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EXECUTIVE SUMMARY 

A model for the corrosion rate of iron in an anoxic environment developed by Xu et al. (2008) 
was analyzed to identify macroscale physicochemical processes that control the rate of 
hydrogen gas generation.  Several European countries’ high level waste (HLW) disposal 
programs have adopted canister systems similar to that used in Sweden’s KBS-3 design, which 
consists of an outer corrosion-resistant copper canister and an inner iron or carbon steel 
canister to provide rigidity.  Some nations, such as Canada, that are looking at Cu-coated 
carbon steel packages propose to use steel as an internal structural material (Boyle and 
Meguid, 2015).  Under chemically reducing conditions the outer copper canister or coating will 
corrode very little during the regulatory period of concern (Werme et al., 1992; SKB, 2010; 
Scully and Edwards, 2013).  However, if water penetrates the copper canister or coating, the 
inner iron or carbon steel can corrode at rates that are two to three orders of magnitude greater 
than the copper corrosion rate (Jung et al., 2011).  Carbon steel has also been considered in 
other ways as a candidate material for waste packages in HLW geologic disposal systems in 
several countries (Martin et al., 2014; Kursten et al., 2011; Shibata et al., 2014; King et al., 
2014; Boyle and Meguid, 2015).  In the Belgian supercontainer concept, the carbon steel 
overpack is surrounded by a thick concrete buffer (Kursten et al., 2011).  Because the hydrogen 
generation rate is directly proportional to the canister corrosion rate, corrosion of the carbon 
steel canister poses a greater risk with respect to the build-up of hydrogen gas pressure and the 
potential rupture of the surrounding compacted bentonite barrier (CBB) and is thus the focus of 
this report.   

Three model components control iron or carbon steel general corrosion rates in the anoxic 
environment:  (1) the change in the specific volume of iron in the steel canister, (2) the activity of 
chemical species involved in corrosion, and (3) water saturation at the canister surface.  
Canister-scale simulations by Xu et al. (2008) show that components 1 and 3 control hydrogen 
generation by altering the reactive surface area.  Although the transport of hydrogen gas away 
from the canister is expected to provide positive feedback, the effect of hydrogen transport was 
not explicitly addressed by the authors. 

Studies by Neretnieks (1985), Bonin et al.(2000), and Croisé et al. (2011) suggest that 
molecular diffusion cannot remove hydrogen from the reaction fast enough to prevent gas 
pressure from exceeding repository confining pressures.  Moreover, air entry pressures for the 
matrix of the CBB exceed gas pressures that form through-going fractures in the CBB.  
Hydrogen is episodically expelled through these transient fractures, which prevents the 
development of a stable two-phase flow regime that may release hydrogen at slower, constant 
rates.  Further, CBB gas breakthrough pressures are less than the equilibrium hydrogen gas 
pressure reported by Neretnieks (1985) for anoxic iron corrosion.  This suggests that hydrogen 
gas pressure buildup cannot be relied on to suppress hydrogen generation.   

Iron corrosion can also be suppressed by limiting the supply of liquid water to the canister 
surface.  A simple model was developed to estimate the distribution of pressure heads between 
the canister and host rock for a range of corrosion rates.  Ranges of corrosion rates that can be 
sustained were determined for hydraulic conditions that reflect the early, intermediate, and late 
stages of repository resaturation.  In the early stage of repository resaturation the canister-CBB 
interface is not fully saturated and corrosion rates between 2.5 to 11 µm/yr [0.1 to 0.43 mil/yr] 
can be maintained.  During the intermediate stage, when heads in the repository host rock have 
largely recovered, corrosion rates between 11 and 21 µm/yr [0.43 and 0.83 mil/yr] can be 
sustained.  Hydraulic conditions near the canister and in the host rock are nearly the same in 
the late stage of the resaturation process.  Under late stage conditions, corrosion rates range 
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between 0.3 and 3 µm/yr [0.012 and 0.12 mil/yr].  Because sustainable corrosion rates depend 
strongly on permeability estimates, considering the effects of permeability uncertainty would 
provide additional insight. 
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1 INTRODUCTION 

Several national high level waste (HLW) disposal programs in Europe have adopted canister 
systems similar to that used in Sweden’s KBS-3 design, which consists of an outer 
corrosion-resistant copper canister and an inner iron or carbon steel canister to provide rigidity.  
Some nations, such as Canada, that are looking at Cu-coated carbon steel packages propose 
to use steel as an internal structural material (Boyle and Meguid, 2015).  Under reducing 
conditions the outer copper canister or coating will corrode very little during the regulatory 
period of concern (Werme et al., 1992; SKB, 2010; Scully and Edwards, 2013).  However, if 
water penetrates the copper canister or coating, the inner iron or carbon steel can corrode 
at rates that are two to three orders of magnitude greater than the copper corrosion rate 
(Jung et al., 2011).  Carbon steel has also been considered in other ways as a candidate 
material for waste packages in HLW geologic disposal systems in several countries  
(Martin et al., 2014; Kursten et al., 2011; Shibata et al., 2014; King et al., 2014; Boyle and 
Meguid, 2015).  In the Belgian supercontainer concept, the carbon steel overpack is surrounded 
by a thick concrete buffer (Kursten et al., 2011).  Hydrogen can be generated by the anoxic 
corrosion of metallic components and by the radiolysis of water (King, 2007).  Of these two 
sources, the dominant source of hydrogen is expected to be the anaerobic corrosion of the steel 
or copper waste container (with steel insert), according to an electrochemical reaction such as 
Eq. (1-1). 

3Fe + 4H2O→Fe3O4 + 4H2 (1-1) 
According to the 2nd Law of Thermodynamics, corrosion proceeds if the Gibbs free energy 
change, ΔG, for the reaction is negative, that is, the free energy of formation of products is more 
negative than that of the reactants.  The Gibbs free energy change for an electrochemical 
reaction is related to electromotive potential difference through Eq. (1-2).  

ΔG = -nFErxn (1-2) 
ΔG: Gibbs free energy change 
n: number of electrons transferred per atom of substance reacted 
F: Faraday’s constant 
Erxn: electromotive force 
 
A reaction is spontaneous when Erxn is positive. 
 
For a half-reaction 
 

xO + ne– → yR (1-3) 
 

the Nernst equation shown in Eq. (1-4) defines the activity dependence of the potential of the 
half reaction: 
 = +  

(1-4) 

 
E0: Standard potential of an electrode 
x and y: stoichiometric coefficients 
R: Gas constant 
aO and aR: activity of oxidized and reduced forms   
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Corrosion of steel proceeds if the potential for redox couple Fe2+/Fe and Fe3+/Fe is lower than 
H+/H2.  The pH of the solution and the partial pressure of hydrogen would have strong effects on 
the potential of H+/H2, and thus on corrosion.  However, the potential difference does not 
provide any information on the corrosion rate, which is a kinetic effect.  Corrosion rates depend 
on many factors such as temperature, electron transfer, mass transport of reactants and 
products, and the properties of corrosion products.  Hydrogen production by this reaction will 
commence as soon as groundwater contacts the high-level waste container.  Shoesmith 
(2008; Shoesmith, 2007) states that dissolved hydrogen concentrations as high as 0.038 M at 
approximately 4.9 MPa [706 psi] of hydrogen partial pressure are expected in 
“sealed” repositories.  If the hydrogen content is sufficiently high to change the order of the 
potentials of Fe2+/Fe and Fe3+/Fe and H+/H2, corrosion may be stifled.  

The hydrogen would be generated in dissolved form.  The ratio between the hydrogen fugacity 
in an existing gas phase and the dissolved hydrogen concentration in the liquid phase is 
governed by Henry’s Law, with a Henry’s constant of approximately 1,282 atm/M [130 MPa/M] 
at room temperature for the ratio of the partial pressure of hydrogen in the gas phase to 
dissolved hydrogen concentration in the groundwater (Young, 1981).  Because the Henry’s Law 
constant, expressed as M/atm [M/Mpa], decreases as temperature increases (Yeh et al., 2017), 
the higher temperatures that occur at repository depth due to the geothermal gradient, as well 
as the effects of decay heat, should be taken into account. 

Hydrogen gas phase formation is complicated by the effects of vapor pressure lowering when 
the buffer material is not fully saturated.  It is energetically more favorable for a gas phase to 
form in bulk water (i.e., when no porous medium is present) when dissolved gas species are 
supersaturated (Tanaka et al., 2003).  If no gas phase is present (i.e., the buffer is completely 
water saturated), the dissolved hydrogen will spontaneously form gas bubbles once the 
dissolved hydrogen concentration reaches supersaturation.  Supersaturation occurs when the 
sum of the fugacities from all dissolved gas species (e.g., H2, O2, N2, and CO2) and the water 
vapor pressure exceeds the water liquid pressure.  However, gas is not physically able to enter 
pore spaces unless the radius of curvature of the gas–water interface is small enough to fit into 
the pore.  Thus, a gas phase is precluded from forming or migrating into a porous medium 
adjacent to a waste package unless the gas pressure exceeds the gas entry pressure of the 
porous medium (nominally the capillary pressure of the largest set of pores that could come into 
contact with the gas).  This pressure accounts for the pressure increase across a curved 
interface (i.e., capillary pressure increases as the pore size decreases).  The air entry pressure 
for cracks, fractures, and gaps is much smaller than the air entry pressure for the granular 
porous media that comprise the buffer and host rock.  Therefore, hydrogen bubbles will 
preferentially form in the largest openings in the porous medium that the metal surface contacts, 
rather than in the low permeability porous medium. 

Hydrogen generated at a metal surface will diffuse away from the source in the water phase, 
decreasing the dissolved hydrogen buildup at the source.  If hydrogen generation is sufficiently 
rapid, the dissolved hydrogen concentration will exceed the saturation value; this could lead to 
formation of hydrogen bubbles at the interface.  As long as there is sufficient space for bubble 
expansion, it is energetically favorable for hydrogen to diffuse towards and into the bubble.  
Conversely, if the gas bubble is restrained from expanding or moving (e.g., because of low 
permeability of the surrounding backfill or geologic medium), both the dissolved hydrogen 
concentration and the gas pressure in the bubble will increase.  Eventually, either the gas 
pressure in the bubble may become large enough to rupture the restraining medium by forming 
micro-cracks or transient dilational pathways and escape, or additional bubbles will be created 
at other energetically favorable locations.  Extensive information has been reported by 
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Lloret and Villar (2007), Davy et al. (2009), Bruha et al. (2010), Graham and Harrington (2014), 
Ye et al. (2014), Xu et al. (2015), and Cuss et al. (2018) on determining the total stress needed 
to rupture the buffer material and mechanical interactions between the buffer and generated gas 
that lead to buffer deformation.  

Shoesmith (2007) argued that hydrogen fugacity could become as high as 5 MPa [725 psi] in 
deep geologic repositories.  High hydrogen fugacity is commonly cited as having the beneficial 
effect of decreasing spent nuclear fuel dissolution compared to oxidizing conditions.  Important 
factors for determining the hydrogen concentration in groundwater and for evaluating the effects 
of hydrogen on spent fuel dissolution are (i) the extent of possible hydrogen pressure buildup 
and (ii) the fugacity of hydrogen in deep geologic repository settings. 

Bonin et al. (2000) provided a comprehensive review and analysis of various scenarios leading 
to the possible accumulation of hydrogen and pressure buildup in deep geologic repository 
systems.  In particular, they noted that the repository designs presently considered in many 
countries tend to inhibit migration of chemical species originating within the repository by 
including long-lived watertight waste containers and low permeability engineered barriers.  If the 
repository environment becomes saturated with water, the hydrostatic pressure at the repository 
controls the maximum hydrogen pressure.  Thus, according to Bonin et al. (2000), the design 
features that limit ingress of water and migration of radionuclides also prevent hydrogen 
migration and may cause the pressure to build up in the near-field. 

Xu et al. (2008) developed a coupled model to study the effect of hydrogen generation rate and 
its transport through the buffer medium in a nuclear waste repository.  Xu et al. (2008) used a 
two-phase model to study H2 gas generation, pressure buildup, and saturation distribution.  The 
authors reported that for a lower (pessimistic) hydrogen generation rate of approximately 
2.0 × 10−12 mole/m2/s, the hydrogen partial pressure could reach up to 8.1 MPa [1,170 psi] after 
5,000 years.  In addition, when iron has completely corroded away, hydrogen generation will 
cease and hydrogen partial pressure will tend towards the background level equal to the 
hydrostatic pressure.  The authors also reported that for a higher (conservative) hydrogen 
generation rate of 2.0 × 10−11 mole/m2/s, the gas pressure will increase to a peak pressure of 
10 MPa [1,450 psi] after 1,000 years, followed by a gradual decrease.  Iron disappears after 
about 23,000 years, which is much shorter than for the lower-rate base case, and the pressure 
recovers to the background pressure after 35,000 years. 

Studying hydrogen generation, accumulation, and migration through buffer is complex and 
requires consideration of the coupled processes involved, including gas generation coupled with 
its transport through the buffer porewater by molecular diffusion, advective transport of 
dissolved hydrogen, advective transport of the gas phase, and feedback of water activities or 
saturation at the reactive surface on rates of hydrogen generation.  This report examines 
the implications of the coupled hydrogen generation and transport model developed by Xu et al. 
(2008).  In particular, the iron corrosion rate model presented by Xu et al. (2008) is evaluated to 
determine how the transport of hydrogen as a gas or dissolved species, and the transport of 
liquid and vapor phases, will affect gas generation given the extremely low permeability of the 
compacted bentonite buffer that is used to encapsulate the waste canisters.  Hydrogen 
generation, accumulation, and migration within the first several hundred years following waste 
emplacement will be affected by heat generated by the SNF.  However, this report focuses on 
the long term performance of the repository under the anaerobic conditions that prevail following 
the decay of the thermal pulse (Senger et al., 2008; Xu et al., 2008); therefore, the effects of 
temperature variation are not considered.  Chapter 2 provides an updated summary of carbon 
steel corrosion rates and includes new data from this study on the role of hydrogen gas in 



 

1-4 

suppressing iron corrosion rates in concrete pore waters; Chapter 3 examines the implications 
of the iron corrosion kinetic rate model of Xu et al. (2008) with respect to hydrogen generation, 
accumulation, and migration, and shows how a relatively simple steady-state flow model may be 
used to determine how hydraulic conditions at various stages of repository resaturation may 
control corrosion rates; and Chapter 4 summarizes this work.
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2 HYDROGEN GENERATION RATES 

In a reducing repository where O2 is depleted, carbon steel corrosion commonly proceeds 
through reaction (2-1), generating hydrogen gas.  In the presence of compacted bentonite, 
carbon steel corrodes with the formation of a carbonate corrosion product through  
reaction (2-2).  Copper corrosion under anoxic conditions without the presence of ionic species 
such as HS−, Cl−, SO42−, and HCO3− that could promote copper corrosion usually proceeds 
through reaction (2-3).  HS− enhances copper reaction with anoxic water, forming a Cu2S film 
through reaction (2-4). 

3Fe + 4 H2O ⇔ Fe3O4 + 4H2 (2-1) 

Fe + CO32− + 2H2O ⇔ FeCO3 + H2 + 2OH− (2-2) 

2Cu + 2H2O ⇔ 2CuOH + H2 (2-3) 

2Cu + HS− + H2O ⇔ Cu2S + H2 + OH− (2-4) 

Based on reactions (2-1) through (2-4), 1–1.33 moles and 0.5 mole of H2 are produced for each 
mole of Fe and Cu corroded, respectively.  The corrosion rates that are summarized in  
Table 2-1 are based on data from the literature on anoxic corrosion and previous work 
conducted by the U.S. Nuclear Regulatory Commission and the Center for Nuclear Waste 
Regulatory Analyses staff (Jung et al., 2011; He et al., 2015; He and Ahn, 2017).  Copper 
corrosion rates were 2 to 3 orders of magnitude lower than those for carbon steel (Jung et al., 
2011).  Hydrogen gas generation rates presented in previous studies by He et al. (2017, 2018) 
and listed in Table 2-1 were calculated from measured corrosion rates and the stoichiometry 
of reactions (2-1) through (2-4).  There were two significant assumptions in the He et al. 
(2017, 2018) calculation: 

1. The corrosion rate is constant over the repository period regardless of the saturation 
level of the repository. 

2. The corrosion mechanism expressed in reactions (2-1) through (2-4) remains the same 
over the repository period. 

Table 2-1. Corrosion and H2 generation rates for carbon steel and copper waste 
containers in a reducing environment 

Material Reaction 

Corrosion 
rate 

(µm/yr) 
H2 Generation rate, 

mole/m2/sec  

Carbon 
Steel 

3Fe + 4H2O ⇔ Fe3O4 + 4H2 

Fe + CO32− + 2H2O ⇔ FeCO3 + H2 + 
2OH− 

0.1–20 5.9 × 10−10– 
1.2 × 10−7 

Copper 2Cu + 2H2O ⇔ 2CuOH + H2 

2Cu + HS− + H2O ⇔ Cu2S + H2 + OH− 0.001–1  2.2 × 10−12– 
2.2 × 10−9 
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In the work by Bonin et al. (2000), the following corrosion reaction is assumed. 

M + H2O ⇔ MO + H2 (2-5) 

where M stands for metal and usually refers to iron. 

1 mole of H2 is produced for each mole of Fe corroded and a constant corrosion rate was 
also assumed over the repository period of thousands of years.  Winsley et al. (2011) and 
Kursten et al. (2011) monitored H2 evolution from carbon steel immersed in anoxic concrete 
pore solution under irradiated and unirradiated conditions at different chloride concentrations 
and temperatures.  The authors showed that H2 generation was fast at the beginning, but the 
accumulated amount reached a plateau over 1,000–5,000 hours (42–208 days) and 
remained at the plateau over the testing period of 2 to 3 years.  The general corrosion rates 
were also determined assuming reaction (2-1) is the corrosion mechanism.  The corrosion rates 
decreased accordingly to nearly zero after 42–208 days.  The decrease of corrosion rate could 
be because of the accumulation of more resistive corrosion products on material surfaces or the 
suppression of the reaction by accumulated H2.  This suggests that the assumption of a 
constant corrosion rate used in the analysis may overestimate H2 generation rates.  Because of 
the importance of being able to correlate the H2 generation rate with the metal corrosion rate to 
calculate the accumulated H2, and because not much data are available in the literature, a 
limited independent analysis was conducted to (i) determine the corrosion rate based on H2 
generation and compare it to that obtained previously from weight loss and electrochemical 
methods (He et al., 2017) and (ii) determine the potential suppression of corrosion by 
accumulation of corrosion products or H2 generation and accumulation. 

2.1 Experimental Testing of H2 Generation in Deaerated Simulated Concrete 
Pore Waters  

Four tests were conducted in autoclaves to determine H2 generation and suppression of 
corrosion by H2 following methods similar to those used previously (He et al., 2017).  The test 
matrix is shown in Table 2-2.  The difference from previous tests is that low carbon steel wire of 
0.36 mm [0.014 in] diameter was exposed to simulated concrete pore water at 80 °C [176 °F] in 
the autoclave.  Wire was used to increase surface area in contact with solution and the 
corresponding measurement sensitivity.  The geometric surface area of the wires is included in 
Table 2-2.   

For Tests 1 and 2, the solution was deaerated and the autoclaves were sealed with N2 gas at 
2 atm-g [30 psi-g] at room temperature.  After heating up to 80 °C [176 °F], pressure was 
increased to 3.1 atm-g [45 psi-g].  For these two tests, the gas phase was sampled twice and 
analyzed for H2 by gas chromatography.  The corrosion rates calculated based on the H2 
amount (Table 2-2) for these two tests were in the same range as those obtained by weight loss 
and electrochemical methods (Table 2-1; from He et al., 2017).   

For Tests 3 and 4, the solution was deaerated with N2 to achieve extremely low O2 
concentration conditions before the test.  Test 3 had carbon steel wire as a test specimen, 
but Test 4 was a baseline test without a test specimen.  These two test cells were sealed with 
0.4 ± 0.1 volume percent H2 plus 99.6 ± 0.1 volume percent N2 gas.  The gas was sampled 
twice to determine if the added H2 suppressed corrosion.  After the first sampling, only N2 was 
added to the same pressure as that before sampling, but some residual H2 in low concentration 
was expected to be left because the vapor phase was not purged.  For these two tests, the H2 
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amount from the first sampling after testing for 37 days was the same as that before the test 
(i.e., 0.4 ± 0.1 volume percent).  This suggests that the added H2 before the test (0.4 ± 0.1 
volume percent) may have suppressed carbon steel wire corrosion.  After continued testing for 
an additional 35 days, H2 was still detected in both cells, but the H2 amount from Test 3 was 
larger compared to the baseline test.  The extra H2 in Test 3 was likely from carbon steel wire 
corrosion.  This suggests that the residual H2 at very low concentration was not sufficient to 
suppress carbon steel corrosion.  Repeated tests in an autoclave or additional tests in a glass 
cell at longer durations are needed to confirm that H2 suppressed carbon steel corrosion in 
deaerated simulated concrete pore water.  

Table 2-2. Test matrix and test results for evaluating H2 generation in deaerated 
simulated concrete pore water 

Cell 

Surface 
area of low 

carbon 
steel wire, 

cm2 

Gas at 
autoclave 

headspace 
T, 

(°C) 

Test 
duration 
when H2 
sampled, 

days 

H2, 
volume 
percent 

Corrosion 
rate, µm/y 

Difference 
of H2 

amount 
before and 
after tests 

1 1,616 N2 80 
31 

Below 
detection 

limit 

Not 
calculated — 

40 0.955 0.21 — 

2 1,616 N2 80 31 0.486 0.14 — 
40 0.045 0.011 — 

3 1,676 

0.4±0.1 
volume 

percent H2 
plus 99.6±0.1 

volume 
percent N2 

80 37 0.435 — Negligible 

↓ continuation 
N2 and 

residual H2 80 35 0.136 — 0.019 

4 No test 
specimen 

0.4 ± 0.1 
volume 

percent H2 
plus 99.6 ± 
0.1 volume 
percent N2  

80 37 0.470 

— 

Negligible 

↓ continuation 
N2 and 

residual H2 80 35 0.117 — Negligible 

The detection limit was 0.005 volume percent 
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3 TRANSPORT OF WATER AND HYDROGEN THROUGH THE 
COMPACTED BENTONITE BUFFER AND ITS EFFECTS ON 

CORROSION RATES 

This section includes an overview of a realistic carbon steel corrosion rate and hydrogen 
generation rate model and describes the environmental conditions, material properties, and 
transport phenomena that control hydrogen generation and hydrogen and water transport.  
Based on previous Center for Nuclear Waste Regulatory Analyses reports, as well as studies by 
others (e.g., Neretnieks, 1985; Ortiz et al., 2002; Xu et al., 2008), it is apparent that hydrogen 
transport (as an aqueous species or a gas) and water transport (as a liquid or a gas) toward and 
away from the CBB-metal canister interface where iron dissolution occurs, play significant roles 
in controlling corrosion rates.  Accordingly, this section includes a brief description of the 
complex behavior of the swelling smectite clay minerals that comprise the bulk of the bentonite 
clay buffer material and identifies how the properties of the CBB may affect corrosion and 
hydrogen generation.  Finally, a simple steady-state model of liquid water flow toward the steel 
canister is developed and several scenarios are simulated to examine the range of iron 
corrosion rates that can be sustained by the available liquid water.  

As noted previously, several national waste disposal programs use canister systems similar to 
the KBS-3 design, which consists of an outer corrosion-resistant copper canister and an inner 
iron or carbon steel canister to provide rigidity.  Under chemically reducing conditions the outer 
copper canister will corrode very little during the regulatory period of concern.  However, if water 
penetrates the copper canister, the inner iron or carbon steel canister can corrode at rates that 
are two to three orders of magnitude greater than the copper corrosion rate.  Because the 
hydrogen generation rate is directly proportional to the canister corrosion rate per corrosion 
reactions (2-1) and (2-2), corrosion of the inner canister poses a greater risk with respect to the 
build-up of hydrogen gas pressure and the potential rupture of the surrounding CBB and is thus 
the focus of this report.   

3.1 Range of Iron Corrosion Rates From Laboratory Experiments 

Experimental investigations reviewed by He et al. (2017) combined with independent corrosion 
experiments conducted by the same authors suggest that if the external copper canister is 
degraded, corrosion of the carbon steel inner liner under anaerobic conditions results in 
uniform corrosion rates that generally range from 0.1 to around 20 µm/yr [4.0 × 10−3 and  
7.9 × 10−1 mil/yr] (Table 2-1).  This range of corrosion rates is equivalent to hydrogen flux rates 
that range from 5.93 × 10−10 to 1.17 × 10−7 mol/m2∙s [5.50 × 10−11 to 1.09 × 10−8 mol/ft2∙s].  For 
the Swedish Nuclear Fuel and Waste Management Company’s (Svensk Kärnbränslehantering 
AB, SKB) KBS-3 waste canister, which is 4.883 m [16.02 ft] tall and 1.050 m [3.445 ft] in 
diameter, this range of hydrogen generation flux rates would result in molar hydrogen 
generation rates of 3 × 10−1 to 6 × 101 mol/yr per waste canister. 

Experiments conducted by Bruha et al. (2010), which were reported as part of the Fate of 
Repository Gases (FORGE) project, yielded a mean carbon steel corrosion rate of 40 µm/yr 
[1.6 mil/yr] when metal samples were placed in direct contact with the bentonite instead of 
submerged in a bentonite-water solution.  The authors attribute these higher corrosion rates to 
the greater reactive surface area resulting from removal of corrosion products by the “sucking” 
or capillary action of the bentonite.  This hypothesis is based on the appearance of reddish-
brown stains in the bentonite immediately adjacent to the surface of the canister that are 
assumed to be iron oxide corrosion products from the metal surface.  This 40 µm/yr [1.6 mil/yr] 



 

3-2 

corrosion rate occurs under conditions similar to those following resaturation of the repository 
when the CBB has attained its maximum swelling pressure and gaps between canister and 
buffer are eliminated or minimized.  The pH of the synthetic bentonite water used in these 
experiments is 8, so the relatively high corrosion rate of 40 µm/yr [1.6 mil/yr] is unlikely to occur 
in repository systems whose water chemistry has a very high pH due to the presence of 
cementitious materials.  Nevertheless, this canister-CBB configuration following resaturation 
may be expected to prevail over the long term for repositories constructed in the saturated zone, 
so this higher corrosion rate should be considered.  

3.2 A Rate Model for Carbon Steel Corrosion and Hydrogen Generation 

Xu et al. (2008) used the TOUGHREACT code to model coupled processes that control 
generation and transport of hydrogen resulting from anaerobic corrosion of a carbon steel 
canister in a porous medium similar to the argillaceous Opalinus Clay at the Mont Terri, 
Switzerland test facility.  To simulate the effects of these processes, the authors implemented a 
transition state rate law for iron corrosion in TOUGHREACT, a coupled nonisothermal 
simulation code that includes reactions among multiple chemical species and transport of 
aqueous species and gas under two-phase (gas and liquid) flow conditions.  The general 
chemical kinetics rate law can be given by = 1 −  (3-1) 

where  is the rate constant (M/m2∙s),  is the total chemically reactive surface area for the 
TOUGHREACT grid block that is used to represent the steel canister, Fa is a factor related to 
the activity of chemical species involved in the corrosion process (reaction 12 in Table 3-1). 

The total reactive surface area  (m2) is calculated by 

= ( ) (3-2) 

where  is the initial surface area (m2),  and  are the initial and current mineral volume 
fractions (-),  is the water saturation at the interface of the canister and the adjacent porous 
medium, and  is a factor between 0 and 1 that represents the fraction of the canister surface 
area contacted by liquid water (-).  The area of the steel canister contacted by liquid water is 
assumed to depend on the water saturation of the CBB.  Xu et al. (2008) proposed the model 
given by Eq. (3-3) for the water contact factor.  In their simulations, Xu et al. (2008) varied the 
exponent  from 0 to 2, but did not provide explanations of the physicochemical processes 
represented by different values of the exponent. ( ) =  (3-3) 

The initial total reactive surface area is  A = V (1 − φ)f ρA  (3-4) 

where  is the volume of the TOUGHREACT grid block representing the steel canister,  is 
porosity,  is the initial volume fraction of iron in the solid phase,  is the density of the steel 
canister, and  is the specific surface area per unit mass of iron.  For their simulations, Xu et 
al. (2008) assume that the porosity of the canister grid block is 0.1, the initial volume fraction  
of iron that participates in the corrosion reaction is 0.8, the volume of the canister grid block  
is 0.2827 m3 [10 ft3], and the density of iron is 7,874 kg/m3 [491 lb/ft3].  Xu et al. (2008) use a 
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specific surface area  of 1.218 × 10−2 m2/g [121.8 cm2/g], which is approximately three orders 
of magnitude smaller than BET specific surface area values reported by Yean et al. (2005) for 
magnetite particles with diameters of 11.72 nm [4.6 × 10-4 mil] and 300 nm [1.2 × 10-2 mil]  
{[98.8 m2/g (9.88×105 cm2/g) and 3.7 m2/g (3.5×104 cm2/g)] and by Liu et al. (2017) for goethite, 
lepidocrocite, and magnetite rust on steel samples from a wet-dry acid corrosion test [20 m2/g  
(2 × 105 cm2/g) at 20 days and 85 m2/g (8.5 × 105 cm2/g) at 98 days]}.  Inserting the data 
provided by Xu et al. (2008) into Eq. (3-5) yields an initial total reactive surface area of the 
canister grid block of 19,540 m2 [2.1 × 105 ft2].  However, the specific surface area of  
1.218 × 10−2 m2/g used by Xu et al. (2008) is only one order of magnitude greater than the 
specific surface area of 1.411 × 10−3 m2/g of the steel wire samples1 used in the corrosion tests 
whose results are presented in Table 2-2.  Based on these comparisons, it appears that the 
initial specific surface area used by Xu et al. (2008) in their simulations is for a smooth carbon 
steel canister.  

Recall that, in determining the rate of carbon steel corrosion in the laboratory, He et al. 
(2017, 2018) suggested that corrosion rates thus determined can be treated as constant over 
the lifetime of a repository.  Determination of corrosion rates should be based on 
electrochemical kinetics rather than chemical kinetics of iron dissolution from the solid phase 
(presumably carbon steel), such as that conceptualized in Xu et al. (2008).  Equations (3-1) 
through (3-4) suggest a chemical reaction that may reach equilibrium, barring the supply of 
reactants and removal of products at the canister-buffer interface, and reduce the corrosion of 
the waste canister to a minimal rate.  Carbon steel corrosion driven by electrochemical kinetics 
may proceed even under a chemical equilibrium condition.  Consequently, these equations were 
not used for the calculations in the current work. 

3.3 Factors Affecting the Corrosion Rate of Iron 

The rate model expressed by Eqs. (3-1) through (3-4) shows the following combinations of 
parameters and state variables directly affect the corrosion rate of the iron:  (1) the ratio of 
current specific volume of iron in the steel canister to the initial specific volume / ; (2) the 
activity of chemical species involved in iron corrosion process; and (3) the water saturation of 
the CBB at the location where it contacts the surface of the canister, .  In addition to the iron 
corrosion reaction (reaction 12 in Table 3-1), Xu et al. (2008) included 11 related reactions that 
affect the activity factor, Fa, in Eq. (3-1) in their TOUGHREACT model.  These 11 additional 
reactions are shown in Table 3-1.  Xu et al. (2008) acknowledge that these reactions do not 
include other potentially important reactions that may affect iron corrosion and net hydrogen 
production, such as microbial reduction of H2(g) to methane, and additional reactions with the 
constituents from the bentonite buffer, the minerals of the host rock, and the corrosion products 
from the waste form.  The effects of /  and  on the corrosion rate of iron and the generation 
rate of hydrogen are discussed in more detail in Sections 3.3.1 and 3.3.2.  The role of the water 
saturation   on the surface area of the canister that is being corroded is not explicitly 
considered in the subsequent analysis; however, the effect of water saturation on the rate at 
which liquid water can flow from the repository host rock to the canister-CBB interface is 
addressed in Section 3.3.2.2.1. 

                                                 
1 A = surface area of wire = 1616 cm2 = 1.616×10-1 m2; d = diameter of wire = 0.36 mm = 3.6×10-4 m; l = length of 
wire = A/πd = 142.9 m;  V = volume of wire = πd2l/4 = 1.454 ×10-5 m3; M= mass of wire = Vρ = 0.1145 kg; A0 = 
specific surface area = A/M = 1.411×10-3 m2/g. 
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3.3.1 Specific Volume Ratio 

The ratio of the current specific volume of iron to the initial specific volume of iron in the carbon 
steel canister /  accounts for the degree to which iron is removed more quickly, less quickly, 
or at a rate that is proportional to the rates of removal of the other constituents of the steel.  If all 
constituents of the steel dissolve in proportion to their initial abundance, /  is unity and there 
is no effect on the iron corrosion rate.  Clearly, if the iron matrix dissolves more rapidly than the 
other steel constituents, /  is less than one and will continue to decrease, reaching zero 
when all iron has dissolved.  If, on the other hand, the iron matrix dissolves more slowly than 
the other steel constituents, /  is greater than one, and will continue to increase as the 
reaction proceeds. 

In their simulations, Xu et al. (2008) assumed that the initial volume fraction  of iron of the 
steel canister was 0.8.  For those cases where the effect of saturation at the canister-CBB 
interface was eliminated by setting the exponent  in Eq. (3-3) to zero, the rate of hydrogen gas 
generation increases rapidly at the beginning, but then decreases rapidly as iron is removed 
from the steel canister and /  decreases over time.  According to Xu et al. (2008), as the 
specific volume ratio decreases there is a corresponding decrease in the reactive surface area.  
For the highest iron corrosion rate constant used in this study, the volume fraction of iron in 
carbon steel is reduced by 60 percent after 5,000 years. 

3.3.2 Concentration of Reactants and Products Involved in Steel Corrosion 

The transport of reactants and products toward and away from the waste canister-bentonite 
interface corrosion site affects the activities of Fe2+, H2(aq), and H+.  If Fe2+ and H2 (aq) 
generated by iron corrosion cannot be removed from the reaction site, the corrosion process 
may be stifled.  The activity of dissolved hydrogen will increase, approach saturation, and stifle 
iron corrosion if (i) transport of H2 (aq) from the reactive surface through the bentonite and into 
the host rock is too slow, or (ii) the combined consumption of H2 (aq) in reactions 2, 4, 7, 8, and 
11 (Table 3-1), is less than the generation rate and subsequent dissolution of hydrogen gas in 
reaction 9.  H2 (aq) may be transported away from the reaction by molecular diffusion, or by 
advection if liquid water is mobile.  The effects of the hydrologic regime, in regard to the 
potential migration of hydrogen and water, is described in Sections 3.3.2.1 and 3.3.2.2. 

3.3.2.1 Diffusive Transport of Products and Reactants 

Neretnieks (1985) analyzed gas generation and diffusive hydrogen transport for early design 
concepts for the spent fuel disposal repositories in Sweden and Switzerland, which both used 
an iron or carbon steel canister encased in CBB.  The repository in Sweden was assumed to be 
at a depth of 500 m [1,640 ft], while the repository in Switzerland was assumed to be at a depth 
of 1,300 m [4,265 ft].  His analysis of Switzerland’s repository concept showed that when the 
hydrogen gas pressure at the canister-CBB interface reaches the 13.2 MPa [1,850 psi]  
{1,300 m [4,265 ft] of water} hydrostatic pressure in the repository, diffusive transport of H2(aq) 
is fast enough to allow constant iron corrosion rates between 0.033 and 0.8 µm/yr [1.3 × 10−3 to 
3.1 × 10−2 mil/yr].  The analysis showed that under the same conditions, but for iron corrosion 
rates ranging from 1 to 20 µm/yr [3.9 × 10−2 to 7.9 × 10−1 mil/yr], molecular diffusion cannot 
remove hydrogen quickly enough to prevent continued buildup of gas pressure.  Even if the 
hydrogen pressure reaches the 35.5 MPa [4,980 psi] {3,620 m [11,880 ft] of water} lithostatic 
pressure for the repository, Neretnieks (1985) showed that diffusion of dissolved hydrogen is not 
sufficient to suppress the buildup of gas pressure at the canister-CBB interface. 
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Table 3-1. Chemical reactions included in iron corrosion rate model by  
Xu et al. (2008) 

Aqueous Reactions 
1 OH− ⇔ H2O - H+ 
2 Fe3+ ⇔ H+ + Fe2+ − 0.5H2(aq) 
3 Fe(OH)2(aq) ⇔ 2H2O − 2H+ + Fe2+ 
4 Fe(OH)2+ ⇔ 2H2O − H+ + Fe2+ − 0.5H2(aq) 
5 Fe(OH)3(aq) ⇔ 3H2O − 2H+ + Fe2+ − 0.5H2(aq) 
6 Fe(OH)3− ⇔ 3H2O − 3H+ + Fe2+ 
7 Fe(OH)4− ⇔ 4H2O − 3H+ + Fe2+ − 0.5H2(aq) 
8 O2(aq) ⇔ 2H2O − 2H2(aq) 

Gaseous Reactions 
9 H2(g) ⇔ H2(aq) 
10 O2(g) ⇔ O2(aq) 

Mineral Reactions 
11 Magnetite(Fe3O4) ⇔ 3Fe2+ + 4H2O − 6H+ − H2(aq) 
12 Iron(Fe) ⇔ Fe2+ + H2(aq) − 2H+ 

Ortiz et al. (2002) analyzed hydrogen and methane generation and transport from the corrosion 
of canisters that have either a 316L stainless steel overpack and or a carbon steel overpack that 
is in direct contact with  the poorly-indurated Boom Clay, which is the proposed host rock for 
Belgium’s HLW and medium-level radioactive waste (MLW) repository at the Mol site.  The HLW 
canister considered in this study is made of 316L stainless steel, while the MLW canister is 
made from carbon steel.  Data from corrosion experiments presented by Ortiz et al. (2002) show 
that the flux rate of hydrogen production by anaerobic corrosion of finely powdered stainless 
steel (BET specific surface area 1.25 m2/g) mixed in a slurry of Boom clay is only  
4.6 × 10−6 mol/m2-yr, which implies the corrosion rate is 3.5 ×10−5 µm/yr [1.4 × 10−6 mil/yr].  
Conversely, for finely powdered carbon steel (BET specific surface area 0.27 m2/g) mixed 
in a Boom clay slurry, the hydrogen generation flux rates range from 5.9 ×10−3 to  
3.0 × 10−2 mol/m2-yr and the corresponding corrosion rates range from 3.2 ×10−2 to  
1.6 ×10−1 µm/yr [1.3× 10−3 to 6.3 × 10−3 mil/yr].  The pH of the slurries made with synthetic 
Boom clay water is only around 8.25, which suggests that despite the very low measured 
general corrosion rates, there is the potential for localized corrosion where the stainless steel 
and carbon steel directly contact the Boom clay host rock. 

Ortiz et al. (2002) present results from Volckaert and Mallants (2001), who used the PORFLOW 
code to simulate diffusive transport of dissolved hydrogen and methane.  Ortiz et al. (2002) 
determined from the model results that for the lowest diffusivity considered for hydrogen and 
methane in water, which is 8.0 × 10−11 m2/s [8.6 × 10−10 ft2/s], the gas pressure at the waste 
canister-host rock interface may exceed the 4.4 MPa [640 psi] {449 m [1,470 ft] of water} 
lithostatic pressure of the repository.  At a higher diffusivity of 5 × 10−10 m2/s [7.5 × 10−9 ft2/s], the 
lithostatic pressure will not be exceeded.  The gas pressure at the canister-host rock interface 
always exceeds the 2.2 MPa [320 psi] {224 m [735 ft] of water} hydrostatic pressure of the 
repository when using the low diffusivity value; however, at the higher diffusivity value, the gas 
pressure does not exceed hydrostatic pressure until 10,000 years.  Ortiz et al. (2002) did not 
discuss the extent to which the lower diffusivity and resulting buildup of gas pressure may 
reduce corrosion rates.  Their focus was on the potential for high gas pressures to fracture the 
Boom Clay, a topic that is briefly touched on in Section 3.3.2.2.  Since Ortiz et al. (2002) 
conducted their study, the design of Belgium’s HLW canister has been changed to minimize the 
potential for localized corrosion to occur on the inner carbon steel overpack.  The Belgian 



 

3-6 

supercontainer concept (Kurstens et al., 2011), which replaced the older SAFIR-2 reference 
design (Bel et al., 2004) considered by Ortiz et al. (2002), includes a very thick layer of ordinary 
Portland cement- or inorganic phosphate cement-based concrete between the inner carbon 
steel overpack and the outer stainless steel envelope to maintain high pH conditions.  In the 
SAFIR-2 design, the region between the inner overpack and the outer envelope was filled with a 
72.5-cm thick layer of bentonite, which does not produce the high pH conditions required to 
minimize localized corrosion of the inner overpack. 

Xu et al. (2008) used TOUGHREACT to conduct a fully-coupled gas generation and hydrogen 
transport simulation for a horizontally-emplaced steel waste canister 1 m [3.28 ft] in diameter, 
encapsulated by a 0.75 m [2.5 ft] thick CBB, using a two-dimensional vertical cross-sectional 
model perpendicular to the axis of the 2.75 m [9 ft] diameter tunnel.  Xu et al. (2008) show that 
at a confining pressure of 6.5 MPa [940 psi] {640 m [2,100 ft] of water}, the hydrogen pressure 
reaches a maximum of 8.1 MPa [1,175 psi] {830 m [2,720 ft] of water} at about 5,000 years for 
an iron corrosion rate constant  of 0.0045 µm/yr [1.8 × 10−4 mil/yr].  For an iron corrosion rate 
constant of 0.045 µm/yr [1.8 × 10−3 mil/yr], Xu et al. (2008) calculated a maximum gas pressure 
of nearly 10 MPa [1,450 psi] {1,020 m [3,350 ft] of water} at approximately 1,000 year.  Although 
Xu et al. (2008) do not state whether the transport of dissolved hydrogen is predominantly by 
molecular diffusion or advection of the water, the predicted canister-CBB interface gas pressure 
of 10 MPa [1,450 psi], which occurs for the iron corrosion rate constant of 0.045 µm/yr  
[1.8 × 10−3 mil/yr], is substantially below the CBB air entry pressure of 18 MPa [2,600 psi] 
indicating that liquid water is not being displaced by gas and moving away from the reaction 
site.  This and the fact that liquid water must flow toward the reaction site to sustain corrosion 
suggest that the primary mode of H2 (aq) movement away from the corrosion site is molecular 
diffusion.  The gradual decline of hydrogen gas pressures over time predicted by the Xu et al. 
(2008) model is the result of decreasing water saturations at the canister-CBB interface through 
the water contact factor, Eq. (3-3).  For values of  greater than or equal to 1, the water contact 
factor appears to decrease the rate of hydrogen generation more quickly than the decrease in 
the rate of hydrogen transport away from the interface, which leads to a net decline in hydrogen 
pressure.  The decline in hydrogen pressure shown in Figure 4 of Xu et al. (2008) pressure 
does not appear to be the result of the hydrogen fugacity reaching equilibrium. 

Results from Neretnieks (1985) and Ortiz et al. (2002) indicate that when iron corrosion rates 
are high, molecular diffusion cannot remove dissolved hydrogen fast enough to prevent gas 
pressures from exceeding repository confining pressures.  Unfortunately, the equilibrium 
fugacity of hydrogen is not reached until the hydrogen partial pressure is around 40 MPa  
[5,800 psi]—significantly greater than typical repository confining pressures—so hydrogen gas 
buildup cannot be relied on for slowing or stopping iron corrosion in a repository.   

3.3.2.2 Advective Transport of Products and Reactants 

Because hydrogen gas partial pressures must reach 40 MPa [5,800 psi] (Neretnieks, 1985) for 
anaerobic corrosion of iron (reaction 12 in Table 3-1) to reach equilibrium, transport of dissolved 
hydrogen away from the canister-CBB interface into the repository host rock must be slow 
relative to the rate of gas generation for corrosion to stop.  However, as discussed earlier, 
transport of dissolved hydrogen away from the corrosion site must be relatively rapid compared 
to the rate of gas generation to ensure that the gas pressure stays below confinement pressure 
limits (hydrostatic or lithostatic) to prevent damage to the repository’s barriers.  If the only way to 
reduce hydrogen generation is to force the hydrogen partial pressure to its equilibrium value, 
it would be nearly impossible to construct a repository above a depth of 2,000 to 4,000 m 
[6,600 to 13,100 ft of water] (lithostatic and hydrostatic limits, respectively) that does not leak 
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gas once the outer copper barrier has corroded away.  However, there are other processes 
captured in the iron corrosion rate model of Xu et al. (2008) that can prevent excessive 
hydrogen pressures from developing, including the buildup of corrosion products on the canister 
that reduce the reactive surface area, limits to the rate at which liquid water can be supplied to 
the canister-CBB interface, and the water saturation at the interface. 

Experimental studies of gas flow through water saturated CBB (Graham and Harrington, 2014), 
as well as through saturated argillaceous rocks such as the proposed Callovo-Oxfordian (COx) 
repository host rock in eastern France (Bardelli et al., 2014; Cuss et al., 2018) and the Boom 
Clay at the Mol, Belgium site (Ortiz et al., 2002; Jacops et al., 2015), confirm that at lower gas 
pressures, molecular diffusion is the dominant hydrogen transport mechanism.  Though not 
analogous to expected evolution of a repository, the host rock and buffer samples in these 
experiments are saturated with water before gas migration tests are initiated since liquid water 
must be present for the corrosion reaction to proceed (Graham and Harrington, 2014). 

Most experimental studies have not shown instances where the gas phase gradually displaces 
water in the saturated CBB or argillaceous host rock as the gas pressure is increased.  The 
apparent inability of the CBB to admit gas and sustain two-phase flow is attributed to the very 
large air entry pressures for saturated CBB and argillite.  Highly compacted bentonite with a 
high sodium montmorillonite content and swelling pressures that range from 5.8 to 7 MPa 
[840 to 1,000 psi] have air entry pressures that range from 8.9 to 67.2 MPa [1,300 to 9,750 psi].  
Experimental studies by Bruha et al. (2010), Cuss et al. (2018), Graham and Harrington (2014), 
and Harrington et al. (2017) show that when the gas pressure is increased by 2.5 to 12 MPa 
[360 to 1,740 psi] above the existing pore pressures, CBB and argillite samples deform 
plastically.  This deformation process exhibits positive dilatancy that forms one or a network of 
open fractures that transect the sample and allow the gas to be rapidly expelled.  Because the 
differential pressures that cause CBB and argillites to fracture are typically smaller than the 
differential air entry pressures, slow steady gas phase transport of hydrogen and advection of 
dissolved hydrogen in a mobile water phase cannot be initiated.  The primary mechanism for 
releasing hydrogen gas pressure is the rapid expulsion of hydrogen gas through fractures 
formed in the CBB or argillite host rock when gas pressures are high. 

3.3.2.2.1 Liquid Water Flow Rates from the Host Rock Toward the Waste Canister 

Without fully coupling chemical kinetics and equilibrium reaction chemistry and two-phase flow 
and transport, as is done in TOUGHREACT, one cannot easily and accurately predict whether 
the flow of water toward the canister will be sufficient to sustain iron corrosion under repository 
conditions.  However, a simple analysis can be conducted to establish the range of steady-state 
hydraulic conditions that allow liquid water to flow to the canister-CBB interface at a rate 
sufficient to sustain corrosion.  This simple analysis solves a vertically integrated version of 
Darcy’s law—a first-order nonlinear ordinary differential equation—on a two-dimensional, 
radially symmetric coordinate system centered on a waste canister.  The vertical datum is the 
midpoint of the vertically-emplaced canister, so that pressure head and hydraulic head 
are equivalent. 

A hypothetical disposal system similar, but not identical, to the KBS-3 design is used to 
demonstrate the effect of liquid water flow toward the canister on predicted carbon steel 
corrosion rates.  The radial flow domain is centered on a single cylindrical waste canister and 
consists of three concentric material property zones:  (1) a 10 cm [3.94 in] thick ring-shaped 
bentonite zone adjacent to the steel canister whose hydraulic properties reflect large pores that 
may be present due to the irregular surface of the corroded steel canister and the incorporation 
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of porous corrosion products into the bentonite; (2) a 34 cm [13.4 in] thick ring of compacted 
bentonite buffer; and (3) a 1.125 m [3.69 ft] thick ring of very low-permeability host rock 
composed of unfractured granite or argillite.  These three zones are referred to as the 
corrosion-affected zone, the CBB zone, and the host rock zone.  The thicknesses of the first two 
zones are assumed for the purpose of the demonstration calculations below.  Figure 3-1 depicts 
the radial cross-section of the model domain, including the waste package in the center, the 
hypothesized corrosion-affected zone, the CBB zone, and the host rock zones.  

The van Genuchten-Mualem model for variably saturated flow in porous media was used for the 
hydraulic properties for the three material property zones.  The van Genuchten model for 
saturation  as a function of the water potential , is given by S = (1 +  |∝ ψ| )  (3-4) 

where  and = 1 − 1/  are fitting parameters, and the parameter  , which may be 
approximated by the inverse of the air entry pressure.  When combined with the Mualem 
predictive model of unsaturated hydraulic conductivity, the following expression is obtained: 

K(S ) = kρgν  S  1 − 1 − S  
(3-5) 

where  is the intrinsic permeability of the porous medium,  is the density of water 
{1,000  kg/m3 [62.4 lb/ft3]},  is acceleration due to gravity {9.81 m/s2 [32.2 ft/s2]}, and  is the 
dynamic viscosity of water {8.9 × 10−4 Pa∙s [0.89 cP]}. 

Integrating Darcy’s law over the height  of the steel canister yields 

−K(S ) dψdr =  Q2πrH (3-6) 

where  (m3/s) is the volumetric flow rate of water toward the canister required to maintain a 
specified iron corrosion rate, and  is the radial coordinate.  The axial centerline of the 
cylindrical waste package is located at = 0.   
In the analysis it is assumed that iron corrosion occurs only if the saturation at the boundary of 
the corrosion-affected zone and the steel canister at = 0.525 is 80 percent or greater.  The 
resaturation state of the repository is represented by the pressure head at the boundary of the 
repository host rock, which is determined by solving the initial value problem consisting of 
Eqs. (3-4) through (3-6) and the initial value ( = 0.525 ) = 0.8 for values of  that 
correspond to specified iron corrosion rates.  This method cannot be used to prove that water 
will or will not flow to the canister surface.  Except for instances where the method used to solve 
Eq. (3-6) does not converge because the fixed step size is too large to adequately resolve the 
change of hydraulic conditions, this method will calculate the distribution of pressure heads 
corresponding to the flow rate specified in the right hand side of Eq. (3-6).  Determining whether 
the resulting pressure head distribution is physically reasonable and likely to occur during the 
period of regulatory concern is the responsibility of the analyst. 

Figure 3-2 shows the pressure head at the boundary of the host rock needed to sustain a given 
iron corrosion rate when the minimum saturation at the canister surface required for corrosion to 
proceed is 80 percent.  Also shown in Figure 3-2 are the required pressure heads at the 
boundary that are needed when there is not a corrosion-affected zone.  Note that these results  
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Figure 3-1. Horizontal cross-section of the hypothetical disposal system and radial 
dimensions of the groundwater flow model material zones, including the 
waste package (orange), hypothesized corrosion-affected zone (mottled 
brown), CBB (yellow-buff), and repository host rock (gray with granitic 
texture).  Figure is not drawn to scale. 

are based on steady-state conditions and it may take a very long time for the saturation state of 
the repository to change.  Nonetheless, it appears that the corrosion-affected zone with its 
greater permeability, but lower air entry pressure, functions as a Richards’ or capillary barrier 
that prevents rewetting of the canister surface as long as the CBB is unsaturated.  When the 
host rock is just beginning to resaturate and the pressure head is very nearly zero, the capillary 
barrier formed by the corrosion-affected zone reduces the sustainable iron corrosion rate from 
9 µm/yr [0.35 mil/yr] to 0.3 µm/yr [0.012 mil/yr].  Neretnieks (1985) proposed emplacing a thin 
“capillary breaking layer” composed of porous media with a much larger mean pore size than 
bentonite between the canister and the CBB to limit the flow of water. 

The full range of corrosion rates considered here {0.1 to 40 µm/yr. [4.0 × 10−3 to 1.6 mil/yr.]} can 
in theory be sustained by liquid water flow; however, the pressure head required at the host rock 
boundary may not reflect realistic repository conditions during or following resaturation.  For 
example, to sustain a 40 µm/yr [1.6 mil/yr] iron corrosion rate, the pressure head at the host 
rock boundary must reach 1,800 m when the corrosion-affected zone is included.  Few 
repositories are expected to be constructed more than 1,000 m [3,300 ft] below ground surface,  
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Figure 3-2.   Pressure head required in repository host rock to sustain specified iron 
corrosion rate.  The red line is for a system of engineered and natural 
barriers with a corrosion-affected zone adjacent to the canister.  The blue 
line is for a system without a corrosion-affected zone.  [1 m water = 3.3 ft 
of water, comparable to 0.0098 MPa (1.4 psi)]. 

 

so a long-term corrosion rate of 40 µm/yr [1.6 mil/yr] may not be attainable with the hydraulic 
properties shown in Table 3-2.  If the pressure head in the host rock during the early stages 
of resaturation is 100 m [330 ft], sustainable corrosion rates range from 2.5 to 11 µm/yr  
[0.1 to 0.43 mil/yr] with and without a corrosion-affected zone, respectively.  As resaturation 
continues and the head in the host rock increases to 500 m [1,640 ft], but the saturation at the 
canister surface remains 80 percent, the range of sustainable corrosion rates increases to  
11 to 21 µm/yr [0.43 to 0.83 mil/yr], with and without a corrosion-affected zone, respectively. 

At saturations less than 100 percent, water in contact with the canister will be in a state of 
tension due to capillary and osmotic forces.  Since these forces must be overcome for water to 
participate in the reaction, it would seem reasonable that there must be some threshold tension 
that must be exceeded before the reaction can proceed.  The 80 percent saturation criterion for 
the onset of iron corrosion used here is arbitrary; however, for the corrosion-affected zone, 
80 percent saturation corresponds to a head (matric potential) of −7 m [−23 ft] of water, while for 
the CBB zone, 80 percent saturation corresponds to a head of −1,500 m [−4,900 ft] of water 
(a negative head indicates water is under tension).  For the iron corrosion rate model of Xu et al. 
(2008), Eq. (3-3) with = 2, the 80 percent saturation level decreases the wetted surface area 
of the canister by 36 percent. 
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Table 3-2. Parameter values used to estimate the steady state pressure head 
distributions between the canister and the repository host rock for a 
specified iron corrosion rate 

 
Canister-bentonite 
corrosion-affected 

zone 
CBB zone Host rock zone 

Range of Radial 
Coordinates (m) 0.525a−0.535b 0.535−0.875c 0.875−2.0 

Air Entry Pressure 
(MPa) 0.1 20d 10e 

Van Genuchten α 
(m−1 of water)f  0.1 5 × 10−4 1 × 10−3 

Van Genuchten  
 (-) 0.6 0.48g 0.48h 

Van Genuchten  
 (-) 2.5 1.92 1.92 

Intrinsic Permeability, k 
(m2)  1.0 × 10−16 1.0 × 10−21 i 1.0 × 10−22 j 

a Figure 1-6, p. 14, Akesson et al. (2010) 
b Based on assumed 10-cm thickness of hypothetical corrosion-affected zone. 
c Figure 1-6, p. 14, Akesson et al. (2010). 
d Value assumed is slightly less than air-entry pressures (67.2 to 43.5 MPa) reported for buffer blocks, Table 10-1, 
p. 55, Akesson et al. (2010).  Value slightly larger than gas-entry pressure (18 MPa) reported for bentonite in Table 
1, p. 3, Senger et al. (2008). 
e Value assumed is slightly greater than air-entry pressure (4 MPa) reported for granite host rock, Table 10-9, p. 
76, Akesson et al. (2010).  Value is slightly less than gas-entry pressure (18 MPa) reported for Opalinus Clay, 
Table 1, p. 3, Senger et al. (2008). 
f van Genuchten α is assumed to be approximated by the inverse of air entry pressure. 
g Buffer-Ring Shaped Blocks, Table 10-1, p. 55, Akesson et al. (2010). 
h Value for granite host rock assumed to be same as for CBB.  Similar to average of two values of van Genuchten 
m (λ) for granitic rock (0.33, and 0.60) reported in Table 10-9, p. 81, Akesson et al. (2010).  Slightly larger than 
equivalent van Genuchten m (1-1/n = 1 – 1/1.67 = 0.40) reported in Table 1, p. 3, Senger et al. (2008). 
I Value for CBB ring reported in Table 12-1, p. 81, Akesson et al. (2010).  
j Value is two orders of magnitude lower than reported for Callovo-Oxfordian argillite (10-20 m2) by Croise et al. 
(2011). 

Once the mean hydraulic head throughout the entire repository has returned to a pre-
construction value of 500 m [1,640 ft] of water, the hydraulic gradient between the canister and 
the host rock needed to sustain a specific iron corrosion rate can be determined by solving the 
initial value problem specified by Eqs. (3-3) through (3-5) and initial value (0.525) = 500 .  
Figure 3-3 shows the hydraulic gradient between the canister at = 0.525  and the host 
rock at = 2  required to sustain iron corrosion rates from 0.1 to 40 µm/yr [3.9 × 10−3 to 
1.57 mil/yr].  The red line is obtained using the permeability values listed in Table 3-2.  The blue 
line is obtained with the permeability values of the CBB and host rock increased by one order of 
magnitude to 1 × 10−20 and 1 × 10−21 m2 [1 × 10−5 and 1 × 10−6 md], respectively.  Figure 3-2 
shows, for example, that a gradient of 30.3 is required to support a corrosion rate of 1 µm/yr  
[3.9 × 10−3 mil/yr] in the nominal case (red line), while for the higher permeability case 
(blue line), the required gradient is only 3.03.  If the permeability values of the CBB and host 
rock are increased another order of magnitude to 1 × 10−19 and 1 × 10−20 m2 [1 × 10−4 and  
1 × 10−5 md], respectively, the hydraulic gradient required to sustain a corrosion rate of 1 µm/yr  
[3.9 × 10−3 mil/yr] would decrease by an order of magnitude to 0.303. 
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Figure 3-3.   Hydraulic gradient between canister surface and host rock required to 

sustain iron corrosion rates.  Red line is for the permeability values 
shown in Table 3-2.  The blue line is for the case where the permeability 
values of the CBB and host rock have been increased by one order of 
magnitude to 1 × 10−20 and 1 × 10−21 m2, respectively.   

 

Hydraulic gradients in deep, saturated groundwater flow systems are typically very small 
(0.0001 to 0.01), except where flow encounters very low permeability units, such as argillites 
and massive crystalline rocks, or near areas of recharge and discharge, including wells.  In fact, 
the water-consuming, corroding steel canisters function much like short {4.883 m [16.02 ft]} 
wells whose pumping rates are controlled by the corrosion rate.  There are limitations as to what 
can be inferred from this steady-state flow analysis; however, it is reasonable to conclude that 
canister corrosion rates must be limited because there are limits to the quantity of water that the 
regional, local, and site-scale groundwater flow systems can supply to the canister.  For 
example, Figure 3-3 indicates that if hydraulic gradients do not exceed 10, maximum iron 
corrosion rates will be between 0.3 to 3 µm/yr. [0.012 to 0.12 mil/yr.]. 
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4 SUMMARY AND DISCUSSION 

A model for the corrosion rate of iron in an anoxic environment developed by Xu et al. (2008) 
was analyzed to identify macroscale physicochemical processes that control the rate of 
hydrogen gas generation.  Xu et al. (2008) implemented their corrosion rate model in the 
TOUGHREACT code, which fully couples chemical kinetics, chemical speciation, multiphase 
nonisothermal flow in porous media, and diffusive and advective transport of chemical species 
in the gas and liquid phases.  Three primary mechanisms affect the simulated rate of iron 
corrosion and hydrogen gas generation.  These include:  (1) the current specific volume of iron 
in the steel canister divided by its initial specific volume; (2) the activity of chemical species 
involved in the corrosion reaction; and (3) the water saturation at the interface of the canister 
surface and the compacted bentonite buffer.  Results from canister-scale simulations performed 
by Xu et al. (2008) with TOUGHREACT suggest that processes that reduce the reactive surface 
area have a significant effect on hydrogen generation.  Reactive surface area is primarily 
controlled by (1) the continued reduction in the iron specific volume ratio and (2) the form of the 
model used to relate wetted surface area to saturation.  Although the transport rate of hydrogen 
gas away from the canister should exert strong positive feedback on corrosion, the effect of 
hydrogen transport was not explicitly addressed by the authors. 

Experimental and analytical studies indicate that molecular diffusion of dissolved hydrogen 
cannot remove hydrogen from the reaction site at a rate that is high enough to prevent gas 
pressure from exceeding repository confining pressures.  Moreover, numerous experiments 
have shown that the air entry pressures for CBB are larger than the gas pressures that create 
through-going fractures in the CBB.  Therefore, hydrogen gas will episodically be expelled 
through these fractures, preventing a two-phase flow regime from being established, which 
would release hydrogen at a slower, but constant rate.  Furthermore, CBB gas breakthrough 
pressures are less than the equilibrium hydrogen gas pressure reported by Neretnieks (1985) 
for anoxic iron corrosion, which would indicate that hydrogen gas pressure buildup cannot be 
relied on to stifle the generation of hydrogen.   

An additional constraint that limits the rate of iron corrosion is the ability or inability of the 
repository system to provide sufficient liquid water.  A simple steady-state, variably-saturated 
flow model was developed to examine the distribution of pressure heads (matric potential for < 1) between the canister and host rock for a given corrosion rate.  The model was used to 
estimate sustainable corrosion rates for three repository states:  (1) the interface of the canister 
and the corrosion-affected zone or the CBB is 80-percent saturated and the pressure head in 
the host rock is 100 m [330 ft]; (2) the interface of the canister and the corrosion-affected zone 
or the CBB is 80-percent saturated, but the pressure head in the host rock has increased to 
500 m [1,600 ft]; and (3) the pressure head at the interface of the canister and the corrosion-
affected zone or the CBB is 500 m [1,600 ft] and the hydraulic gradient between the canister 
and the host rock is approximately 10.  Under the first state is an early stage of repository 
resaturation, can sustain corrosion rates from 2.5 to 11 µm/yr [0.1 to 0.43 mil/yr.].  During the 
second state, which is an intermediate stage of repository resaturation, can sustain 
corrosion rates from 11 to 21 µm/yr [0.43 to 0.83 mil/yr].  During the third repository state, 
which is a late stage of repository resaturation, can sustain corrosion rates from 0.3 to 3 µm/yr 
[0.012 to 0.12 mil/yr].  The estimated corrosion rate ranges for each stage of repository 
resaturation are highly dependent on the permeability values used for the three zones.  Further 
examination of the effects of water flow rates on corrosion rates could include quantifying and 
propagating the uncertainty and variability of engineered and natural barrier hydraulic properties 
and using two- or three-dimensional transient flow models.  
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