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9 - ESTIMATED LONGEVITY OF REDUCING ENVIRONMENT IN 
GROUTED SYSTEMS FOR RADIOACTIVE WASTE DISPOSAL 

Scott PAINTER and Roberto PABALAN (Center for Nuclear Waste Regulatory Analyses) 

Introduction 

A key factor determining the release and transport of redox-sensitive radioelements 
(e.g., technetium, selenium) from grouted, near-surface, low-activity waste disposal facilities at 
U.S. Department of Energy (DOE) sites is the redox potential of the cement-based material. At 
DOE low-activity waste disposal sites, blast furnace slag is added to the grout formulation to 
impose an initially reducing chemical condition on the grouted system. Sulfide species are 
released into the pore fluid upon slag hydration, predominantly as S2–, which impose a strongly 
reducing redox potential on the system and chemically bind some radioelements as insoluble 
species. Significant uncertainty exists regarding the long-term persistence of the reducing 
capabilities of the slag-bearing grout and its long-term effect on radionuclide release and 
transport.  

The objective of this study is to estimate how long reducing conditions could persist in 
near-surface, slag-bearing grouted systems for radioactive waste disposal. The oxidant of most 
concern is oxygen—in the gas phase or dissolved in infiltrating water—which could react with 
the blast furnace slag and decrease the grout reductive capacity. The study used a numerical 
model to simulate oxygen transport in fractures and porous grout and to assess the lifetime of 
reducing conditions for a range of hydrological conditions, fracturing scenarios, and grout 
parameter values. 

Computational Approach 

The evolution of the oxygen concentration in the grout is modeled by coupling one-
dimensional advection−dispersion in a partially saturated fracture with one-dimensional 
diffusion into a fully saturated porous grout. The oxidation−reduction reaction is written as an 
effective reaction that consumes oxygen (O2) and grout-reducing equivalents (R) and produces 
oxidized grout (RO2):  

O2 + R ⇔ RO2          (1) 

The oxygen conservation equation in the fractures is given by  
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where  

φf    — fracture internal porosity (1 for open fracture with no sediment) 

Sl, Sg  — liquid and gas saturation in the fracture 
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Cl, Cg  — liquid- and gas-phase oxygen concentration [meq e–/m3] 

Ωl, Ωg  — liquid- and gas-phase fluxes in fracture [meq e–/(m2⋅yr)] 

ψF→M  — fracture-to-matrix oxygen transfer rate [meq e−/(m3⋅yr)] 

 t    — time [yr] 

 z    — vertical distance through the fracture [m] 

b  — fracture aperture [m] 

In the grout matrix, 
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where 

φ  — matrix porosity 

ρgrout   — bulk density of the grout [kg/m3] 

De  — effective diffusion coefficient in the matrix [m2/yr] 

C´  — oxygen concentration in matrix pore water [meq e–/m3] 

k  — grout oxidation rate constant [m3/(yr⋅meq e–)] 

R  — grout reductive capacity [meq e–/kg] 

  x  — coordinate direction perpendicular to the fracture [m] 

The boundary and initial conditions are: 
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( ) 00t,zCl ==         (4e)

( ) ( )t,zCt,z,0xC l==′        (4b) ( ) 00t,z,xC ==′        (4f)

( ) 0l Ct,0zC ==           (4c) ( ) 00 R0t,z,xR ==        (4g)

( ) 0l Ct,LzC ==          (4d)
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where l  is the fracture spacing. The partial differential equations are solved using the NDSolve 
routine of the MathematicaTM software. 

Calculated Oxygen Concentration in Fracture Versus Depth 

Oxygen concentrations versus depth along the fracture were calculated at different times 
for different combinations of fracture aperture, spacing, and hydraulic conductivity, including 
open fractures and wide fractures filled with sediment (parameters listed in Table 1). The results 
are shown in Figure 1. In all cases, the oxygen concentration in the fracture closely tracks the 
boundary condition because gas phase oxygen diffusion in the partially saturated fracture is fast 
relative to diffusive loss to the fully saturated porous grout matrix. In other words, gas phase 
diffusion is the important transport process supplying oxygen to the fractures. Diffusion in the 
grout is the rate-limiting process, and gas phase diffusion and liquid phase advection are 
sufficient to keep the fracture supplied with oxygen. 

Matrix Diffusion-Only Model 

Because oxygen diffusion in the grout is the rate-limiting process, the longevity of a 
reducing environment in grouted systems can be studied using a diffusion-only model. In this 
simplified approach, the oxygen concentration within fractures is described as a boundary 
condition for a one-dimensional diffusion model. The governing equation is the same as Eqn. (3), 
with the following boundary and initial conditions: 
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( ) 00t,z,xC ==′        (5c)

( ) 0Ct,z,0xC ==′      (5b) ( ) 00 R0t,z,xR ==       (5d)

 
The calculated oxygen concentrations in the grout pore space and reductant concentrations 

versus distance from the fracture wall are shown in Figure 2 at four different times. The 
oxidation reactions occur in a narrow front that migrates slowly away from the fracture. 

Conclusions 

For a wide range of hydrological conditions, oxygen concentrations in through-going 
vertical fractures and conduits in subsurface vaults and tanks are expected to be maintained at 
or near the levels of the surrounding soil by a combination of gas phase diffusion and liquid 
phase advection. The relatively slow rate of diffusion in the pore space of the intact grout is the 
rate-limiting process for oxygen loss to the oxidation reaction. Given the long timeframes of 
interest in performance assessments, it is concluded that transport processes in the fracture can 
easily resupply the fractures with oxygen from the surrounding soil.  

Given that diffusion in the pore space of intact grout material is the rate-limiting process 
for grout oxidation, detailed process-level models coupling fracture transport with matrix 
diffusion and chemical reactions can be avoided. Instead, simpler models coupling oxygen 
diffusion and grout oxidation reaction can be used, with fractures representing internal 
boundary conditions with specified oxygen concentrations. 
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Table1. Parameter values used in modeling oxygen concentration in fractures (see Figure 1) 
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Figure 1.  Calculated oxygen concentration in vertical fractures versus depth modeled using a coupled 
fracture advection−dispersion and matrix diffusion model. The red, green, and blue curves are 

the results after 5, 10, and 100 years, respectively. The green curves are hidden behind the blue 
curves in Figures 1(d) to 1(h). The key point is that the oxygen concentration in the fracture 

stays very close to that of the surrounding soil (1,000 meq e–/m3). Table 1 lists the parameter 
values used in the calculations. 

 

 

Figure 2. Oxygen and reductant concentration versus distance from the fracture calculated  
by a matrix diffusion/reaction model. 

 


