






































































































































































































































































































































































































































Chapter Five: Corrosion Products within Modified Cement Paste 

cement. 

The presence of any of the aforementioned corrosion products in either the Type IO 

or white specimens was not predicted by their respective corrosion rates (Figure 5.3.2) if 

the criterion established by Alonso et al. is applied (Alonso, Andrade et al. 2000). A 
.., 

theoretical '~reshold corrosion raten of0.01 Alm- suggests that corrosion had just initiated 

in the white cement paste but had not begun in the Type IO specimens which is entirely 

contradicted by the presence of significant corrosion products in cracks and the cement 

paste cover. This criterion acknowledges that chloride-induced corrosion rates are difficult 

to estimate because it is not possible to non-destructively determine the anodic surface area 

of steel embedded in cementitious materials. With the relatively higher volume of corrosion 

products that formed in the Type IO cement paste but with a relatively lower corrosion 

rate, it is clear that the concept of a "threshold corrosion raten is not a reliable method to 

assess chloride-induced corrosion initiation of steel in cementitious materials without 

knowledge of the actual area which is corroding. 

Other concepts used to model chloride-induced corrosion (Andrade and Alonso 1993; 

Molina, Alonso et al. 1993) which may be incorrect under certain conditions are the 

assumptions that all corrosion products form at the steel/cementitious materials interface 

and that their specific volumes can be as large as 6 to 7 times that of steel. From the work 

presented by Aligizaki et al. (Aligizaki, de Rooij et al. 2000) and the compositional results 

of this Chapter, these assumptions are clearly not always accurate as magnetite (Fe 30 4 ) and 

hrematite ( a-Fe20 3 ) were observed within the modified cement paste cover. Moreover, 

they were not observed entirely as localized accumulations but as stains which is consistent 

with field observations of steel reinforced concrete structures. These stains which 

represent a fine distribution of corrosion products embedded in the cement paste are less 

likely to induce cracking of the cementitious cover. This possibly explains the longer than 

anticipated durability of field stru~tures once the signs of deterioration have been observed. 
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Chapter Five: Corrosion Products within Modified Cement Paste 

Moreover, the compositional range of products that were observed suggests volume 

expansions of 2 to 3 times according to Table 2.6 (Chapter 2) rather than the more 

destructive 6 to 7 times which is commonly assumed. Thus, revising these two aspects of 

theoretical corrosion models should allow a more accurate estimation of the cracking 

potential of cementitious materials which contain iron corrosion products. 

S.4.3 Effect of Exposure Conditions on the Corrosion Process 

A review of the Raman spectroscopy results presented in Section 5.3 .6 shows that 

corrosion products precipitated within the modified cement paste specimens under all 

exposure conditions. The types of corrosion products observed, however, depended upon 

the exposure conditions from which they were developed. These conditions can be loosely 

defined by steel sections of the specimens which were below, at, or above the solution line. 

Corrosion was observed to initiate in most specimens above the solution line where the 

cement paste would be only partially water saturated, contain a high level of chlorides from 

capillary suction (Figure 5.3.4), and have sufficient oxygen present for the cathodic 

reactions. 

These exposure conditions also affected the corrosion products which formed within 

all shrinkage cracks in the specimens as the water saturated environment below and at the 

solution line permitted the formation of goethite ( a-FeOOH). This product was not 

observed in cracks above the solution line because of the relatively drier environment where 

any water present resulted from capillary suction from the immersed part of the specimen. 

Another corrosion product which appeared to depend upon the exposure conditions 

was the green corrosion product, assumed to be Green Rust L As suggested by the research 

performed by Genin and others (Genin, Rezel et al. 1986; Refait and Genin 1993; Genin, 

Refait et al. 1997), Green Rust I requires relatively higher chloride/hydroxide ratios to form 

than other products such as magnetite and goethite. The presence of Green Rust I at or 
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above the solution line is, therefore, consistent with the high chloride contents measured in 

these areas (Figure 5.3.4). The higher chloride levels were also consistent with the observed 

decrease in the open circuit potential measurements the further an area of the steel was 

located above the solution line (Figures 5.3. l(d) and (g)). Clearly, higher chloride 

concentrations would increase the anodic corrosion processes in an area. 

S.4.4 Effect of Shrinkage Cracks on the Corrosion Process 

The effect of shrinkage cracks on the corrosion of the embedded steel in the modified 

cement paste specimens was first noted in the potential maps which were developed over 

the monitoring period, as shown in Figures 5.3.l(b) through (g). These figures showed that 

the presence of cracks permitted chlorides to reach the surface of the embedded steel faster 

than if the cracks had been sealed. It was also shown that this effect diminished with time 

as the chlorides penetrated the cement paste cover and bypassed the surface barrier of 

epoxy. This diffusion-dependent process remained slower than the direct access that open 

cracks provided, as shown by the minor difference noted in the corrosion rates for the white 

cement paste specimens (Figure 5.3.2). That a similar effect in the Type 10 modified 

cement paste specimens was not noted is probably because its pore network was 

considerably more open with its relatively larger volume of pores, as shown in Figure 

5 .3 .3(b ). Under these circumstances, the effect of cracks would become less significant. 

Alternatively, the presence of cracks within a dense pore network such as that in the 

white cement paste specimens could have larger consequences: direct chloride access to 

only a small portion of embedded steel could concentrate corrosion damage only in cracked 

areas. Corrosion rate measurements under such conditions would be undervalued as 

mentioned previously in Section 5.4.2, and evaluations of these measurements with respect 

to '4threshold corrosion ratesn would be incorrect without taking into account for the area of 

the steel actually corroding. 
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S.S CONCLUSIONS 

I. A range of corrosion products was observed to form primarily within shrinkage cracks 

in the modified cement paste specimens: magnetite, goethite, hrematite, and possibly 

Green Rust I. Magnetite and hrematite were observed within the modified cement 

paste cover of the Type 10 specimens because of its relatively open pore structure. 

Goethite was observed only at or below the solution line in both types of paste while 

the unconfirmed Green Rust I was observed only at or above the solution line. 

Magnetite was observed closest to the steel/cement paste interface with higher oxygen 

content products ( e.g., hrematite, goethite) forming closer to the exposed surface of 

the cement paste, again in both types of paste. 

2. The presence of shrinkage cracks had a greater impact on the corrosion rate of steel in 

white cement paste than the Type 10 specimens because of the relatively denser 

cement paste (i.e., lower pore volume) which would reduce the rate of chloride 

diffusion. With extended exposure to chlorides, it is anticipated that the steel within 

the white cement paste specimens would experience greater localized damage. 

3. The concept of a ~'threshold corrosion rate" using linear polarization resistance is 

difficult to apply to steel embedded in cracked cementitious materials because the area 

of steel actually corroding cannot be assessed non-destructively. 

4. The observed range of corrosion products have specific volumes 2 to 3 times that of 

iron rather than the commonly assumed values of 6 to 7. 

5. The surface sealing of cracks did not prevent corrosion initiation from occurring on the 

steel under the epoxy. This suggests that cracks in field structures should be sealed to 

the level of the reinforcement to truly prevent corrosion. 
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CHAPTER SIX 

COMPARISON OF CORROSION PRODUCTS 

THAT FORM WITHIN STEEL-REINFORCED 

CONCRETE 

6.1 lNTRODUCTION 

The quality of concrete is known to have a significant effect on the service life of a 

structure. Factors that primarily influence concrete quality are mixture proportions, the 

addition of supplementary cementitious materials, proper placement and compaction, and 

adequate curing. Nonetheless, quantifying the effect of quality into the theoretical service 

life models described in Section 2.5.2 has been difficult because of the limited amount of 

information available about the chloride-induced corrosion process once corrosion has 

initiated. Indeed, almost all research to date has focussed on the time required for a 

sufficient number of chlorides to penetrate the concrete cover and initiate corrosion of the 

reinforcing steel ( e.g., Delagrave, Marchand et al. 1996; Liang, Wang et al. 1999). Thus, the 

work of this chapter examines the effect of different concrete mixture proportions on 

chloride-induced corrosion, focussing upon coordinating corrosion rates of embedded steel 

with the type and distribution of corrosion products that form. Since it was also the 

intention of this work to be able to predict the performance of concretes in the field, 

laboratory specimens were commercially prepared and then studied in the cracked and 

loaded condition while exposed to simulated sea water. 

In all, four different types of concretes were studied: a low quality concrete (0.54 

w/cm), an industrial standard concrete (0.41 w/cm), a high performance concrete (0.27 

w/cm), and a high performance concrete to which was added 10% by mass of cement of 

silica fume (0.25 w/cm). While the industrial standard concrete was based upon CSA/CAN 
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A23.1, a Canadian code for marine applications, both of the HPC mix designs were 

developed in accordance with the concrete design theory described in Section 2.1.5. 

Overall, these concretes were considered to represent the full range of microstructural 

characteristics that would affect which corrosion products form and where they form. It is 

exactly this sort of information that current theoretical service life models lack. 

The ''lifetime" of a structure (without any preventative maintenance) can be described 

as consisting of three periods: the first period is one soon after the structure goes into 

service in which cracks form as a result of loading or environmental stresses and then 

stabilize, as shown in Figure 6.1. During the second period, there is no active corrosion but 

aggressive species such as chlorides or carbon dioxide penetrate the concrete cover. The 

third period begins when corrosion initiates, t 0 , and continues until a time, te, at which the 

damage to the concrete (and/or steel) are sufficient to warrant remedial action. 

Degree of•4'------ Useful Life 
damage 

----->-•111111111, ................................................................ ~;111•• 

Initial 
cracks 

Corrosion/Cracking: 
f(Cc1, Co2, p, T, RH 

Onset of corrosion: 
t(Dc1, Cocco, er binding, 
T, RH, cover, 
degree of cracking) 

Normal quality 
concrete 

Time 

Figure 6.1 Schematic representation of the useful life of a concrete structure. Tocx) is the 
initiation time for the onset of corrosion and T eexi is the end of practical service Ii fe (based 

on concept by Tuutti ( 1980)). 
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The anticipated beneficial effects of HPC are shown by the dashed extensions to the 

curve. As described in Section 2.1.5, the low porosity should reduce the diffusion of 

chlorides from the environmen~ thereby, increasing the time to corrosion initiation, and it 

should also limit oxygen diffusion such that the growth of corrosion products in the third 

period is stifled. In addition, the high electrical resistivity of the HPC should limit the 

corrosion rate in the third period. One expected negative effect is the brittleness of the 

HPC which would decrease its capacity to accommodate the corrosion products. Efforts at 

evaluating HPC with respect to rebar corrosion have almost exclusively concentrated on the 

second period: the penetration of the concrete cover by chlorides ( e.g., Delagrav~ 

Marchand et al. 1996). The research presented in this Chapter investigated the impact of 

the microstructural characteristics of different concretes on the rate of corrosion, and the 

type and distribution of corrosion products that form in the third period. 

6.2EXPERIMENT AL PROGRAMME 

Four concrete mixtures were studied and their proportions are outlined in Table 6.1. 

Concrete prisms (500 x 100 x 100 mm) with an embedded five element corrosion probe 

(deformed steel 015 mm), as detailed in Figure 6.2, were cast commercially in 1995 for use 

in a previous project (Weiermair 1996). The prisms were covered with plastic sheets and 

field cured for two weeks. They were then stored outdoors for approximately three 

months. The physical properties of the concrete at 28 days are detailed in Table 6.2. 

Channels were sawn into the concrete prisms to position cracks subsequently induced 

under three-point bending in half of both types of prisms. The overlapping positioning of 

the five probe elements ensured that one of them was intersected by the crack. The induced 

cracks were held open with stainless steel wedges to give a crack opening displacement at 

the surface of ~0.3 mm. The prisms were exposed to simulated sea water ( ASTM D 1141) 
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in large plastic containers such that the crack was fully immersed. The composition of the 

sea water is given in Table 6.3 and was replaced every four months and air was 

continuously circulated through the sea water. Electrochemical measurements, including 

open circuit potentials, linear polarization resistance, and electrochemical noise, were 

performed at regular intervals for up to four years to assess the corrosion state of the 

prisms. The initial results of these measurements (i.e., those collected by other researchers 

for the first year) have been reported in other work (Weiermair, Hansson et al. 1995). 

The two prisms from each type of concrete that exhibited the highest corrosion rates 

were selected for microstructural analysis, as detailed in Table 6.4. Two 050 mm cores 

were taken from each prism, one of which included an induced crack (with the exception of 

one core from a low quality concrete prism) and the rebar probe elements, as illustrated in 

Figure 6.3 (Region A), while the second was from an end of the prism, i.e., in an unstressed 

region (Region B). The cores were immediately photographed to document the corrosion 

state of the steel and the appearance of any corrosion products and then promptly stored in 

polyethylene bags. The cores taken from the ends of the prisms were sectioned lengthwise 

for chloride and pore size distribution analyses using chloride titration and mercury 

intrusion porosimetry, respectively. Sectioning was performed either dry or using ISOPAR 

MTM (Exxon), a non-leaching synthetic isoparaffinic hydrocarbon. The cores from the 

cracked regions were also sectioned lengthwise, perpendicular to the induced crack, as 

detailed in Figure 6.4. These regions were ground and diamond polished to l µm using more 

ISOPAR M to clean the surfaces between each polishing stage. These preparation 

techniques as well as the characterization methods described below are detailed in Chapter 

3. 

The concrete adjacent to the crack, the surfaces of the crack, and their corresponding 

corrosion products on the surface of the steel were analyzed using environmental scanning 

electron microscopy (ESEM) with energy dispersive X-ray spectroscopy (EDS) as well as 
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Raman specboscopy. The steel samples were subsequently pickled using an inlubited acid1 

to remove the corrosion products without damaging the steel further. Samples of the 

corrosion products and the adjacent concrete were analyzed with X-ray diffraction over the 

28 range of 5-70° using Cu Ka radiation. 

Table 6.1 Mixture proportions of the cast concrete prisms. 

I Industrial I UPC + Silica 
Material Low Quality I Standard HPC Fume 

Cement, kg 233 280 430 431 

Silica Fume, kg n/a n/a n/a 45 

Fly Ash (Type F), kg 60 69 74 87 

Fine Aggregate, kg 86S S59 653 602 

Coarse Aggn:gate. kg 1034 963 1083 1071 

Water, I 160 143 137 140 

Air Entraining Agent 
Dan:x As Required As Required As Required As Required 

Water Reducer, l 0.46WRDA 0.4S WRDA82 6.0WRDA 19 6.0WRDA 
82 19 

Superplasticiser 
Daratard 17, I IV'a n/a 0.85 0.85 

w/cm 0.54 0.41 0.27 I 0.25 
I I 

1 20 g of Sb20 3 and SO g of SnCl2 were dissolved in 1000 mL of reagent grade HCI ( designated 
as C.3.1) in accordance with ASTM GI. Corroded steel specimens were immersed in this vigorously stirred 
solution at 20-25°C for 1-25 minutes. 
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Electrical 
Connections 

-0.3 mm 
Induced Crack 

(half of specimens) 

Region A 

Reinforcing Steel 
Corrosion Probe 
(015 x 30 mm) 

Supplementary 
Reinforcing 

Steel 

Region B 

Casting 
Direction 

Figure 6.2 Schematic illustration of a concrete prism with its embedded steel corrosion 
probes. 

Table 6.2 Physical properties of the cast concrete prisms at 28 days (Weiermair, Hansson 
et al. 1995). 

I BPC+ 
I 

Low Industrial ! Silica 
! 

Property Quality Standard BPC I Fume 

Compressive Stren~ 
MPa 32.7 41.5 77.4 82.6 

I I 

Res~vity, Q·cm 7000 I 10000 I 13000 I 52000 
I 
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Table 6.3 Chemical composition of simulated sea water(ASTMD1141). The pH (after 
adjustment with 0.1 N NaOH solution) is 8.2 and the solution contains 0.56 M of 

chlorides. 

Compound ! Concentration, g/L j 
l 

1 

NaCl i 24.53 
! 

MgC12 
! 5.20 

N~SO4 4.09 

CaC~ 1.16 

HCl 0.695 

NaHCO3 0.201 

KBr 0.101 

H3B03 0.027 

SIC12 0.025 

NaF 0.003 

Ba(N03) 2 I 0.0000994 ! 
I 

Mn(N02h I 0.0000340 

Cu(N03h : 
0.0000308 

Zn(N03h 0.0000096 

Pb(N03)2 0.0000066 

Ag(N03)2 0.00000049 
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Table 6.4 Corrosion rates of embedded steel as determined for each prism by linear 
polarimtion resistance. 

Concrete Age at lndaced '!

1 

Corrosion Rate Cored and 
Type Test Prism Crack? : (Ahn2) AnalyRCI? 

1 
(Yean) 

I 
I 

! 

1 Yes 
-2 

5.0xl0 Yes 

Low -2 
No 2 Yes 2.0 X 10 I 

Quality 4 3 No -2 
3.8 X 10 Yes 

4 No 2.8 X 10 
-3 

No 

1 Yes 
-2 

l.lx 10 Yes 

Industrial 2 Yes 
-1 

S.9x 10 Yes 

Standard 3 3 No 8.4x 10 
-3 

No 

4 No -2 
2.4 X 10 No 

l Yes 
~2 

l.3:x to: Yes 

High 2 No 
-3 

1.2 X 10 No 

Performance 3 3 No 
-3 

4.3 X 10 No 
I 

4 Yes 
-2 

1.2 X 10 Yes 

1 Yes 
·3 5.9x10 Yes 

High 2 Yes 
-2 

2.5 X 10 Yes 

Performance 4 i 
-4 

i 3 No 3.5 X 10 No 
I 

-4 

! + Silica Fume 4 No 5.6 X 10 No 
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Casting 
Direction 

Core from 
Cracked 
Region 

Region A 

Core from 
Unstressed 

Region 

Region B 

Figure 6.3 Location of cores taken for further microstructural analysis. 

Section 

Core 

Crack 
lli---

S u rf ace 

E 

Cut 
Surface 

Section A 

Corrosion 
Probe 

Figure 6.4 Sectioning the cores taken from the cracked region of the concrete prisms. 
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6.JRESULTS 

6.3. l Corrosion Rate Measurements 

Figures 6.S(a) and (b) show the mean corrosion rates measured for each type of concrete, 

cracked and uncracked, respectively, for up to four years of exposure to the simulated sea 

water. These data assumed that corrosion was taking place uniformly over the whole 

surface area of the probe element. For most of the first year of exposure, the steel probes 

in the high performance concrete without silica fume were corroding at higher than expected 

rates that even surpassed those in similar low quality and industrial standard concrete 

prisms during the first year of exposure (Weiermair, Hansson et al. 1995). However, these 

rates gradually decreased over the first year of exposure to the simulated sea water while 

the corrosion rates of steel in the low quality and industrial standard concretes continued to 

increase. The initially high rates for steel in HPC, both with and without silica fume, have 

been attributed to the higher density of microcracks with respect to normal quality concrete 

as well as differences in the pore structure that would have affected the nature and extent of 

capillary suction of moisture (Weiermair, Hansson et al. 1995). The subsequent decrease 

can be attributed to the ongoing hydration and pozzolanic reactions. These reactions would 

be slower in the high performance concretes because of the limited water available for the 

reactions to proceed unless the concrete was cracked (Marcotte and Hansson 1998). 

Another atypical result was noted in Figure 6.5(a) where the range between the 

corrosion rates for both industrial standard specimens was so large that both curves had to 

be presented instead. The reason for this large range was identified when the prisms were 

sectioned and the size and orientation of the induced cracks was recorded. The specimen 

with the lower corrosion rate contained a crack perpendicular to the steel that was similar to 

all other sectioned concretes while the specimen with the higher corrosion rate was 

different: the three-point bending procedure had opened up a portion of the steel/concrete 
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interface (approx. 5 mm on either side of the crack) along with the desired -0.3 mm crack 

perpendicular to the steel. Simulated sea water gained easier access to the steel surface and 

a higher corrosion rate resulted. This sort of variability is typical in concrete studies and 

reinforces the need for multiple specimens. Overall, the exclusion of the higher 

measurement because of the atypical crack configuration indicates that the corrosion rate of 

steel embedded in industrial standard concrete is in a similar range to that of the high 

performance concretes. This is consistent with the general expectation that this is a good 

quality concrete which provides reasonable protection against corrosion and explains why it 

is often specified for field structures. 
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0.05 

0.04 

0.03 

Corrosion 
Rates 

(Alrrf) 0.02 

0.01 

0.00 

0.0 0.5 1.0 1.5 

o Mean Low Quality 
■ lndusmal Standard #1 

Industrial Standard #2 
a Mean HPC 

• Mean HPC with Silica Fume 
. -........ -..... ..................... ...;u. ............ 

i I 

! ··r-···· .. -·-t-......... .. 
! 5 
~ I 
i : 
! ~ 

2.0 2.5 3.0 3.5 
Exposure Age (Years) 

4.0 

Figure 6.5(a) Comparison of the mean corrosion rates of the steel probes intersected by 
the crack. Note: Bars representing the range of measurements are shown for all concretes 

except for the industrial standard concrete. For this concrete, both curves are shown 
instead. 
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Mean 
Corrosion 

Rates 

(A/rrt) 

0.05 

0.04 

0.03 

0.02 

0.01 

0.00 

0.0 0.5 1.0 1.5 2.0 

-a-- Low Quality 
~..__ Industrial Standard 
--HPC 

----HPC with Silica Fume 

2.5 3.0 3.5 
Exposure Age (Years) 

4.0 

Figure 6.S(b) Comparison of the mean corrosion rates of the steel probes embedded within 
uncracked prisms. Note: Bars representing the range of measurements are shown for all 

concretes. 

After the first year for all concrete specimens, the presence of the induced crack 

increased the overall corrosion rate of the embedded steel by an order of magnitude in all 

concretes over their uncracked counterparts except the low quality concrete in which the 

differences between cracked and uncracked regions was negligible (i.e., the presence of a 

crack did not affect the corrosion rate). This suggests that the pore network of the low 
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quality concrete was sufficiently voluminous and interconnected such that the additional 

chloride access to the reinforcing steel provided by the crack was superfluous. The other 

concretes were likely to have been sufficiently dense to limit the diffusion of chlorides such 

that the crack had a significant, deleterious effect. Furthermore, when the high performance 

concretes remained uncracked, the corrosion rate of embedded steel continued to decrease 

over the four year monitoring period, whereas it increased in the region of an induced crack. 

This result is entirely consistent with the anticipated behaviour of HPC and emphasizes the 

deleterious effect of cracks even if high quality concrete is used. 

In addition to the effect of the induced crack, another trend was observed where 

corrosion rates reached a maximum level and subsequently decreased. This occurred after 

approximately two years' exposure to the simulated sea water for the uncracked low 

quality and cracked industrial standard concretes, and after three years' exposure for the 

uncracked industrial standard concrete. These maxima suggest that carbonation, the 

precipitation of minerals from the sea water, or the formation of corrosion products within 

the pore network or near the surface of the steel physically barred the ingress of chlorides, 

water, or oxygen that were necessary to maintain the corrosion rate at its previous level. It 

could also indicate that any dissolved oxygen has been locally consumed and the corrosion 

reactions cannot continue at the former rate until replenished from the environment. This 

behaviour is consistent with the observations of Leek (Leek 1997) and possibly accounts 

for the longer than expected service lives for deteriorating structures. Presumably, the more 

restricted pore networks of the high performance concretes would make it more difficult for 

corrosion to initiate and then would be easier to plug with corrosion products if corrosion 

were to initiate. Thus, this effect was either too small to be detected or did not occur 

within the monitoring period. 
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0.70 

0.60 

0.50 

0.40 
Corrosion 

Rates 
(A/rrf) 0.30 

0.20 

0.10 

0.00 

0 0.5 1 1.5 

-t10- Mean Low Quality 
.......... Industrial Standard #1 
__,,..__ Industrial Standard #2 
_.,..6_ Mean HPC 

2 2.5 3 3.5 
Exposure Age (Years) 

Figure 6.5(c) Comparison of the mean corrosion rates of the steel probes intersected by 
the crack (full scale version of Figure 6.5(a)). Note: Bars representing the range of 

measurements are shown for all concretes except for the industrial standard concrete. For 
this concrete, both curves are shown instead. 

6.3.2 Chloride Analyses 

4 

Chloride content measurements are presented in Table 6.5 and shows that if the concretes 

remain uncracked, chloride diffusion is so slow that chlorides cannot be detected within the 
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first 10 mm of the surface of the steel after at least three years exposure to simulated sea 

water ( detection limit of the technique of about 1 ppm by mass). The concrete cover depth 

in this region of the prism is approximately 40 mm which is approximately the minimum 
., 

specified cover depth in reinforced concrete structures - and presents the least resistance to 

this type of environmental exposure. 

Significant chloride levels were detected near the induced crack of the concrete prisms 

in the same period of time, however, which shows that cracks are a significant problem for 

the long-term service life of reinforced concrete structures. Current ACI standards 

(Committee 222-Corrosion) suggest a maximum acid soluble content of 0.2% by mass 

cement based upon field studies of bridge decks. The values presented in Table 6.5 are 

estimates of the total chloride content {i.e., acid-soluble chlorides) and are, therefore, 

intended to present the worst-case scenario for chloride exposure. 

Under these circumstances, all prisms exceeded the chloride limit near the induced 

crack. Chloride levels were highest for the low quality concrete, followed by the HPC, the 

industrial standard concrete, and finally the HPC/SF. Overall, the HPC/SF had a chloride 

content that was almost an order of magnitude lower than the other concretes and barely 

exceeds the water-soluble and acid-soluble chloride limits even after four years exposure to 

the simulated sea water. To properly interpret these levels, however, it must be noted that 

the industrial standard and HPC prisms were sectioned after only three years exposure to 

the simulated sea water while the low quality and HPC/SF prisms were sectioned after four 

years. It is, therefore, possible that the HPC might have had the highest chloride level if it 

were exposed to the simulated sea water for an additional year which appears to be 

contrary to the anticipated characteristics of high performance concretes. 

2 CAN/CSA A23.I-M90 (Section 15.l.7.I) specifies a minimum cover of60 mm. It is 
acknowledged. however. that there is a 90% probability that the actual cover will be within 20 mm of that 
specified. 
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Table 6.S Mean acid-soluble chloride contents(± 0.0001) within the first 10 mm of the 
steel/concrete interface ftom the regions indicated in Figure 62. Values are the mean of 
triplicate samples from two prisms with the exception of the measurements for the low 

quality prisms which are the means of triplicate samples from one prism each. All 
measurements in Region A were performed on cracked specimens except for one low 

quality prism marked with an asterisk (*). 

! 
! : 

Concrete 
: 

Exposure Region B Region A Region A i i Type Age I (mass% i (mass% (mass% 
I 

(yean) concrete) I concrete) cement) I 

Low Not Detected i 0.910 7.30 
Quality 4 Not Detected ! 0.440* 3.09• i 

Industrial l 

Standard 3 Not Detected 0.448 2.58 

HPC 3 NotDetected 0.726 3.42 

HPC+SF 4 Not Detected 0.050 0.21 

These chloride levels can be explained. however, by the different pore structures for 

each concrete that resulted from the varying w/cm ratios and the presence of silica fume. 

Although a low w/cm ratio reduces the volume of pores within the concrete, the 

correspondingly smaller pore diameters increase capillary suction if the pore network is 

continuous. This would allow chlorides to reach the steel/concrete interface quickly in spite 

of the reduced number of pathways through the concrete cover to the surface of the steel. 

This effect can be counteracted by silica fume which has been shown to block capillary 

pores (Sellevold, Bager et al. 1982) and could ameliorate any microcracks which enhance the 

connectivity of the pore network. Thus, the low quality concrete likely had a high level of 

chlorides because it likely contained a large pore volume while the HPC had a relatively 

smaller volume of pores than the industrial standard concrete, but its smaller pore diameters 
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enhanced capillary suction. The HPC/SF had a similar, low w/cm ratio as its HPC 

counterpart but the presence of silica fume likely made its network of fine capillary pores 

more discontinuous and blocked any microcracks. 

This hypothesis is corroborated by the comparison of chloride contents measured 

using an acid test (i.e., a bulk measurement) with those measured using EDS on cement 

paste areas that were within l O µm of the crack (i.e., a localized measurement), presented as 

Figure 6.5. Clearly, the presence of the crack has the most impact on HPC and the least on 

the low quality concrete for the previously described reasons. It is also apparent that the 

continuity of the pore network is equally important for chloride diffusion as the chloride 

content of the HPC exceeds the HPC/SF value by an order of magnitude. Thus, the benefit 

of a low w/cm ratio to reduce the ingress of chlorides can only be realized with the addition 

of silica fume or any other admixture that would make the pore network more 

discontinuous. 
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Figure 6.S Comparison of the mean chloride measurements determined from an acid test 
(within the first 10 mm of steel/concrete interface) versus EDS($ 10 µm) in the area 

indicated as Region A in Figure 6.2. 

6.3.3 Pore Size Distribution Measurements 

Figures 6.6(a) through (t) present the pore size distribution measurements for samples 

taken from each concrete at the steel/concrete interface near the induced crack (if present) 

and the unstressed region. Overall, a comparison of the samples within each concrete type 

shows that these regions are similar for the industrial standard and HPC prisms but there is 

a statistically significant difference between the two regions for the low quality and 

HPC/SF prisms. For the low quality prisms, Figure 6.6(b) shows that there was a large 
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statistical variability between the six samples that was independent of the whether an 

induced crack was present. Half of the samples in this region had pore size distributions 

that were similar to those measured in the unstressed region while the other half of the 

samples did not contain pores in the 0.04-10 µm range. This is not consistent with the 

relatively continuous pore structure that should result from a 0.54 w/cm ratio. Although 

the presence of fly ash in the mix could have caused the pore network to become more 

discontinuous, this effect was only observed in the low quality concrete even though all 

mixes contained fly ash. It is more probable that these pores were blocked from 

carbonation in a manner described by Edvardsen (Edvardsen 1999), the precipitation of 

mineral deposits from the simulated sea water, or the formation of corrosion products. 

In contrast to the low quality prisms, the HPC/SF prisms showed a large variability in 

the six replicate samples from the unstressed region, shown in Figure 6.6( e ). Microcracks 

about 8-10 µm in size were observed in three of the samples that resulted from autogenous 

shrinkage. All six samples had an overall pore threshold diameter of 0.02 µm. Near the 

induced crack, the 0.02 µm pore threshold diameter was maintained (Figure 6.6) but the 

microcracks were observed in only one of the six samples and pores in the 0.01-10 µm 

range were not detected. It is clear that the induced crack exposed the self-dessicated 

HPC/SF to sea water which rehydrated this internal region of the concrete and allowed 

further pozzolanic and hydration reactions to occur. This process was described in detail 

by Sellevold (Sellevold, Bager et al. 1982) for concretes that contain silica fume and is 

considered to be one of the potentially beneficial characteristics of high performance 

concretes that contain silica fume. 

Comparisons of the mean pore size distributions amongst the concrete mixes show 

that there was no difference amongst the profiles from the unstressed region for the low 

quality, and both high performance concretes, except for those already noted amongst the 

individual samples. These concretes had pore threshold diameters of in the range of 
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0.01-0.04 µm while the industrial standard concrete had a significantly larger pore threshold 

diameter of 0.1 µm. While it was anticipated that the high performance concretes would 

have smaller pore threshold diameters than the industrial standard concrete because of their 

low w/cm ratios, the relatively low value for the low quality concrete can be attributed to 

the presence of carbonation or corrosion products that would have plugged the pore 

network. Overall, these differences amongst the concretes are not significant enough to 

suggest that any particular concrete type could resist chloride diffusion better than any 

other, as shown in Figure 6.6(g). However, this assessment changes if the concretes are 

cracked, as shown in Figure 6.6(h). The overall capillary volume and size range in the 

HPC/SF is reduced and, in general, it suggests that the inevitable cracking that occurs in 

reinforced concrete structures could be partly beneficial for this type of concrete with 

respect to a reduction in steel chloride exposure. 
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Figure 6.6(a) Comparison of the normalized cumulative intrusion volumes for concrete 
samples taken from the unstressed region of the low quality concrete. 
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Figure 6.6(b) Comparison of the normalized cumulative intrusion volume for cracked and 
uncracked concrete samples taken from the low quality concrete. 
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Figure 6.6{c) Comparison of the normalized cumulative intrusion volumes for concrete 
samples taken from the induced crack and unstressed regions of the industrial standard 

concrete. 
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Figure 6.6(d) Comparison of the normalized cumulative intrusion volumes for concrete 
samples taken from the induced crack and unstressed regions of the high performance 

concrete (HPC). 
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Figure 6.6(e) Comparison ofthe normalized cumulative intrusion volumes for concrete 
samples taken from the unstressed region of the high performance concrete with silica fume 

(HPC/SF). 
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Figure 6.6(f) Comparison of the normalized cumulative intrusion volume for samples taken 
from the induced crack region of the high performance concrete with silica fume. 
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Figure 6.6(g) Comparison of the mean normalized intrusion volumes for concrete from the 
unstressed region of the concrete prisms. 
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Figure 6.6(h) Comparison ofthe mean normalized intrusion volumes for the cracked region 
of the concrete prisms. 
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6.3.4 Macro- and Microstructural Observations of the Concrete 

6.3. 4. 1 Mechanical Properties 

In coring the prisms, it was clear that the mechanical properties of the concretes were 

very different: clean, intact cores were readily obtained from the industrial standard and 

HPC/SF prisms and these could be easily sectioned, as shown in Fig. 6.7 (a). The low 

quality and high performance concrete cores, however, fractured just below the rebar and, 

on attempts at further sectioning, broke into a large number of pieces. Since these cores 

were observed to contain red corrosion products within the concrete cover, it is likely that 

the formation of these corrosion products induced tensile stresses which reduced the tensile 

capacity of these cores by initiating cracks that readily propagated during coring. 

Moreover, the steel embedded within the industrial standard and HPC/SF required 

considerably more force to prise it from its surrounding concrete than the corresponding 

steel embedded in the either the low quality or HPC without silica fume. One such 

fractured piece that was adjacent to the rebar is shown in Figure 6. 7(b ). 
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Figure 6. 7(a) Cut section of core of industrial standard cog.crete showing the induced crack 
and two forms of corrosion: a dense black product adjacent to the steel and a rust coloured 

product in the crack. 
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Figure 6.7(b) Fractured section of the HPC adjacent to the rebar showing two types of 
corrosion product, one dark brown (goethite, a-FeOOH) and the other a "dirty" yellow 

ochre colour (akaganeite, B-FeOOH) (Marcotte and Hansson 1998). 
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6.3.4.2 Appearance and Distribution of Co"osion Products 

Table 6.6 details the composition and location of the corrosion products observed in each 

type of concrete and the technique used to identify the products. All concretes had a dense 

dark brown to black corrosion product form at the steeVconcrete interface but for two of 

the concretes, the industrial standard and HPC/SF, it was the only product that formed, as 

shown in Figures 6. 7( a) and 6. 7( c ), respectively. In the industrial standard concrete, this 

dense, black band of corrosion product was approximately 2 mm thick but only about 300 

µm thick in the other concretes. The morphology of this predominantly iron and 

chlorine-based product after it was prised from the surface of the steel was uniform but 

appeared porous at higher magnifications (Figure 6.7(d)). A trace amount of rust coloured 

corrosion product was observed to border the induced crack in the industrial standard 

concrete while the dark brown to black product plugged the crack in the HPC/SF, as 

indicated in Figures 6.7(a) and (c). 

Induced Crack 
filled with ·•• 
Magnetite 

Originally 
Magnetite at .,. 

Steel/Concrete 
Interface 

Figure 6. 7( c) Cut section of core of high performance concrete that contains silica fume 
showing the magnetite (Fe304) that plugged the induced crack. 
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Figure 6.7(d) Black corrosion product observed adjacent to the rebar in the industrial 
standard concrete. 

The elemental composition of the rust-coloured product in the industrial standard 

concrete could not be determined because it was indistinguishable from its cementitious 

matrix at high magnifications. However, goethite (a-FeOOH), akaganeite (~-FeOOH), and 

maghemite (y-Fe20 3) along with the primary aggregate of the concrete (orthoclase, 

KAISi
3

0
8

, and albite, NaA.1Si
3

0
8

) were identified by X-ray diffraction, shown in Figure 

6. 7( e ). Goethite, akaganeite, and other products have been previously observed in concrete 

(Suda, Misra et al. 1993; Wang and Monteiro 1996) but not maghemite. Since maghemite is 

an oxygenated form of magnetite {Fe30 4), this product was probably originally magnetite 

but transformed after limited exposure to the laboratory atmosphere. 
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Figure 6.7(e) XRD spectra of the products observed at the steel/concrete interface for (a) 
industrial standard, and (b) high performance concrete. M = Maghemite, y-Fe2O3 ; G = 

Goethite, a-FeOOH; K= Akaganeite, B-FeOOH; and the main aggregate peaks (A) indicate 
orthoclase (K.AlSi

3

O
8

) and albite (NaAISi
3

O
8

) (Marcotte and Hansson 1998). 
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This hypothesis is supported by the analysis of a similar product, identified as magnetite 

(F e3 0 4 ) by Raman spectroscopy, observed in the induced crack region and at the 

steel/concrete interface of the HPC/SF, shown in Fig. 6. 7(t). Upon exposure of this 

product to the ambient conditions of the laboratory for an extended period ( about 1 week), 

the magnetite at the steel/concrete interface oxidized to hrematite (a-Fe20 3) and goethite 

(a-FeOOH)., as shown in Figure 3.3 (Chapter 3). Maghemite would have been the 

transition product between the original magnetite and the end product of hrematite which 

emphasizes the importance of in situ rather than ex situ observations of corrosion products., 

such as the in situ work presented in Chapter 4. The magnetite within the induced crack 

remained relatively unaffected by the week's exposure probably because of the limited 

surface area of the product within the crack. 
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Figure 6. 7(t) Raman spectra of the dense, dark brown/black corrosion product observed at 
the steel/concrete interface which also filled the induced crack of the HPC/SF. This product 

was predominantly composed of magnetite (Fe3O.i)-
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High magnification elemental maps of a representative area of this induced crack 

show that the internal width of the crack was approximately 200 µm and was densely and 

completely filled with magnetite as evidenced by the iron elemental map, presented by Fig. 

6.7(g). In addition, the surfaces of the crack were lined with a magnesium product, 

presumably from the formation of brucite (Mg(OH) 2) upon exposure to the simulated sea 

water and prior to the deposition of the corrosion products. No other corrosion products 

were observed in this concrete. 

100 µm 

Figure 6.7(g) Secondary electron micrograph (SE) and elemental maps of the induced crack 
region ofthe HPC with silica fume indicated in Figure 6.7(c). 
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Unlike the corrosion products observed in the industrial standard concrete or HPC/SF, 

those observed in the low quality and the high performance concrete did not preferentially 

accumulate at the steel/concrete interface. Moreover, different corrosion products were 

identified both by appearance, and X-ray diffraction (Figure 6.7(e)). Within the high 

performance concrete cover these were: (a) akaganeite (fJ-FeOOH), which forms only in 

high chloride concentrations, was the yellow ochre product observed near the induced crack; 

and (b) goethite (a-FeOOH) was the dark brown corrosion product which formed farther 

away from the induced crack and was the more dense of the two products. These two 

products were also identified in the low quality concrete cover, as shown in Figures 6. 7(h) 

and (i). In addition, lepidocrocite (y-FeOOH), maghemite (y- F~O3), and ha:matite 

(a-Fe20 3) were observed. An ESEM micrograph of the goethite is given in Figure 6. 70) 

and shows that some of the product was extremely dense and cracked with very few 

discemable features. EDS indicated that this product was predominantly iron but also 

contained calcium, silicon, and chlorine. A second layer of corrosion product consisted of a 

network of randomly-oriented hexagonal plates, each about 5 µm wide. The crystalline 

plates contained relatively more calcium and chlorine. The presence of calcium and silicon 

in these products suggests that the corrosion products are forming within the voids of the 

cementitious products. 
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Figure 6.7(h) Raman spectra of the brown/red coloured corrosion products within the low 
quality concrete cover near the induced crack. Calcite was also detected near the induced 
crack of this concrete. Mn= Magnetite (Fe3O4); A= Akaganeite(f3 - FeOOH); Mn = 

Goethite (a - FeOOH); L = Lepidocrocite(y - FeOOH); C = Calcite(CaCO3) 
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Figure 6. 7(i) Raman spectra of the dark brown/red coloured corrosion products within the 
low quality concrete cover near the induced crack. Mn !E Magnetite (F~O4); H = 

Hrematite (a - Fe:?O;) 
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Figure 6. 7(j) Micrographs of goethite ( a-F eOOH) observed at steel/concrete interface in 
high performance concrete without silica fume (Marcotte and Hansson 1998). 
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Akaganeite, similar to goethite, was also intimately mixed with the cement paste to 

the extent that it was largely indistiguishable from the paste at higher magnifications, as 

shown in Figures 6. 7(k) and (1). However, any other corrosion products detected in the low 

quality concrete with Raman spectroscopy could not be isolated at all because they were 

not as concentrated in the cover as the akaganeite. Akaganeite was more easily identified by 

its chemical composition than its morphology except for the iron-rich particles of relatively 

pure corrosion product such as that labelled "'A" in Figures 6(k) and (I). The elemental 

maps presented in Figure 6. 7(m) of this region shows the presence of iron in the 

surrounding cementitious products which suggests that iron species diffused to form 

preferentially within the void. The cracking of the matrix surrounding the iron-rich particle 

in Figure 6. 7(1) supports the theory that the expansion of corrosion products due to further 

oxidation and hydration causes internal tensile stresses within the concrete. It is thought 

that this particle once tilled the void but that the low pressure of the ESEM removed some 

water from the product and decreased its overall volume. This change again emphasizes the 

importance of in situ observations of corrosion products. 
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Figures 6.7(k) and 0) Akaganeite (f3-FeOOH) in high performance concrete without 
silica fume. Regions of corrosion product containing approximately 40 at.% Fe are labelled 
"A" while the surrounding material containing approximately 18 at.% Fe are labelled "Bn 

(Marcotte and Hansson 1998). 
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Figure 6.7(m) Elemental map of the embedded corrosion product shown in Figure 6.7(1) 
(Marcotte and Hansson 1998). 
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Table 6.6 Summary of the corrosion products observed in each of the concretes. 
Akaganeite • 11-FeOOH; Goethite • a-FeOOH; H~matite • a-Fei03; 

Lepidocrocite • y-FeOOH; Maghemite • g-Fez03 ; Magnetite Fe30 4 

Exposure Analysis Corrosion Products 
Concrete Age Technique near or within Corrosion Products 

Type (years) Induced Crack in Unstressed 
Region 

Goethite, Ha:matite, 
Low 4 Raman Lepidocrocite, none 

Quality Maghemite, 
Magnetite, 

Akageneite, 
Industrial 3 XRD Goethite, none 
Standard Maghemite 

Akaganeite, 
HPC 3 XRD Goethite none 

HPC 
+ Silica Fume 4 Raman Magnetite* none 

*Magnetite oxidi7.Cd goethite and hzmatite upon exposure to air for 1 week 

6.3.5 Corrosion Products on the Surface of the Steel 

Figures 6.8(a) through (d) show representative pieces of steel that were intersected by the 

induced crack, or from the central region of the prism for the uncracked low quality 

concrete. The steel retrieved from the low quality concrete, industrial standard concrete, 

and HPC showed a relatively uniform distn"bution of corrosion products while the steel 

retrieved from the HPC/SF showed an accumulation of corrosion product only where the 

crack intersected the steel. When these corrosion products were removed, the steel 
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retrieved from the HPC showed fairly large superficial pits, more wide (e.g., 3 x 9 mm) than 

deep (approximately 0.7 mm), shown in Figure 6.S(e). The corrosion was located 

predominantly in the region between the ribs and about 20% of the total surface of the steel 

was active. It should be noted, however, that these pits are distinct from the fine striations 

oriented along the length of the bar that were noted at higher magnifications. These 

striations resulted from the extrusion manufacturing method used to produce the bars. 

Similar striations were noted on other steel samples as indicated in their respective figures. 

In contrast, the ribs were no longer visible on the steel from either the low quality or 

industrial standard concretes and about 75% or 30% of the surface area was active, 

respectively, shown in Figures 6.8(t) and (h). At higher magnifications, the steel that was 

embedded in these concretes was observed to have developed smaller, deeper pits, shown in 

Fig. 6.8(g) and (i), than the steel in the HPC, Figure 6.8( e ). 

In further contrast, the steel retrieved from the HPC/SF had only one region of 

damage, the area where the induced crack intersected the steel, indicated as ~~c" in Figure 

6.8G). This region (approximately 3 x 12 mm) represented only about 5% of the total 

surface of the steel but was much deeper (approximately 2 mm) and appeared as if the 

corrosion process was cutting this steel like a knife. 

These pit geometries are summarized in Table 6. 7 along with an estimate of the 

cross-sectional area of the steel that has been destroyed by the corrosion process. 

According to reinforced concrete repair authorities ( e.g . ., Emmons 1993 ), a loss of 25% to 

the cross-sectional area of a reinforcing steel bar requires that the bar be supplemented with 

new bars. This value does not include deep, localized corrosion pits that would not be 

resolvable with the unaided eye and, therefore may underestimate the actual loss of 

cross-section. With this criterion, the steel in the low quality concrete would require 

additional reinforcement likely because of the relatively open pore structure (w/cm of 0.5) 

and corresponding low electrical resistivity of the concrete, as shown in Table 6.2. All 
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other cross-sectional losses are within acceptable limits which is expected for these 

commonly used commercial reinforced concrete mixes. 

However, the steel retrieved from the HPC/SF suffered the deepest damage of these 

mixes, and potentially the highest degree of damage overall because the rebar might be 

severed upon continue exposure and suggests that the presence of high concrete electrical 

resistivities can also have negative consequences. Using the approximate pit dimensions 

from Table 6.7, the previously presented mean corrosion rates of steel in cracked prisms 

(Figure 6.S(c)) can be corrected for the macroscopic area of the steel actually corroding, as 

shown in Figure 6.8(k). Once these corrections have been performed, the relationships 

between the corrosion rates change: where the corrosion rates of both high performance 

concretes were once the lowest, their rates now exceed the steel samples in the low quality 

and one of the industrial standard specimens by almost one order of magnitude. 

Presumably, higher electrical resistivities do not allow large distances to occur between the 

cathodes and anodes on the surface of the steel which localizes any macrocell corrosion 

attack and emphasises the role of microcell corrosion ( where the anodic and cathodic half 

cell reactions take place at essentially the same location). Thus, cracked concrete with a 

high electrical resistivity could potentially suffer corrosion with consequences as severe as 

those for low quality concrete. Under these circumstances, the type and distribution of the 

corrosion products and whether they fill the cracks, in combination with the tensile strength 

of the concrete, would govern the long-term durability of these concretes. This type of 

result also underscores the difficulty in making valid corrosion rate measurements when the 

area of the corroding region cannot be known or even estimated non-destructively. 
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Figures 6.8(a), (b), (c), a■d (d) Photographs of the steel retrieved from (a) low quality 
concrete, (b) industrial standard concrete, ( c) high performance concrete, and ( d) high 

perfonnance concrete with silica fume. 
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Figure 6.8(e) Macrophotograph of surface of steel from the induced crack region of the 
high performance concrete without silica fume after the removal of the corrosion products 

(Marcotte and Hansson 1998). 
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Figure 6.8(t) Macrophotograph of the surface of the steel from the induced crack region of 
the low quality concrete after the removal of the corrosion products. 
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Figure 6.8(g) Higher magnification macrophotograph of the steel retrieved from the low 
quality concrete after the removal of the corrosion products. 
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Figure 6.8(h) Macrophotograph of surface of steel from industrial quality concrete. 
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Figure 6.8(i) Enlargement 'of area shown in Figure 6.8(h). Small perforations are labelled 

"C"(Marcotte and Hansson 1998). 
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Figure 6.8(j) Macrophotograph of surface of steel from high performance concrete with 
silica fume. The area of deeper corrosion damage is indicated by "C". 

Table 6.7 Comparison of the corrosion damage according to concrete type. 

Concrete Approximate Approximate Estimate of Lost Steel 
Type Pit Pit Depth Cross-sectional Area 

Dimensions* (mm) 

Low 75% of entire 
Quality surface 1.5* 30% 

Industrial 30% of entire 
Standard surface 1.0• 8% 

HPC 3x9mm 0.9 8% 

HPC/SF 3 X 12 mm 2.0 14% 

• Does not include those pits unresolvable with the unaided eye. 
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Figure 6.8(k) Comparison of the corrected mean corrosion rates of steel probes intersected 
by the crack which were calculated using the corroded area of the steel. Note: Bars 

indicating the range of values were applied to these data but are too small to be observed in 
this figure. 
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6.4 DISCUSSION 

6.4.1 Effect of an Induced Crack on Chloride-Induced Corrosion 

In general, the presence of a crack has a deleterious effect on reinforced concrete because if 

the concrete remained unstressed (i.e., without an induced crack--the only cracks present 

occurred naturally within the concrete microstructure ), the corrosion rate remained 

relatively low, no corrosion products were observed at the steel/concrete interface or 

elsewhere within the cover, and chlorides were not detected. When cracked, however, 

corrosion products and critical levels of chlorides were detected along with moderate to 

severe damage to the reinforcing steel. This impact of the crack varied according to concrete 

type and is discussed in Section 6.4.3. The effect on corrosion rates was counteracted to 

some degree by the formation of corrosion products that effectively plugged the induced 

crack and any other convenient paths to the reinforcing steel as shown by the decrease in 

the corrosion rates of the reinforcing steel in both the low quality and the industrial 

standard concretes. This effect is anticipated to be only temporary as continued corrosion 

would likely generate excessive internal tensile stresses that would crack the concrete 

further. The presence of silica fume in the HPC/SF also reduced the effect of the induced 

crack and is discussed in greater detail in Section 6.4.2. 

6.4.2 Effect of Silica Fume on Chloride-Induced Corrosion 

The reaction of silica fume had the anticipated effect on the electrical and microstructural 

characteristics of high performance concrete which was shown by its high electrical 

resistivity presented in Table 6.2 corresponding to the decrease in the size and the number 

of continuous pores, shown by Figure 6.6(h). This had a strong impact on its ability to 

resist ingressing chlorides: the concrete with silica fume near the induced crack had a 

chloride concentration only about 7% of that in the cracked region of the sample without 
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silica fume even after an extra year of exposure to the simulated sea water. Overall, the 

presence of silica fume mitigated the effect of the crack by reducing the size and number of 

continuous capillary pores in the HPC/SF once the cracked region was exposed to the 

simulated sea water. 

In spite of these enhanced properties, corrosion did initiate in the cracked region of 

concrete with silica fume. Although the chloride content was very low in the IO mm layer 

of concrete adjacent to the induced crack, those that were present were concentrated very 

close to the induced crack surface, as indicated in Table 6.5 and Figure 6.5. There may also 

been a reduction in the chloride threshold value by a lower pH of the pore solution due to 

reaction of the silica fume and, at the early stages, by the limited degree of cement 

hydration. 

The resulting corrosion products that formed in the HPC/SF were entirely different 

from the products that formed in the HPC. In addition, the corrosion product in the 

HPC/SF was confined to the space provided by the induced crack and the steel/concrete 

interface, while corrosion products in the HPC were more uniformly spread throughout the 

concrete cover and not confined to either the steel/concrete interface or the main crack. 

Moreover, while the corrosion products that formed in the HPC cover (approximately 5 

mm from the steel/concrete interface) appeared to have cracked the concrete, as shown in 

Figure 6.7(1), there was no such cracking in the HPC/SF. This indicates that the pozzolanic 

reaction of the silica fume in the HPC/SF had two main effects: (a) it sufficiently densified 

and strengthened the concrete such that damage was reduced; and (b) the reaction occurred 

before any corrosion products could diffuse into the concrete cover and any that were 

present were confined to the induced crack (i.e., the observed magnetite (Fe 30 4 )). The 

latter effect suggests that any corrosion products forming in the silica fume concrete would 

plug the crack, effectively barring further direct chloride and oxygen exposure to the surface 

of the steel. The fact that magnetite formed (i.e., a corrosion product which forms in 
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oxygen deprived conditions) supports this conclusion. Thus, the pozzolanic reaction of 

silica fume densified the concrete and reduced the exposure of the steel to chlorides and 

oxygen by the formation of corrosion products which resulted in the low corrosion rates 

that were observed over a four year period. 

This may have a potential drawback, however. The more uniform, superficial damage 

to the steel within the HPC without silica fume shown in Figure 6.8(e) may be preferable to 

the localized damage resulting from the presence of silica fume in the HPC/SF shown in 

Figure 6.8G)- It is possible, however, that the damage observed on the surface of the steel 

was the most that was to occur and that if the prisms had remained uncored, the corrosion 

rate may have decreased even further over time due to the plugged crack. The reduction of 

the corrosion rate in the first year of exposure as well as the further decrease in the 

corrosion rate at about three years in the unstressed industrial standard concrete presented 

in Figure 6.S(b) supports this hypothesis. 

6.4.3 Effect of Concrete Type on Chloride-Induced Corrosion 

A comparison of the corrosion rates measured for each concrete type for up to four years 

(Figure 6.S(c)) suggests that the embedded steel that is corroding the fastest should 

theoretically have the greatest volume of corrosion products at the steel/concrete interface 

or within the concrete cover. This theory was confirmed by the steel embedded in the 

industrial standard concrete which had the highest corrosion rate after three year's exposure 

and generated the largest magnetite corrosion layer of all observed, approximately 2 mm 

thick. This product has an estimated specific volume of 2.1 (from Figure 2.6, Chapter 2). 

In addition, the embedded steel with the second highest corrosion rate from the low quality 

concrete contained the broadest range of corrosion products within the concrete cover with 

specific volumes ranging from 2.2 to 3.5. These values are considerably lower than those 

generally assumed in theoretical service life models. It is possible, however, that with 
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continued exposure to chlorides or different exposure conditions where the concrete 

undergoes wet and dry cycling that higher volume expansions might have been noted. Thus, 

the evaluation of corrosion products in a theoretical model must also include a prediction of 

the service conditions. 

While corrosion products in the industrial standard and HPC/SF concrete were 

confined mainly to the steel/concrete interface and induced crack. those in the low quality 

concrete and HPC were more uniformly spread throughout the concrete cover and not 

confined to either the steel/concrete interface or the main crack. Two possible explanations 

for this difference include: (a) the low quality concrete and HPC contains a higher 

proportion of 44mini-cracks" and voids (less than approximately 0.3 mm) and, therefore, the 

corrosion products can more easily diffuse away from the steel/concrete interface; and (b) 

the formation of corrosion products causes any microcracks in the HPC or voids in the low 

quality concrete to open further. Although these microcracks and voids filled with 

corrosion products could not be directly confirmed with the MIP measurements of Section 

6.3.3, their presence was supported by the poor cohesion of the cores that were taken from 

the induced crack region of these two concretes while the corresponding cores taken from 

the ends of the prisms were intact. 

The presence of a network of cracks and voids in the HPC or low quality concrete 

would allow more oxygen to be available at the steel/concrete interface in these concretes 

rather than in the industrial standard concrete and HPC/SF. Since maghemite (y-Fe20 3) and 

magnetite {Fe30 4 ) were detected only at the steel/concrete interface of the industrial 

standard concrete (Figure 6.7{e)) and the HPC/SF {Figure 6.7(t)), it is likely that corrosion 

processes occurring on the steel in these concretes were oxygen deprived. 

A comparison of the measured corrosion current densities shows that oxygen 

deprivation is not limiting the corrosion activity of the steel in the industrial standard 

concrete, however, as its corrosion rate is at least 10-20 times higher than that of the steel in 
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both types of high performance concrete (Figure 6.5(c)). lnstead, it supports the 

hypothesis that the higher proportion of fine cracks within the HPC allowed corrosion 

products to diffuse away from the steel/concrete interface and effectively block these paths 

of ingress from further chlorides and oxygen. The microcracks within the HPC/SF were 

blocked by the continued hydration and pozzolanic reastions that are described in Section 

6.4.2. This is consistent with previously published findings which showed that the steel 

within both high performance concretes initially was corroding at higher rates than the steel 

within the low quality and industrial standard concretes but eventually this relationship 

reversed (Weiermair, Hansson et al. 1995). The initially higher rates for steel in HPC and 

HPC/SF were attributed the differences in microcracking, ongoing hydration reactions, and 

differences in the pore structure and pore solution pH that would have affected the nature 

and extent of capillary suction and the development of passivity. These processes may 

also have subsequently reduced the corrosion rate in a manner similar to autogenous healing. 

It remains unclear whether the formation of more corrosion products could cause any 

microcracks to open further given sufficient time. The cracks emanating from the corrosion 

particle in Figure 6.7(1) indicate this to be the case. 

6.4.4 Relationship between Concrete Quality and Service Life 

It is clear from the aforementioned descriptions and analyses of corrosion rates, corrosion 

products, and materials properties, that quantifying the effect of concrete quality in 

theoretical service life models is complex. Once active corrosion has initiated, an extended 

service life results from the capability of the concrete to minimize the corrosion rate, and 

withstand the damage that occurs from the formation of corrosion products. To minimize 

the corrosion rate, concretes that have high electrical resistivities and reduced chloride and 

oxygen diffusivities will theoretically perform best with time. These characteristics were 

demonstrated by the HPC/SF and it did have the lowest corrosion rate by almost two 
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orders of magnitude over the four year monitoring period. Provided the tensile strength of 

the concrete is sufficient, this concrete is the most durable of all. The only possible 

detrimental consequence was the increased localization of the corrosion activity. In 

practice, it, therefore, suggests that this type of concrete requires a regular maintenance 

schedule to seal any structural cracks such that the optimal properties of this concrete can 

be realized. 

A low corrosion rate is not all that is necessary, however, to ensure an extended 

service life as the type and distribution of the corrosion products influences the long term 

durability of the concrete. Theoretically, the formation of dense corrosion products such as 

magnetite (F~04 ) that cover the reinforcing steel under attack could reduce the corrosion 

rate by barring the ingress of water and chlorides to the corroding area. This type of 

corrosion product has the least volume expansion of all observed corrosion products, as 

shown in Figure 2.6 (Chapter 2), and would, therefore, minimize the internal tensile stresses 

that crack the concrete. Although it was observed in all concretes, only the industrial 

standard and HPC/SF had a sufficiently restricted pore network and minimal voids to 

resists the diffusion of iron species and the subsequent formation of corrosion products 

within the concrete cover. The products formed within the concrete cover where there was 

greater access to oxygen and water and as a result, larger volumes of corrosion products 

formed that will eventually crack the concrete cover. Although these products can plug the 

pore network and reduce the corrosion rate, the industrial standard concrete demonstrated 

that the formation of a dense corrosion product does not guarantee a low corrosion rate. 

Overall it is clear that the most durable structural concrete will confine the corrosion 

products thereby restricting access to water and oxygen and limiting any destructive volume 

expansion, and have a low corrosion rate. 

These characteristics are summarized in Figure 6.9, a modification of Figure 6.1, which 

shows a comparison between the corrosion process that occurs in cracked industrial 
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standard concrete (normal quality) versus the relatively ideal behaviourofthe HPC/SF (high 

quality). This figure details the relationship between the damage accomodated in the 

concrete up to an unacceptable level with the corresponding corrosion rate for both types 

of concrete. 

Initially, there is a measurable corrosion rate as steady-state conditions are established 

in the area of the steel where the concrete is cracked. The corrosion rate of the steel within 

the HPC/SF is relatively high for the reasons described in Section 6.3.1. However, the 

corrosion rate decreases over time as the hydration and pozzolanic reactions continue and 

the formation of dense corrosion products forms a chemical and physical barrier to further 

ingress of chlorides and oxygen. This decrease is not observed in the industrial standard 

concrete because its relatively more open pore structure allows easier chloride and oxygen 

ingress. 
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Figure 6.9 Schematic illustration of the relationship between corrosion rate of the 
embedded steel and degree of concrete damage for structural concrete. T oex> is the initiation 

time for the onset of corrosion and T c<x> is the end of practical service life. 
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Over time, a critical volume of corrosion products forms that cannot be 

accommodated by the concrete cover. The corresponding tensile stresses crack the cover 

which allows chlorides and oxygen easier access to the reinforcing steel. This effect can be 

counteracted again by the formation of more corrosion products but it is unlikely that the 

former, lower corrosion rate would be restored. This was directly observed in the industrial 

standard concrete as shown in Figure 6.5(c). The concretes would eventually require repair 

as the formation of new corrosion products cannot be accommodated indefinitely and the 

formation of new cracks would accelerate the corrosion process. Overall, it is likely that 

the high electrical resistivity of the HPC/SF would reduce the corrosion rate for a 

significantly longer period of time and delay the need for repair. The length of this increase 

remains to be determined through the evaluation of field structures and long-term laboratory 

experiments. The conclusions of this thesis have established the relationships amongst the 

concrete mixes and provide a basis for further investigation. 

6.S CONCLUSIONS 

1. In general, the observed behaviour of high performance concrete with respect to 

industrial standard concrete is not exactly as anticipated. Premature corrosion of steel 

in HPC had been observed--albeit at a low rate. These rates appeared to be less 

significant with time, however, as the corrosion rates of the industrial standard and 

low quality concrete increased. Once all these rates were corrected for the area of 

steel actually corroding, however, the steel in cracked specimens of both high 

performance concretes had local corrosion rates that were almost one magnitude higher 

than their presumably ~~lower quality" counterparts but the corrosion was confined to 

highly localized areas. Thus, corrosion occurring in cracked high performance 
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concretes is potentially more insidious and destructive because corrosion rate 

measurements will be underestimated by non-destructive techniques such as LPR. On 

the other hand, corrosion rates may be reduced if any cracks are plugged either by 

secondary hydration reactions or stable, dense corrosion products such as magnetite 

(Fe304)-

2. A range of corrosion products was observed to form with estimated specific volumes 

of2.2 to 3.5. These values are lower than that usually assumed in theoretical service 

life models (i.e., 6-7) and these models should be altered to reflect the lower volumes 

for the experimental conditions studied. However, if the concrete were exposed to 

different conditions ( e.g., longer exposure periods, wet/dry cycling), corrosion 

products with a larger specific volumes might fonn. This possibility needs to be 

determined empirically. 

3. Despite the higher compressive strength of the HPC, its lower toughness was 

illustrated by the inability to produce an intact core and by the cracking observed 

within the cover from the formation of corrosion products. Concurrently, the 

presence of silica fume appears to increase the resistance to this sort damage because 

the corrosion products were only observed in the space of the induced crack and not 

elsewhere in the concrete cover. Alternatively, it is also possible that a large 

accumulation of corrosion products at the steel/concrete interface would eventually 

prise the concrete cover from the steel. Overall it is clear that the most durable 

structural concrete will limit the formation of corrosion products by restricting access 

to water and oxygen and limiting any destructive volume expansion, and have a low 

corrosion rate. 

4. Overall, the net effect is an extended life for reinforced high performance concrete 

relative to normal reinforced concrete and the addition of silica fume adds further 

benefit provided that any cracks are appropriately repaired as they arise. How much 
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extra service life this represents remains to be determined. Quantitative information 

regarding the service life of structures designed from these types of concrete mixes 

must be collected from field structures and long-term laboratory experiments. 
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CHAPTER SEVEN 

DISCUSSION 

As described in the introduction to this thesis, it was the objective of this work to identify 

the physical and chemical characteristics, and spatial distribution of corrosion products 

resulting from chloride-inducedcorrosion of steel in concrete and the role of different types 

of cementitious materials and the presence of cracks. The following Sections integrate the 

observations and conclusions of the previous Chapters such that a more thorough 

understanding is gained into the propagation stage of the corrosion process. 

7.1 EFFECT OF ACEMENTITIOUS COVER 

7.1.1 Effect of Cement Type 

The effect of two different types of cement on the corrosion behaviour of steel was directly 

compared during the simulated pore solution and modified cement paste experiments 

presented in Chapters 4 and 5, respectively. The simulated pore solution experiments 

showed that the lower pH of the white solution permitted corrosion to initiate on steel at 

lower applied potentials and chloride levels than that observed in the Type 10 solutions. 

This effect can be expected to be even more pronounced for blended cements, for example, 

with silica fume, fly ash or slag which would reduce the pH of the pore solution. 

This agreed with the results of the modified cement paste experiments which showed 

that the steel in the white cement paste corroded at a higher rate than the steel in the Type 

10 for similar periods of chloride exposure, as shown in Figure 5.3.2. These higher 

corrosion rates were attributed to the limited chloride binding which could have occurred in 

the white cement with its relatively lower C3A and C 4AF contents when compared to that 

of the Type 10 modified cement paste, as detailed in Table 3 .1 (b ). A 
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reduced chloride binding capacity would result in a higher chloride concentration in the pore 

solution of the white modified cement paste and would cause the observed higher corrosion 

rates. 

Although higher corrosion rates were measured for steel in the white modified cement 

paste, orange stains composed of magnetite and hrematite intermixed with the cement paste 

formed within the Type 10 modified cement paste cover, shown in Figure 5.3.l(b), which 

were not observed within the white specimens. This difference was attributed to the more 

open pore structure of the Type l O cement paste which permitted iron ions to diffuse more 

easily through the concrete cover. This effect is similar to that observed with the different 

concrete mixes of Chapter 6 which is related to their different w/cm ratios. Large volumes 

of corrosion products were observed within the concrete cover for the low quality concrete 

and the HPC without silica fume. The presence of corrosion products in the low quality 

concrete was attributed to its more open pore structure while the corrosion products in the 

HPC without silica fume resulted from the presence of microcracks. No similarities 

between their corresponding corrosion rates were noted which would have predicted this 

distribution of the products. It can then be concluded that there is not any correlation 

between the corrosion rate measurements and the types of corrosion products which form 

or their distribution either at the steel/ cementitious material interface or within the concrete 

cover. The corrosion products clearly depend upon the characteristics of the cementitious 

cover, such as the cement type as well as on the degree of moisture saturation (i.e., different 

products were observed above, at, and below the solution line in the cement paste 

specimens of Chapter 5). This influence of concrete mixture proportions is described in 

more detail in the next Section. 

7.1.2 Effect of Mixture Proportions and Constituents 

An examination of all experiments conducted for this thesis indicates that the most 
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important influence on the types of corrosion products is the composition of the 

cementitious cover and its pore and microcracknetwork. While the simulated pore solution 

experiments of Chapter 4 and the modified cement paste experiments of Chapter 5 showed 

some minor variations in the corrosion behaviour of any embedded steel, the range of 

corrosion conditions observed within the different concretes was relatively larger as 

described in Section 6.3.4.2 and provided considerable insight into the corrosion process 

once it is initiated. 

The presence of a relatively interconnected pore network which can be enhanced by 

microcracking, permits corrosion species such as chlorides and oxygen to readily diffuse to 

and from active corrosion sites and results in the formation of corrosion products within the 

concrete cover. As the size of the pore network increases, a reduction in the corrosion rate 

due to the blockage of the pore network by corrosion products becomes progressively more 

difficult because the volume of products required to accomplish this would increase 

proportionately with the size of the pore network. Thus, concretes with higher w/cm 

ratios such as the low quality concrete will provide far less protection to its embedded steel 

than concretes with lower w/cm ratios. In addition, mix constituents which produce a less 

permeable concrete upon full hydration at similar w/cm ratios would reduce the corrosion 

rate of steel provided the concrete remained uncracked. If cracked, the chemistry of the 

cement paste and associated pore solution will determine the resulting corrosion rates. This 

aspect is illustrated by the observation that less corrosion products were formed in the 

white modified cement paste than in the Type I 0, the white having a lower porosity and 

denser microstructure as indicated in Chapter 5. Had the white cement paste remained 

uncracked, the corrosion rate of its embedded steel would have probably been lower than 

that in the Type IO as demonstrated by the sealed white specimens in Figure 5.3.2. 

The distribution of products away from the steel/cementitious interface is generally 

thought to be undesirable because iron is thermodynamically metastable and thus, will 
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potentially continue to oxidize and hydrate to form more expansive products which could 

lead to cracking of the cover. Volume expansions of as high as 7 are commonly asserted as 

the reason for the deterioration of the concrete cover. However, products which, in their 

pure state, have specific volumes of only between 2 to 3 were observed in the modified 

cement paste specimens and not more than 3.5 (i.e., akaganeite, P-FeOOH) in the concretes 

of Chapter 6. These products were observed as precipitates within the concrete cover, and 

microcracks resulting from the corrosion product expansion were observed in isolated areas 

away from the surface of the steel in the HPC without silica fume (Figures 6.7(k) and (1)). 

These microcracks were assumed to be the cause of the brittle fracture of the cores during 

coring (Section 6.3.4.1) and indicates that even high performance concrete with low w/cm 

ratios are susceptible to deterioration from the formation of corrosion products in the cover. 

However, even if corrosion products are confined to the steel interface by less 

permeable concrete, the localized corrosion attack can have considerable destructive impact 

as shown by the deep macropits which formed on the steel in the HPC/SF. Moreover, the 

localized accumulation of corrosion products at the steel interface can act as a wedge that 

prises the cementitious cover from the steel. 

However, it has been speculated that once sufficiently dense corrosion products form 

over the surface of the active sites, the occlusion of the site will prevent continued 

interaction and the local supply of oxygen and chlorides will be depleted {Ashworth, Boden 

et al. 1970; Leek 1997). The work of Chapter 5 and 6 showed that, provided the 

cementitious cover was sufficiently impermeable, corrosion products such as magnetite 

were observed to partially till the cracks. A corresponding decrease, or plateau, in the 

corrosion rates was observed for the corroding steel in the HPC with silica fume but was 

not observed in the cracked white modified cement paste specimens or the industrial 

standard concrete. It is possible that the cracks must be completely filled to reduce the 

increasing corrosion rate such as was observed with the sealed white specimens in Figure 
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5.3.2 but it is more likely that the unusually high electrical resistivity and the reduced 

capillary porosity of the silica fume mix addition produced this effect in the HPC. 

In summary, it is well-understood that uncracked, impermeable concrete provides the 

best protection for steel in a chloride environment. Should, however, this impermeable 

concrete become cracked because of structural overloading or inevitable shrinkage, the 

results of this thesis show that extra precautions must be taken to prevent the more 

localized and insidious corrosion damage (i.e., little or no rust staining in the cover that 

would signal a problem) from accumulating until a catastrophic failure occurs. Ideally, all 

cracks should be injected to completely block the access of the chlorides to the embedded 

steel before corrosion is initiated. 

7.2 EFFECT OF CHLORIDE SOURCE AND EXPOSURE 

Two chloride sources, derived from either NaCl for the experiments of Chapters 4 and 5 or 

from simulated sea water for the experiments of Chapter 6, were studied for the work of 

this thesis. A comparison of the corrosion behaviour of steel and the types of products 

formed indicates that the chloride source has no effect. Although a greater range of 

corrosion products was observed (i.e., lepidocrocite and akaganeite) on the steel in the 

concrete specimens of Chapter 6, this is more likely a result of the significantly older 

exposure age of these specimens (at least three years) compared to the modified cement 

paste specimens (up to 1 year). This conclusion is supported by the similar corrosion rates 

for the first year of exposure to the chloride solutions measured for both the modified 

cement paste specimens and the concrete specimens, for the first year of exposure to the 

chloride solutions as shown in Figures 5.3.2 and 6.5(a), respectively. It is possible that 

with continued exposure, corrosion products such as akaganeite and lepidocrocite which 

form at higher chloride levels would have been observed in the modified cement paste 
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specimens. 

7.3 EFFECT OF CRACKS 

Similar to field observations of steel-reinforced concrete structures in chloride 

environments, cracks in the cementitious materials studied in this thesis increased the 

corrosion of embedded steel relative to uncracked specimens with the exception of the low 

quality concrete specimens. For loading cracks, this was shown by the comparison 

between Figures 6.5(c) with Figure 6.5(b) in Section 6.3.1 where the corrosion rates were 

approximately an order of magnitude higher for the cracked specimens after at least three 

years exposure to the simulated sea water. However, it was also concluded that cracks have 

a less significant effect on concretes with relatively accessible pore networks, as previously 

described in Section 7 .1.1. 

The effect of cracks was also studied with the modified cement paste specimens 

(Chapter 5) but these cracks were generated naturally through drying shrinkage, and, 

therefore, all specimens contained randomly oriented cracks. The geometry of these cracks 

differed from the loading cracks induced in the concrete specimens of Chapter 6 in that the 

former likely stopped once they reached the surface of the steel. 

In contrast, the loading cracks in the concrete prisms were induced by three-point 

bending, may have caused some delamination between the embedded steel and the concrete 

cover. This would have increased the exposed area of the steel in the concrete specimens to 

the simulated sea water over that experienced by the modified cement paste specimens. 

However, this did not appear to affect the type or distribution of the corrosion products 

which precipitated as magnetite was observed at the root of the cracks (i.e., at the surface of 

the steel) in all specimens. This concurs with the conclusions of Genin and others 

presented in Table 2.3. In addition, magnetite was observed to partially fill most cracks in 
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the modified cement paste specimens (Section 5 .3 .6), the industrial standard concrete 

specimens (Figure 6. 7(a), and the HPC with silica fume specimens (Figure 6. 7(g)). Other 

corrosion products such as hrematite and goethite were observed to form within the cracks 

closer to the exposed surface of the steel. 

The formation of these products was anticipated to halt the increasing corrosion rate 

of the underlying steel by reducing the diffusion of ionic species to and from the corrosion 

pit. This was only observed if the concrete cover was sufficiently dense to minimize the 

diffusion of reactive species through the cementitious cover, as discussed in the previous 

Section. Under these circumstances, cracks had a more significant effect on the corrosion of 

embedded steel in cementitious materials with denser pore structures as shown by the 

difference in corrosion rates between the cracked and sealed white modified cement paste 

specimens in Figure 5.3.2 and the concretes of Chapter 6. 

7.4 EFFECT OF STEEL SURFACE FINISH 

The effect of the surface finish of the steel was studied in Chapters 4 and 5 with the steel 

immersed in the simulated pore solutions and the steel-reinforced modified cement paste 

specimens. As described in Section 5.3. l, corrosion was observed to initiate first on the 

as-received steel surfaces for most of the modified cement paste specimens which suggested 

that the mill scale provided less protection against chloride-induced corrosion. However, 

the comparison of the corrosion behaviour of the as-receivedsteel surfaces with the ground 

steel surfaces in the chloride-contaminated simulated pore solutions indicated that the mill 

scale provided better protection against corrosion but with some unpredictable variability. 

It was concluded that there were sufficiently large flaws within the typically porous and 

discontinuous mill scale which could not be easily occluded by the formation of corrosion 

products and resulted in localized attack. 

263 



Chapter Seven: Discussion 

This apparent discrepancy between the two experiments can be explained by 

comparing the area of the exposed steel for both types of specimens. The exposed 

as-received steel area of the specimens used for the modified cement paste specimens was 

approximately 115 times larger than that used in the simulated pore solution experiments. 

Similar to the volume effect observed for glasses and ceramics where the presence of a 

catastrophic flaw becomes more probable with increasing volume, it is reasonable to 

conclude the larger surface area of the Chapter 5 specimens increased the probability that a 

critically-sized flaw would be present on the surface of the steel which would facilitate 

corrosion initiation. Alternatively, it might be the case that because corrosion initiation was 

favoured above the solution line on the as-receivedsteel surface, the remaining area acted as 

a good cathodic area, thereby promoting anodic dissolution in any breaks in the mill scale. 

Since the steel samples used in the simulated pore solution experiments were completely 

immersed in the pore solution, all perforations in the mill scale would have had equal 

probabilities for corrosion to initiate. 

Regardless of the explanation for the observed results, once corrosion initiated, the 

corrosion products observed on both of the steel surfaces were similar as described in 

Sections 4.2.2 and 5.3.6, along with the corrosion current densities as shown in Figures 

4.2.3(a) through (d). However, it is not economically practical to remove the mill scale 

from the steel prior to embedding it in concrete in spite of the advantages offered by 

delaying the initiation of corrosion. Far more effective would be to improve the quality of 

the concrete cover such that cracks are avoided for the reasons described in Section 7 .1.2. 
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CHAPTER EIGHT 

CONCLUSIONS & RECOMMENDATIONS 

8.1 CONCLUSIONS 

l. The corrosion products clearly depend upon the characteristics of the cementitious 

cover, such as the cement type as well as on the degree of moisture saturation, the 

presence of any cracks in the vicinity and, possibly, on the period of exposure of 

the structure to the chloride contamination. However, there is not any correlation 

between the corrosion rate measurements and the types of corrosion products 

which form or their distribution either at the steel/ cementitious material interface or 

within the concrete cover. 

2. Volume expansions of as high as 7 are commonly asserted as the reason for the 

cracking and spalling of the concrete cover and have been used as the basis for 

models of deterioration of reinforced concrete. However, products which, in their 

pure state, have specific volumes of only between 2 to 3 were observed in the 

modified cement paste specimens and not more than 3.5 (i.e., akaganeit€; f}-FeOOH) 

in the concretes described in Chapter 6. It is recommended that this revision be 

incorporated into theoretical service life models while recognising that larger volume 

expansions may occur under different environmental conditions ( e.g., extended dry 

periods, wet/dry cycling). 

3. Although corrosion products such as magnetite were observed to partially fill the 

cracks in all types of cementitious specimens, a corresponding decrease, or plateau, 

in the corrosion rates was not observed in any specimens except for the corroding 

steel in the HPC with silica fume. It is possible that the cracks must be completely 

filled to reduce the increasing corrosion rate but it is more likely that the unusually 

high electrical resistivity and the reduced capillary porosity of the silica fume mix 
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addition produced this effect in the HPC. However, these characteristics generated 

deeper, more localized pitting on the steel in the HPC/SF which is potentially the 

most devastating of all corrosion attacks observed. 

4. It is well-understood that uncracked, impermeable concrete provides the best 

protection for steel in a chloride environment. Should, however, this impermeable 

concrete become cracked because of structural overloading or shrinkage, extra 

precautions must be taken to prevent the more localized and insidious corrosion 

damage (i.e., corrosion accompanied by little or no rust staining in the cover that 

would signal a problem) from accumulating at the steel/concrete interface until a 

catastrophic failure occurs. 

5. The chloride source (i.e., as dissolved NaCl or as mixed chlorides in simulated sea 

water) has no effect on the corrosion behaviour of steel and the types of products 

formed. 

6. Once corrosion initiated, surface finish (either ground or with the mill scale intact) 

did not have any effect on the type of corrosion products observed or the measured 

corrosion current densities. 

7. A higher pH of the cement paste pore solution was observed to provide better 

protection for steel against chloride-induced corrosion even within the narrow range 

of pH studied (i.e., 12.9 to 13.4). Specifically, corrosion initiated at lower 

potentials and chloride levels in the lower pH synthetic pore solution mimicking 

that expressed from white cement paste than in the Type l O paste. This effect can 

be expected to be even more pronounced for blended cements, for example, with 

silica fume, fly ash or slag. 

266 



Chapter Eight: Conclusions & Recommendations 

8.2 RECOMMENDATIONS 

l. To fully investigate the propagation stage of corrosion in steel-reinforced concrete 

structures, cores from field structures should be studied and correlated to their 

service environment. Cores from both deteriorated and sound concrete areas should 

be taken to represent the range of conditions. This work would permit the 

underlying interrelationships between the corrosion process and cementitious 

materials identified in this thesis to be quantified and provide empirical evidence for 

theoretical service life models and, hopefully, accurate predictions. 

2. The materials characteristics, such as specific volume, of the corrosion products that 

form within cementitious materials were assumed in this thesis to be approximately 

similar to their bulk counterparts to simplify analyses. Although there was no 

evidence to suggest that this was unrealistic, this underlying assumption requires 

further investigation. 

3. In this thesis, the role of both shrinkage and static loading cracks on chloride­

induced corrosion was studied. However, dynamic cracks are also common in field 

structures ( cracks in bridge decks or parking garage slabs which open and close 

under vehicle loads, etc.) and merit investigation. These cracks would be more 

difficult to repair effectively and could become increasingly destructive with time. 
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APPENDIXA 

FULL POLARIZATION CURVES FROM STEEL 

IN SIMULATED PORE SOLUTIONS 

Full cyclic polarimtion curves (i.e., applied potential versus log current density) were 

collected for the work: of Chapter 4 to determine the experimental conditions that cause 

changes on the surface of steel such as passivation or corrosion exposed to two different 

simulated pore solutions, Type l 0 and White cement, and increasing chloride levels to a 

maximwn level equivalent to a 1 M NaCl solution. Section A.1 presents the results for 

steel samples whose surfaces were ground until uniform with 240 Grit SiC paper while 

Section A.2 presents the results for those samples which were left in the as-received 

condition (i.e., with millscale on the surface). In additio~ each figure compares the results 

of two pairs of duplicate samples ( 4 samples in total) that had undergone different 

electrochemical testing. One pair of samples was polarized from the open circuit potential, 

ramped in the anodic direction to +500 mV SCE, down to -800 mV SCE, and returning to 

the open circuit potential (henceforth referred to as '' Anodic Ramp"). The other pair was 

polarized from the open circuit potential cathodically to -800 mV SCE, up to +500 mV 

SCE, and finally returning to the open circuit potential (henceforth referred to as the 

.. 'Cathodic Ramp"). General theory pertaining to the interpretation of full cyclic 

polarization curves is presented in Section 2.4.2 and a discussion of these results is 

presented in Section 4.3.1. 

A specific example of the determination of corrosion rate from full polarization 

curves is shown in Figure A. In general, if active corrosion is occmring and there is no 

diffusion limitation of oxygen, corrosion rates can be determined by extrapolating the linear 

portion of the anodic and cathodic curves (between 50 to 200 m V above or below the open 

circuit potential) to the open circuit potential. Since many of the full polarization curves 
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studied in this thesis were measured on samples which exluoited passivity and diffusion 

limitations, only an approximation of the corrosion rate can be obtained In Figw-e A, the 

corrosion rate is estimated from the intersection point of pseudo-Tafel slopes. It should be 

noted that the errors in this method are no greater than the uncertainties in corrosion rates 

typically encountered with steel in concrete. 
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Figure A The estimation of corrosion rates from full polarization curves. 
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A.1 GROUND STEEL SURFACES 

A.1.1 Type 10 Cement Simulated Pore Solution 
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Figure A.1 Comparison of the full polarization curves collected for grolDld steel samples 
immersed in a Type 10 cement simulated pore solution that did not contain chlorides. 
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Figure A.2 Comparison of the full polarization curves collected for ground steel samples 
immersed in a Type 10 cement simulated pore solution that contained sufficient chlorides 

to make a 0. 7 [Cr]/[OH·J solution. 
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Figure A.3 Comparison of the full polarization curves collected for ground steel samples 
immersed in a Type 10 cement simulated pore solution that contained sufficient chlorides 

to make a 1.4 [Cr]/[OH·] solution. 
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Fipre A.4 .Comparison of the full polarization curves collected for ground steel samples 
immersed in a Type 10 cement simulated pore solution that contained sufficient chlorides 

to make a 2.0 [Cl*]/[OH·J solution. 
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274 



Appendix A: Full Cyclic Polarization Curves from Chapter 4 

A..1.2 White Cement Simulated Pore Solution 
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Figure A..6 Comparison of the full polarization curves collected for ground steel samples 
immersed in a White cement simulated pore solution that did not contain chlorides. 
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immersed in a White cement simulated pore solution that contained sufficient chlorides to 

make a 0. 7 [CJ-]/[QH-] solution. 
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Fipre.·A.8 Comparison of the full.polarization curves collected.for ground.steel samples 
immersed in a White cement simulated pore solution that contained sufficient chlorides to 
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Fipre-A.9 Comparison·ofthe full polarization curves collected for ground steel samples 
immersed in a White cement simulated pore solution. that contained sufficient chlorides. to 

make a 2.0 [CJ-]/[QH·] solution. 
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Figure-·A.-10 Comparison of the full polarization curves collected for groood steel samples 
immersed in a White cement simulated pore solution that contained sufficient chlorides to 

make.a. ll.O [Cl*]/[OH·] solution (equivalent to a I M NaCl solution for pH 12.9). 
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A.l AS-RECEIVED STEEL SURFACE (WITH MILL SCALE) 

A.2.1 Type 10 Cement Simulated Pore Solution 
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Fip-re A.11- Comparison of the full polarimtion curves collected for the as-received surface 
ofthe samples immersed in a Type 10 cement simulated pore solution that-did not-contain 

chlorides. 
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Figure-A.12 Comparison of the full polarization curves collected for the as-received surface· 
of the samples- immersed in a Type 10 cement simulated pore solution that contained 

sufficient chlorides to make a 0. 7 [Ci-]/[OH-] solution. 
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Figure· kll·Comparison of the full polarization curves collected for the as-received surface· 
of the samples- immersed in a Type 10 cement simulated pore solution that contained 

sufficient chlorides to make a 1.4 [Ci-}/[OH·J solution. 
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Figure: A.14 Comparison of the full polarization curves collected for the as-received surface· 
of the samples- immersed· in a Type 10 cement simulated pore solution that contained 

sufficient chlorides to make a 2.0 [Ci-]/[OH·] solution. 
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Figure· A.15 Comparison of the full polarization curves collected for the as-received 
surfaces of steel samples immersed in a Type l 0 cement simulated pore solution that 

contained sufficient chlorides to make a 4.0 [CJ-]/[OH·] solution ( equivalent to a 1 M NaCl 
solution for pH 13.3). 
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Fipre A.16 Comparison of the full polariz.ation curves collected for the as-received surface 
of the samples immersed in a White cement simulated pore solution that did not contain 

chlorides. 
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Figure A.17 Comparison of the full polarization curves collected for the as-received surface 
of"the samples immersed in a White cement simulated pore solution that contained 

sufficient chlorides to make a 0.7 [Cr]/[OH-] solution. 
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Figure A.18 Comparison of the full polarization curves collected for the as-received surface 
of the samples immersed in a White cement simulated pore solution that contained 

sufficient chlorides to make a 1.4 [Ct]/[OH·J solution. 
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Figure A.19 Comparison of the full polarization curves collected for the as-received surface 
of the samples immersed in a White cement simulated pore solution that contained 

sufficient chlorides to make a 2.0 [Cr]/[OH·J solution. 
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Figure A.20 Comparison of the full polarization curves collected for the as-received 
surfaces of steel samples immersed in a White cement simulated pore solution that 

contained sufficient chlorides to make a 11.0 [Cr]/[OH-] solution (equivalent to a 1 M NaCl 
solution for pH 12.9). 

289 



APPENDIXB 

OPEN CIRCUIT POTENTIAL MAPS OF STEEL IN 

MODIFIED CEMENT PASTE 

B.l INTRODUCTION 

Open circuit potential maps were collected for the work of Chapter S to determine the effect of 

varying experimental conditions, shrinkage cracks, surface finish, and cement type on the 

changes that occur on the surface of the steel while exposed to simulated pore solutions 

containing sufficient chlorides to make a l M NaCl solution. Section B.2 presents the results for 

steel in the white modified cement paste after 12, 30, and 160 days exposure to the chloride­

containing simulated pore solution. This Section was further subdivided between the cracked 

(Specimens 2, 3, 4, 6, and 9) and sealed (Specimens l, S, 7, 8, and 10) specimens in Sections 

B.2.l and B.2.2, respectively. Similarly, Section 8.3 presents the results for steel in the Type 10 

modified cement paste. All specimens were analyzed after SO days of exposure to the chloride­

containing simulated pore solution but only those that were sectioned were again analyzed after 

160 days exposure. Section B.3.l presents the cracked specimens (Specimens 1, S, 7, 8, and 10) 

while 8.3.2 presents results for the sealed specimens (Specimens 2, 3, 4, 6, and 9). 

The colours used for the potential maps indicate the approximate range of potentials 

measured, as delineated in Table 8.1. In addition, the fine lines ofthe maps are isopotential lines 

while the heavier lines indicate the approximate position of any shrinkage cracks over the steel 

surfaces. Theory pertaining to the interpretation of the open circuit potential maps is presented 

in Section 2.4.1 and a discussion of these results is presented in Section 5 .3 .1. 

Table B.l Colours used in potential maps with respect to measured potential ranges. 

Open Circuit Potential 
Rane mVSCE 

-350 to -450 

-450 to-S50 

-550 to -650 

-750 to -850 
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Colour 

Ruby Red 

Rust Red 

Purple 



Aependix B: Open Circuit Potential Maps of Steel in Modified Cement Paste 

8.2 STEEL IN Wffi'fE MODIFIED CEMENT PASTE 

B.2.1 Cracked Speeimens 

As-Received Ground 

Fipre B.2.l(a) Steel embedded in cracked white modified cement paste (Specimen 2) after 
exposure to the chloride-containing simulated pore solution for approx. 12 days (m V SCE). 
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Figure B.2.l(b) Steel embedded in cracked white modified cement paste (Specimen 2) after 
exposure to the chloride-containing simulated pore solution for approx. 30 days (m V SCE). 
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Figure B.2.l(c) Steel embedded in cracked white modified cement paste (Specimen 2) after 
exposure to the chloride-containing simulated pore solution for approx. 160 days (m V SCE). 
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Figure B.l.l(d) Steel embedded in cracked white modified cement paste (Specimen 3) after 
exposure to the chloride-containing simulated pore solution for approx. 12 days (mV SCE). 
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Fipre 8.2.l(e) Steel embedded in cracked white modified cement paste (Specimen 3) after 
exposure to the chloride-containing simulated pore solution for approx. 30 days (m V SCE). 
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Fipre 8.2.l(f) Steel embedded in cracked white modified cement paste (Specimen 3) after 
exposure to the chloride-containing simulated pore solution for approx. 160 days (m V SCE). 
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Figure B.2.1(1) Steel embedded in cracked white modified cement paste (Specimen 4) after 
exposure to the chloride-containing simulated pore solution for approx. 12 days (mV SCE). 
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Figure B.2.1(11) Steel embedded in cracked white modified cement paste (Specimen 4) after 
exposure to the chloride-containing simulated pore solution for approx. 30 days (m V SCE). 
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Figure B.2.l(i) Steel embedded in cracked white modified cement paste (Specimen 4) after 
exposure to the chloride-containing simulated pore solution for approx. 160 days (mV SCE). 
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Figure B.l.l(j) Steel embedded in cracked white modified cement paste (Specimen 6) after 
exposure to the chloride-containing simulated pore solution for approx. 12 days (mV SCE). 

295 



Appendix B: Open Circuit Potential Maps of Steel in Modified Cement Paste 

' I 
_,., 

( 

--· 

'"" 
".J 

(~.) 
\ I ._, 

0 10 20 30 40 
(mml 

As-Reeeived 

\'-----' 
__, 

\ ~~·,.·. 

I _, \ 
\ 

~ ---

·-._.--,f 

I 
i 
I 
j 

SJ eD io 

m 

q-0.$5( 
! 

-Q.511( 

-Q..57[ 

-Q.!511( 

'-Q..80( 

-0..151( 

-0.152l 

.o.a 20-

-Q.61( 

-Q.a5l 10-

0 io 20 30 40 
Cmml 

Ground 

110 '10 

Figure B.2.l(k) Steel embedded in cracked white modified cement paste (Specimen 6) after 
exposure to the chloride-containing simulated pore solution for approx. 30 days (m V SCE). 
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Fipre B.2.1(1) Steel embedded in cracked white modified cement paste (Specimen 6) after 
exposure to the chloride-containing simulated pore solution for approx. 160 days (mV SCE). 
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Figure B.2.l(m) Steel embedded in cracked white modified cement paste (Specimen 9) after 
exposure to the chloride-containing simulated pore solution for approx. 12 days (m V SCE). 
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Note: The white area on the ground steel plot is an artifact resulting from the specimen 
becoming too dry during the measurement procedure. 
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Figure B.2.1(■) Steel embedded in cracked white modified cement paste (Specimen 9) after 
exposure to the chloride-containing simulated pore solution for approx. 30 days (m V SCE). 
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Figure B.2.l(o) Steel embedded in cracked white modified cement paste (Specimen 9) after 
exposure to the chloride--containing simulated pore solution for approx. 160 days (m V SCE). 
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Figure B.2.2(a) Steel embedded in sealed white modified cement paste (Specimen l) after 
exposure to the chloride-containing simulated pore solution for approx. 12 days (m V SCE). 
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Figure B.2.2(b) Steel embedded in sealed white modified cement paste (Specimen 1) after 
exposure to the chloride-containing simulated pore solution for approx. 30 days (m V SCE). 
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Figure B.2.l(c) Steel embedded in sealed white modified cement paste (Specimen 1) after 
exposure to the chloride-containing simulated pore solution for approx. 160 days (m V SCE). 
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Figure B.2.2(d) Steel embedded in sealed white modified cement paste (Specimen 5) after 
exposure to the chloride-containing simulated pore solution for approx. 12 days (m V SCE). 
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Fipre B.2.2(e) Steel embedded in sealed white modified cement paste (Specimen 5) after 
exposure to the chloride-containing simulated pore solution for approx. 30 days (m V SCE) .. 
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Figure B.2.2(f) Steel embedded in sealed white modified cement paste (Specimen 5) after 
exposure to the chloride-containing simulated pore solution for approx. 160 days (m V SCE). 
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Figure B.2.2(g) Steel embedded in sealed white modified cement paste (Specimen 7) after 
exposure to the chloride-containing simulated pore solution for approx. 12 days (m V SCE). 
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Figure B.2.2(h) Steel embedded in sealed white modified cement paste (Specimen 7) after 
exposure to the chloride-containing simulated pore solution for approx. 30 days (m V SCE). 
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Figure B.2.2(i) Steel embedded in sealed white modified cement paste (Specimen 7) after 
exposure to the chloride-containing simulated pore solution for approx. 160 days (mV SCE). 
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Figure 8.2.l(j) Steel embedded in sealed white modified cement paste (Specimen 8) after 
exposure to the chloride-containing simulated pore solution for approx. 12 days (mV SCE). 
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Figure B.2.2(m) Steel embedded in sealed white modified cement paste (Specimen l 0) after 
exposure to the chloride-containing simulated pore solution for approx. 30 days (m V SCE). 
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Figure B.2.2(n) Steel embedded in sealed white modified cement paste (Specimen l 0) after 
exposure to the chloride-containing simulated pore solution for approx. 160 days (mV SCE). 
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8.3 STEEL IN TYPE 10 MODIFIED CEMENT PASTE 
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Figure 8.3. l(a) Steel embedded in cracked Type l 0 modified cement paste (Specimen l) after 
exposure to the chloride-containing simulated pore solution for approx. 50 days (m V SCE). 
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Figure 8.3.l(b) Steel embedded in cracked Type 10 modified cement paste (Specimen 5) after 
exposure to the chloride-containing simulated pore solution for approx. 50 days (m V SCE). 
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Figure 8.3.l(c) Steel embedded in cracked Type l O modified cement paste (Specimen 5) after 
exposure to the chloride-containing simulated pore solution for approx. 160 days (m V SCE). 
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Figure 8.3.l(d) Steel embedded in cracked Type 10 modified cement paste (Specimen 7) after 
exposure to the chloride-containing simulated pore solution for approx. 50 days (m V SCE). 
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Figure 8.3.l(e) Steel embedded in cracked Type 10 modified cement paste (Specimen 7) after 
exposure to the chloride-containing simulated pore solution for approx. 160 days (mV SCE). 
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Figure 8.3.l(f) Steel embedded in cracked Type l O modified cement paste (Specimen 8) after 
exposure to the chloride-containing simulated pore solution for approx. 50 days (m V SCE). 
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Figure 8.3.l(g) Steel embedded in cracked Type IO modified cement paste (Specimen 8) after 
exposure to the chloride-containing simulated pore solution for approx. 160 days (m V SCE). 
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Figure 8.3.l(b) Steel embedded in cracked Type IO modified cement paste (Specimen I 0) after 
exposure to the chloride-containing simulated pore solution for approx. 50 days (m V SCE). 
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Figure 8.3.l(a) Steel embedded in sealed Type l O modified cement paste (Specimen 2) after 
exposure to the chloride-containing simulated pore solution for approx. 50 days (m V SCE). 
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Figure B.3.2(b) Steel embedded in sealed Type l O modified cement paste (Specimen 3) after 
exposure to the chloride-containing simulated pore solution for approx. 50 days (mV SCE). 
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Figure B.3.2(c) Steel embedded in sealed Type 10 modified cement paste (Specimen 3) after 
exposure to the chloride-containing simulated pore solution for approx. 160 days. 
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Appendix 8: Open Circuit Potential Maps of Steel in Modified Cement Paste 
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Figure B.3.2(h) Steel embedded in sealed Type 10 modified cement paste (Specimen 9) after 
exposure to the chloride-containing simulated pore solution for approx. 50 days (mV SCE). 
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APPENDIXC 
MERCURY INTRUSION POROSIMETRY DATA 

CORRECTION 

Corrections to experimental data that account for the compression and thermal expansion of 
mercury, sample compression and volume changes of glass penetrometer have been detailed 
by Ioannidis (2001 ). The mathematical formulae and deductions are described in the 
following sections. 

A. Mercury intrusion porosimetry without sample (i.e., a blank run) 

where Vb = the change in volume due to the blank run 
V Hg.b = reduction in mercury volume 
V g = reduction in penetrometer volume 

dV=(:tdP+(:ldT 
=-/3VdP+aVdT 

or 

dlnV =-/JdP+adT 

where P = isothermal compressibility coefficient 

1 r av, 
P=--,-J 

V'-oP T 

where a = thermal expansion coefficient 

Integration of (C.2) gives: 

l ( a-'"1 
a= v~ar) p 

where VP = V Hg (Pa, Ta) = penetrometer volume at ambient conditions. 
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APPENDIX C: Corrections for MIP Data 

Similarly for glass, 

where V8 = Vg(Pa, Ta)= glass volume at ambient conditions. 

Substitution into of C.3 and C.4 into C. l gives: 

B. Mercury intrusion porosimetry with non-porous sample of volume Vi 

where~ V5(P) is the reduction in volume of the non-porous sample 

AV,(P)=V,[1-exp~ (.0,dP' + f.a,dr·ij 

M';(P) = v,[1 -exp~ ( ,8,dP· + ( a,dr·ij 

Substituting C.6, C. 7 and C.8 into C.5 gives: 

AV,.,(P) =(V, -v,>[1-exp~ ( PH,dP' + ( aH,dT' ij 
+v,[1-exp~ (P,dP' + ( a,dr·ij 

-v,[ 1 - exp~ ( ,8,dP· + ( a,dr· ij 
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APPENDIX C: Corrections for MIP Data 

Algebraic combination ofC.l and C.9 gives: 

or 

Therefore, correction value at each intruded pressure for cement paste specimens is given by: 

Corrected incremental intrusion volume is given by: 
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GLOSSARY OF TERMS 

Various compounds present in cement are often abbreviated for simplicity: C represents 

CaO, S represents Si02, A represents Al20 3, F represents Fe20 3, and H represents H 20. In 

the case of S03 and CO2 , S and C are used to distinguish them from Si02 and Cao, 

respectively. 

AFm, monosulphate 

AFt, ettringite 

akaganeite 

BEi 

C2S, belite 

C3S, alite 

C3A, aluminate 

C 4 AF, ferrite 

C-S-H 

CH 

EDS 

ESEM(SEM) 

feroxyhite 

goethite 

calcium monosulphate hydrate (C 4 A S H 18 ) , a hydration 

product of C3A 

calciumtrisulphate hydrate (C 6 A S 3H32 ), a hydration product of 

C3A 

13-FeOOH 

backscatteredelectron imaging 

dicalciumsilicate, the belite phase in cement powder 

tricalciumsilicate, the alite phase in cement powder 

tricalcium aluminate, the aluminate phase in cement 

powder 

tetracalcium aluminoferrite, the ferrite phase in cement 

powder 

calcium silicate hydrate, the primary hydration product of 

Portland cement 

calcium hydroxide, a hydration product of C3 S and C2 S 

energy dispersive X-ray spectroscopy 

environmental scanning electron microscopy 

o-FeOOH 

a-FeOOH 
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h~matite 

lepidocrocite 

LPR 

maghemite 

magnetite 

MIP 

OPC 

SEI 

SHE 

SCE 

w/c 

w/cm 

XRD 

a-Fei03 

y-FeOOH 

linear polarization resistance 

y-Fe2O3 

Fe3O4 , may be non-stoichiometric with Fe3_xO4 and x = 0 to l/3 

mercury intrusion porosimetry 

ordinary Portland cement 

secondary electron imaging 

standard hydrogen electrode 

saturated calomel electrode ( + 242 m V SHE) 

water/cement ratio by mass 

water/cementitious materials ratio by mass (for mixes that include 

supplementary cementitious materials) 

X-ray diffraction 
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