when exposed to different solutions could 

provoke its failure. In the particular case of ferrous chloride solution, expansion 

values were able to give rise to stresses higher than crtens and crcomp. This could be 

enhanced in reinforced concrete because stress concentrations can be generated 

near the concrete-rebar interface. Finally, the conclusion can be reached that 

migration of soluble corrosion products of steel in concrete may be at least partly 

responsible for crack initiation. 
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CHAPTERS 

CONCLUSIONS 

The results of this investigation regarding the dimensional changes of 

cement paste specimens when exposed to different solutions including simulated 

corrosion products of steel and their influence on the cement cracking 

susceptibility can be summarized as follow: 

1. All cement paste specimens, when exposed to solution, exhibited an initial 

rapid expansion the slope of which decreased progressively. This was designated 

as Phase A, and its duration was from about 5 minutes to 2 hours. 

2. Phase A was followed by anyone of three different specimen dimensional 

trends, designated Type I, II and III. Occurrence of one versus another could not 

be uniquely correlated with exposure solution and experimental conditions. 

However, in all cases dimensional stabilization occurred in less than 48 hours of 

exposure. 

3. The final dimensional change was usually positive (expansion) but in few 

instances was negative (contraction). The measured displacements ranged from 

-0.20 to +0.20 mm over a distance of 60 mm. 
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4. Final expansion for exposure to alkaline solutions was found to be larger than 

for exposure to distilled water. This was attributed to the consumption of free 

alkaline species from the cement paste pore system. 

5. Evolution of the pH of the test solution during exposure showed similarities 

with titration curves of acids by a strong base and revealed FeCl2 to behave as a 

weak acid and hydrochloric acid as a strong acid in presence of cement paste. 

Exposure to air of extracted solutions containing ferrous chloride and free species 

of the cement paste pore system revealed a relatively fast pH increase suggesting 

that the actual in-situ pH in cement/ concrete pore space adjacent to corroding 

reinforcing steel may be lower than the value of four that has been previously 

reported. 

6. Post experiment analysis of the dried products extracted from the surface of 

cement paste specimens exposed to FeCh revealed the possible presence of the 

following products: magnetite, goethite, lepidocrocite, calcite, magnesioferrite, 

green rust and hisingerite. Most of these compounds have been previously 

identified at corrosion sites in reinforced concrete. 

7. Input of the experimental dimensional changes to a two-dimensional finite 

element model revealed that high stress values were generated at the top of a 

corrosion product wetted domain. 

8. Stresses that would occur upon application to the model of dimensional 

changes equal to those determined experimentally or presented in the literature 

exceeded the strength of cement in tension and compression. These results 
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suggested that migration of soluble corrosion products in concrete may be at 

least partly responsible for the cracking mechanism. 
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