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Fate of repository gases (FORGE) 

The multiple barrier concept is the cornerstone 
of all proposed schemes for underground 
disposal of radioactive wastes. The concept 
invokes a series of barriers, both engineered and 
natural, between the waste and the surface. 
Achieving this concept is the primary objective of 
all disposal programmes, from site appraisal and 
characterisation to repository design and 
construction. However, the performance of the 
repository as a whole (waste, buffer, engineering 
disturbed zone, host rock), and in particular its 
gas transport properties, are still poorly 
understood. Issues still to be adequately 
examined that relate to understanding basic 
processes include: dilational versus visco-
capillary flow mechanisms; long-term integrity of 
seals, in particular gas flow along contacts; role 
of the EDZ as a conduit for preferential flow; 
laboratory to field up-scaling. Understanding gas 
generation and migration is thus vital in the 
quantitative assessment of repositories and is 
the focus of the research in this integrated, 
multi-disciplinary project. The FORGE project is a 
pan-European project with links to international 
radioactive waste management organisations, 
regulators and academia, specifically designed to 
tackle the key research issues associated with 
the generation and movement of repository 
gasses. Of particular importance are the long-
term performance of bentonite buffers, plastic 
clays, indurated mudrocks and crystalline 
formations. Further experimental data are 
required to reduce uncertainty relating to the 
quantitative treatment of gas in performance 
assessment. FORGE will address these issues 
through a series of laboratory and field-scale 
experiments, including the development of new 
methods for up-scaling allowing the optimisation 
of concepts through detailed scenario analysis. 
The FORGE partners are committed to training 
and CPD through a broad portfolio of training 
opportunities and initiatives which form a 
significant part of the project.  
Further details on the FORGE project and its 
outcomes can be accessed at 
www.FORGEproject.org.
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Summary 
Many repository concepts envisage the use of large quantities of cementitious materials – both 
for repository construction and as a buffer/backfill. However, some wastes placed within a 
subsurface repository will contain a significant amount of organic material which may degrade 
to produce carbon dioxide (CO2). This will react with cement buffer/backfill to produce 
carbonate minerals such as calcite, which will reduce the ability of the buffer/backfill to 
maintain highly alkaline conditions and as a consequence its ability to limit radionuclide 
migration. The reaction may also alter the physical properties of the buffer/backfill. The work 
involved in this study investigated these processes through elevated pressure laboratory 
experiments conducted at a range of potential in situ repository conditions. These provided 
information on the reactions that occur, with results serving as examples with which to test 
predictive modelling codes. This report outlines the experimental protocols and observations 
from a series of flow experiments. 

Four different flow experiments were set up to simulate various repository conditions. The 
samples were subjected to a series of hydraulic and gas tests with either CO2 or N2, and the 
changes in flow rate and pressure were accurately monitored until a steady state conditions 
were achieved. After the experiments had terminated, the solid samples underwent detailed 
mineralogical analysis. 

The time taken to fully carbonate the sample was found to vary depending upon the CO2 load 
of the phase used to perform the experiment. The experiments using CO2 took between 10 to 
20 days on average to reach steady state. Upon reaction with CO2 the cement samples 
remained intact and showed no evidence of fracturing. Carbonation resulted in a decrease in 
overall permeability due to changes in porosity. Gaseous and supercritical CO2 reduced gas 
permeability by half in comparison with unreacted cement. Hydraulic permeability after 
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reaction with dissolved CO2 was found to be three orders of magnitude less than prior to 
carbonation. In all cases fluid flow was still possible, although in some instances at a much 
reduced flow rate. Differential pressures across each sample increased slightly as a result of 
carbonation but were still well below the confining pressure of the system for all cases. 
Changes in mineralogy were consistent to observations made within the batch experiments 
(Rochelle et al., 2013) and other studies on cement carbonation (Rochelle and Milodowski, 
2012).  
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1 Introduction 
Many repository concepts envisage the use of large quantities of cementitious materials – both 
for repository construction and as a buffer/backfill. Key aspects of these materials are their 
good mechanical properties, and their ability to buffer pH to alkaline conditions. Such high pH 
conditions are important as they greatly limit metallic corrosion and radionuclide solubility - 
and as a consequence, radionuclide migration. Some wastes placed within a subsurface 
repository will contain a significant amount of organic material (e.g. ion-exchange resins, 
contaminated clothing etc). Over time, these may degrade to produce carbon dioxide, which 
will rapidly react with cement buffer/backfill to produce carbonate minerals such as calcite. The 
conversion of cement minerals to carbonates will reduce the ability of the buffer/backfill to 
maintain highly alkaline conditions and as a consequence its ability to limit radionuclide 
migration. However, the reaction may also alter the physical properties of the buffer/backfill, 
possibly changing its permeability and strength. Although carbonation reactions might improve 
some properties, it is currently unclear whether the overall changes due to carbonation will be 
beneficial to long-term radionuclide immobilisation, or deleterious. The work involved in this 
study investigated these processes through laboratory experiments conducted at a range of 
likely future in situ repository conditions, including those expected over glacial timescales, that 
might influence the form of the carbon dioxide (i.e. dissolved, gas, liquid or supercritical). The 
results of the experiments will serve as examples with which to test predictive modelling codes 
that incorporate reaction kinetics, and coupling between geochemical reaction, porosity 
changes and fluid flow (such as in the BGS-developed PRECIP code, Noy 1998). 

Two types of experiments were conducted as part of the FORGE project: 

- Multiple static batch experiments aimed at providing kinetic data on changing mineralogy 
and porosity upon reaction with free phase and dissolved gaseous, liquid and supercritical 
CO2. 

- Flow experiments using free phase, supercritical and dissolved CO2 aimed at providing 
detailed information on the evolution of flow properties during carbonation. 

This report only describes the results of the flow experiments. Batch experiments are described 
in detail in Rochelle et al. (2013) 

2 Method 

2.1 STARTING MATERIAL PREPARATION 

2.1.1 Cement 
The cement composition used for this study is based on the ‘Nirex reference backfill cement’ 
(NRVB) formulation (Francis et al., 1997). This was chosen so that the results from the present 
study would be comparable with different measured parameters/datasets from earlier studies. 
It is acknowledged however, that the compositions of backfill cements used in any future 
repository may well be different to the composition used in this study. However, many of the 
mineralogical reactions we may observe are likely to be common to a wide-range of cements 
with these results acting as a guide to the composition and design of future materials. 
The composition of the starting cement was as follows: 

• Portland Cement (‘Ordinary Portland cement’, from Hanson) = 450 kg/m3 
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• Limestone flour (‘Superlon 100’, from Longcliffe Ltd) = 495 kg/m3 
• Lime (‘Hydralime’, from Lafarge) = 170 kg/m3 
• Water (mains tap water) = 615 kg/m3 

These were thoroughly mixed together in a portable mixer to form fine slurry (Figure 1). A 
sufficient quantity (approximately 50 kg) of cement slurry was prepared in a single batch to 
provide an excess of material for use in the FORGE project. The cement was then poured into 
individual plastic moulds and allowed to set (Figure 2). As the cement was prepared as a single 
batch, all the resulting cylinders of cement should have identical composition. 

 
 

Figure 1 Manufacture of the NRVB samples showing the addition of the various 
components to a portable cement mixer. 

 

 

 
 

Figure 2 Pouring the cement slurry into plastic moulds. 

 

Once in the moulds the cement was left to set at 40°C for 24 hours. The plastic moulds were 
then removed, and the cylinders of cement cured for 40 days while immersed in water 
saturated with Ca(OH)2 at 40°C and 1 bar pressure. The purpose of this procedure (i.e. 
immersion in Ca(OH)2 was to minimise the potential for the outer parts of the cement to 
dissolve in the water. Being immersed in water also allowed pores within the cement to fully 
saturate, and importantly to uptake extra water as remaining high temperature clinker phases 
continued to slowly hydrate. After curing, the cement was stored in Ca(OH)2 -saturated water in 
a sealed container at room temperature (20°C) and atmospheric pressure. 
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2.1.2 Fluid preparation 
Ca(OH)2-saturated fluid 

Cement equilibrated fluid was prepared using an excess of CaO added to tap water and the 
cement cores were stored in this at room temperature for the duration of the experimental 
programme. Samples of this same fluid were used to perform the hydraulic tests. 

CO2-saturated fluid  

500 ml of the Ca(OH)2 saturated fluid was transferred into a stirred titanium mixed flow reactor 
vessel. CO2 gas was used to saturate the fluid at 40°C and 40 bar. This caused the precipitation 
of calcium carbonate from the fluid.  

2.1.3 Gases 
Two gases were used in the experiments: CO2 and nitrogen (N2). 

CO2 

The CO2 used in this study was sourced from high purity (99.99%) liquid CO2 (Air Products, 4.5 
Grade). This liquid CO2 was obtained in a cylinder fitted with a dip tube and pressurised with 
2000 psi (approximately 14 MPa) of helium. However, the actual experimental pressure was 
controlled by an ISCO syringe pump and the temperature moderated by running the 
experiments in an oven. This meant that experiments ran using CO2 as either a free gas phase 
or a denser supercritical fluid. 

 N2 

The N2 used in this study was obtained from BOC Gases and classified as ‘oxygen free’ (99.998% 
pure). It was delivered in a cylinder pressurised to 230 bar (23 MPa). As before, pressure within 
the experiments was controlled by a high precision ISCO syringe pump. 

2.2 SAMPLE SET UP 

2.2.1 Core samples 
The cylinders of NRVB were sub-cored using a wet diamond corer to produce samples of 
roughly 55 mm diameter and 50 mm long. The samples were stored in the Ca(OH)2-saturated 
fluid for a period of several months before use. Due to this, the effect of the cutting fluid (tap 
water) is likely to be minimal on pore water composition. Prior to use, the sample was turned 
down on a lathe to produce cores 49 mm diameter x 49 mm long. The smooth finish on the 
core was required to assist in sealing against the TeflonTM sheath and prevent side wall-flow. 
After each stage the cement samples were returned to the Ca(OH)2-saturated fluid at 20°C for 
storage to prevent drying and reactions with atmospheric CO2. Before sample assembly the 
dimensions of each core were accurately measured using a Linear Tools electronic calliper 
accurate to 0.01 mm, and weighed on a Mettler AT460 digital balance accurate to 0.0001 g. 

2.2.2 Sample assembly 
Each accurately machined sample of NRVB had its curved surface coated in a silicon based 
sealant to minimise the chance of side-wall flow. It was then sandwiched between two stainless 
steel end caps and jacketed in heat-shrink Teflon to exclude the confining fluid. At the base of 
each end cap was a sintered steel filter (GKN Sintermetals) to aid the even distribution of the 
injection fluid across the sample. Lock rings were used to compress the Teflon against a Viton 
O-ring in each end-cap providing a leak tight seal (Figure 3). 
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Figure 3 Teflon sealed sample assembly inside the confining pressure vessel.  
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2.3 EXPERIMENTAL APPARATUS 
The experimental test rig comprised of 6 main components (Figure 4): 

1) The cement sample sealed on the outside with heat shrink Teflon, and contained within 
a stainless steel pressure vessel filled with deionised water as a pressurising medium. 

2) The confining pressure circuit controlled by a ISCO-500HP series D syringe pump. This 
was filled with N2 gas used to exert pressure on the deionised water inside the pressure 
vessel and maintain the sample under repository conditions. 

3) The injection circuit controlled by a ISCO-500HP series D syringe pump to displace fluid 
from the injection interface vessel and into the sample. 

4) The backpressure circuit controlled by a ISCO-500HP series D syringe pump to exert a 
constant back pressure on the sample via the backpressure interface vessel, and also to 
monitor fluid flow through the sample. 

5) Remotely operated LabViewTM software used to collect data every 2 minutes with a sub 
sample of this data being used for data analysis purposes. 

6) A Binder FED400 oven set at a nominal temperature of 40°C ± 0.5°C. The oven contained 
the sample vessel along with both the injection and backpressure interface vessels 
(Figure 5).  

Confining, injection and backpressure circuits fitted with pressure transducers were calibrated 
along with the respective syringe pumps using an externally calibrated Druck PTX610 pressure 
transmitter prior to an experimental test. Linear regression of the data was used to provide 
calibration values that were input into the Labview software to produce corrected outputs for 
the experimental apparatus.   

 
 

Figure 4 Schematic diagram of the controlled flow rate gas permeater. The six main 
components are a specimen assembly, pressure vessel and associated pressure control 
equipment, a fluid injection system, a backpressure system, a PC-based data acquisition 
system and an oven. 
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Figure 5 Sample chamber inside oven. 

 

2.4 EXPERIMENTAL FLOW TESTING 

2.4.1 Re-saturation and hydraulic tests 
The injection and backpressure pumps were filled with Ca(OH)2-saturated water that had been 
previously filtered through a 0.2µm nylon filter. The resaturation and hydraulic tests were 
conducted using separate lines that by-passed the interface vessels to minimise fluid volumes 
and avoid corrosion. The sample was re equilibrated with the fluid at a porewater pressure of 4 
MPa in order to reduce any residual air trapped during the sample assembly process. Injection 
and backpressure were maintained at the same pressures during core re-saturation. Once 
complete, the hydraulic tests commenced by increasing and decreasing the injection flowrate in 
a stepwise manor doubling and halving the flow rate between each test stage in the range of 
2125 – 8500µ l/hr. 

2.4.2 Gas test 
Both injection and backpressure pumps were filled with deionised water. The injection 
interface vessel contained either nitrogen (BOC ‘oxygen free’ 99.998% pure) to provide inert 
baseline data or carbon dioxide (Air products, high purity 99.99% liquid, 4.5 Grade). The 
backpressure interface vessel was filled with deionised water, but with a small volume of 
nitrogen (N2) gas between the core and this water to act as a buffer zone removing the 
possibility of water contacting the cement and thus causing dissolution by the deionised water. 
The initial pressure in both the injection and backpressure interface vessels was synchronised. 
Once experimental conditions had stabilised, the injection pump was switched to a constant 
flow rate of 1250 µl/hr and deionised water pumped into the interface vessel to displace and 
inject the gas into the sample of NRVB. Any porewater displaced from the NRVB was 
transferred to the back pressure interface vessel.       

One exception to this experimental procedure was for test NRVB-5. In this instance the 
injection pump was filled with CO2 gas which was used to inject the previously prepared CO2-
saturated water into the sample. The interface vessels were recharged with gas or CO2-
saturated water until steady state conditions were achieved. In this instance the already  
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gas-saturated deionised water or water saturated CO2 gas respectively was reused to refill the 
pumps to prevent additional gas dissolving into the displacing fluid. In all tests, gas was injected 
from the bottom of the sample to minimise possible ‘slug’ flow. 

2.4.3 Experimental test matrix 
4 NRVB samples were successfully tested in this study (Table 1). There was one failure during 
the experimental programme (Test NRVB-3) in which a sample was set up and underwent re-
saturation before a leakage resulted in a loss of confining pressure. This accounts for the 
naming history of the subsequent test and why no experimental data for hydraulic or gas 
testing exists for NRVB-3. The NRVB-3 sample will not be considered further during this report. 

Test Back 
pressure* 

(MPa) 

Confining 
pressure 
(MPa) 

Temperature 
(°C) 

CO2 phase Status 

NRVB-1 4 8 40 Gas Successful 

NRVB-2 4 8 40 Gas Successful 

NRVB-3 8 12 40 Supercritical Failed 

NRVB-4 8 12 40 Supercritical Successful 

NRVB-5 4 8 4 Dissolved CO2 Successful 

*and initial injection pressure 

Table 1 Experimental test matrix. 

 

2.5 MINERALOGICAL AND PETROGRAPHICAL METHODS 
 

2.5.1 Initial sample preparation 
Immediately upon retrieval from the reaction vessels, and prior to any mineralogical and 
petrographical analysis, the reacted cement cores were photographed using a digital camera. 
The cement cores were then dried under vacuum in an Edwards Modulyo Freeze Drier unit to 
reduce any subsequent reaction of the moist cement with atmospheric CO2 during storage. 
However, the samples were not freeze-dried, as the pre-freezing process would have 
potentially created damage to the fabric of the samples. This is because the cement plugs were 
too large to allow rapid freezing throughout the mass of the sample, and slow freezing of the 
porewater within the core of cement plugs would have led to the slow, but disruptive, growth 
of ice crystals. Instead, the moist cement plugs were placed directly in the freeze drier unit, 
which was then evacuated and drying was carried out at 18°C until a constant vacuum (~1 x10-1 
Torr) was reached after about 24-48 hours. The dry cement cores were longitudinally sliced in 
half parallel to the core axis. One half core was used petrographic polished thin section 
preparation and mineralogical analysis. The opposing half-core was used for 
micropermeameter analysis and gravimetric analysis to determine the amount of CO2 uptake 
by the cement. 

The dried cement samples were then transferred into a glass desiccator containing soda lime 
and silica gel prior to further preparation for mineralogical analysis. The soda lime served to 
absorb any atmospheric CO2 in the vessel, thereby preventing any potential carbonation of the 
solids by reaction with atmospheric CO2 during storage prior to analysis.  
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A comparison was made with an unreacted cement reference sample, which had been stored in 
a sealed container in water saturated with Ca(OH)2 for the duration of the experiments. This 
was also prepared in the same way as the reacted cement cores. 

2.5.2 Polished block section preparation 
Large-format (75 x 50 mm) petrographic polished thin sections were prepared from each 
cement core for use with transmitted light optical petrography and backscattered scanning 
electron microscopy. The large-format sections covered virtually the entire area of the 
longitudinal profile through the cement core to include the ‘flow inlet’ to the ‘flow outlet’ ends 
of the core. The polished thin sections were prepared by vacuum impregnating the slice cement 
cores with epoxy-resin. A blue dye was added to the epoxy-resin to enable the porosity in the 
cement to be readily differentiated and observed by optical transmitted light microscopy. Thin 
slices of the epoxy-resin-impregnated cement blocks were sawn and bonded onto glass 
microscope slides using colourless epoxy-resin. These were then ground to 30 µm thickness to 
produce an optically-transparent thin section, and finished by polishing with 0.45 µm diamond 
paste to produce a high-quality optical polished surface.  

The cement cores were sliced by dry-cutting with a diamond rock saw, and the cut slices were 
subsequently ground and polished under alcohol to prevent any reaction of the cement 
materials with water-based cutting and polishing fluids. 

2.5.3 Optical petrography 
The polished blocks were initially scanned, using a digital flatbed optical scanner, to provide 
reference images of the whole block section area. The polished blocks were then briefly 
examined in transmitted light using a Zeiss Axioplan 2 petrological (polarising) microscope. 
Petrographic images were recorded using a bespoke Zeiss AxioCam MRc5 digital microscope 
camera attached to the petrographic microscope. 

2.5.4 Backscattered scanning electron microscopy 
Backscattered scanning electron microscopy (BSEM) was used to make high-resolution 
petrographical observations of the polished thin sections. Image brightness in BSEM images is 
related to the average atomic number of the phases observed (Goldstein et al., 1981), and this 
therefore allows differentiation of the minerals observed in polished sections on the basis of 
the image brightness. Prior to BSEM examination, the polished surface of the thin section was 
made electrically conductive by coating with a thin layer of carbon (250Å thick) by vacuum 
evaporation of carbon. 

BSEM analyses were carried out using a FEI QUANTA 600 environmental scanning electron 
microscope (ESEM) fitted with an Oxford Instruments INCA Energy 450 energy-dispersive X-ray 
microanalysis (EDXA) system with a 50 mm2 Peltier-cooled (liquid nitrogen free) silicon drift 
detector (SSD) X-ray detector capable of operating at very high input X-ray count rates (up to 
~106 counts per second). The ESEM was operated in conventional high vacuum mode, with a 
routine electron beam accelerating voltage of 20 kV which was reduced to between 10-20 kV 
where finer resolution was required, and beam probe currents of between 1.17 and 4.5 nA, and 
a working distance of 7-10 mm. Mineral/phase identification was aided by microchemical 
information obtained from simultaneous observation of semi-quantitative EDXA spectra 
recorded from features of interest, and processed using the INCA Microanalysis Suite software 
package (Oxford Instruments Analytical Limited, 2009). The EDXA system is capable of detecting 
elements from atomic number 4 (boron) to atomic number 92 (uranium), and has detection 
limits of the order of 0.2 to 0.5 wt. % for most common major elements. 
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Some BSEM observations were also carried out using a LEO 435VP variable-pressure SEM 
instrument. This was fitted with an Oxford Instruments INCA Energy 450 energy-dispersive X-
ray microanalysis (EDXA) system with liquid nitrogen cooled Si-Li X-ray detector. The SEM was 
operated in conventional high vacuum mode, with a routine electron beam accelerating voltage 
of 20 kV which was reduced to between 10-20 kV where finer resolution was required, and 
beam probe currents of between 300 to 800 pA, and a working distance of 19 mm. 
Mineral/phase identification was aided by microchemical information obtained from 
simultaneous observation of semi-quantitative EDXA spectra recorded from features of 
interest, and processed using the INCA Microanalysis Suite software package (Oxford 
Instruments Analytical Limited, 2009).  

Chemical variations of selected areas of the polished thin sections were also examined by X-ray 
mapping of element distribution using BSEM-EDXA using the FEI QUANTA 600 ESEM 
instrument. Digital EDXA X-ray element maps were recorded from selected areas of interest, 
using a 20 kV electron beam, 200-500 pA beam currents and at a working distance of 10 mm. 
EDXA spectra and digital X-ray elemental maps were processed using the INCA Microanalysis 
Suite software package (Oxford Instruments Analytical Limited, 2009). X-ray element maps 
were recorded at a resolution of 1024 x 1024 pixels, and typically produced by summation of 
data recorded from 20-50 frame scans recorded over 30-60 minutes. 

2.5.5 X-ray diffraction analysis 
For quantitative whole-rock XRD analysis, the samples were ground in pestle and mortar and an 
approximately 3 g portion of the ground material was then wet-micronised under acetone for 
10 minutes, dried, disaggregated and back-loaded into standard stainless steel sample holders 
for analysis. Corundum (American Elements, Al2O3, AL-OX-03-P) was added as an internal 
standard (10 % by weight), which allowed validation of quantification data and also the 
detection of any amorphous species in the samples. Corundum was selected as its principle XRD 
peaks are suitably remote from those produced by most of the phases present in the samples 
and its mass absorption coefficient is similar to the sample matrix. 

Where insufficient material was available to prepare a standard back-loaded sample mount, a 
portion of the ground material was deposited onto the surface of a ‘zero-background’ silicon 
crystal wafer mount using a single drop of acetone. 

XRD analysis was carried out using a PANalytical X’Pert Pro series diffractometer equipped with 
a cobalt-target tube, X’Celerator detector and operated at 45 kV and 40 mA. The samples were 
scanned from 4.5-85°2θ at 2.76°2θ/minute. Diffraction data were initially analysed using 
PANalytical X’Pert Highscore Plus Version 2.2a software coupled to the latest version of the 
International Centre for Diffraction Data (ICDD) database. 

Following identification of the mineral species present in the samples, mineral quantification 
was achieved using the Rietveld refinement technique (e.g. Snyder and Bish, 1989) using 
PANalytical Highscore Plus software. This method avoids the need to produce synthetic 
mixtures and involves the least squares fitting of measured to calculated XRD profiles using a 
crystal structure databank. Errors for the quoted mineral concentrations are typically ~2.5% for 
concentrations >60 wt%, ~5% for concentrations between 60 and 30 wt%, ~10% for 
concentrations between 30 and 10 wt%, ~20% for concentrations between 10 and 3 wt% and 
±40% for concentrations <3 wt% (Hillier et al., 2001). Where a phase was detected but its 
concentration was indicated to be below 0.5%, it is assigned a value of <0.5%, since the error 
associated with quantification at such low levels becomes too large. 
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To analyse the reaction rim coating the surface of the cement cores some material was 
carefully scapped off the surface of the cement core, and dispersed directly on a silicon wafer 
using a single drop of acetone. 

2.5.6 Micropermeametry 
A Temco MP-402 ‘mini- permeameter’ or ‘probe-permeameter’ was used. Measurements were 
made on the cut flat face of one half of the intact slabbed dried cement cores in a horizontal 
orientation. The core face was prepared by applying adhesive peels to remove cutting fines 
from the surface. The probe tip was held against the rock to be tested and sealed using a 
pneumatic piston. A regulated gas pressure was applied to the tip of the probe until a stable 
flow rate was achieved. The control software associated with the Temco MP-402 recorded the 
flow rate and pressure and calculated permeability as follows: 
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ka = gas permeability (mD) 
µ = viscosity (cp) 
Qb = volumetric flow rate (cm3 s-1) 
Pb = reference pressure (atm) 
Tact = actual temperature (°C) 
Tref  = reference temperature (°C) 
G0 = dimensionless geometric shape factor  
a = internal radius of the tip of the permeameter (cm) 
P1 = upsteam pressure (atm) 
P2 = downsteam pressure (atm) 

 

As part of the testing procedure, the tip was removed from the rock and the measurement is 
repeated several times at the same spot. The mean of these measurements is taken as 
representative of the permeability of the sample. 

For advanced measurements, if a permeability is determined close to the effective resolution of 
the mini-permeameter (about 0.2 mD, 1.5x10-9 ms-1), then a record of permeability of <0.2 mD 
is sometimes reported. More rapid routine measurements on more permeable materials are 
usually quoted to about <1 mD, (7.4x10-9 ms-1). 

Measurements of permeability were recorded along the length of each core, ensuring that the 
measurements traversed any obvious action fronts. The analyses represent permeability with 
respect to gas transport. It should be noted that the permeability of these cement materials 
was close to the lower limit of measurement for the capability of this technique. 
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3 Results 

3.1 NRVB-1 –GASEOUS CO2: PARTIAL CARBONATION TEST 
The purpose of this initial test were to generate a partially carbonated NRVB sample so that the 
reaction zone between carbonated and uncarbonated cement could be studied. The tests were 
performed at 40°C and 4 MPa. 

3.1.1 Resaturation and hydraulic test 
Hydraulic and gas testing was performed following an initial resaturation period using the 
experimental condition given in Table 1. The experiment involved a series of stages as shown in 
Table 2. For each test the temperature was maintained at a constant 40 ± 0.5°C (Figures 6A and 
7B). Results yield an average hydraulic conductivity of 4.2 x10-10 ± 2.59 x 10-12 ms-1   and a 
hydraulic permeability of 4.3 x10-17 ± 2.65 x 10-19 m2 over the 10 test stages.  

3.1.2 Gas test 
The gas test was performed using 290 ml of gaseous CO2. This volume was chosen to 
intentionally limit the extent of the carbonation reactions, and result in a reaction front in the 
middle of the sample so its mineralogy could be studied. CO2 gas was injected at an initial 
pressure of 4 MPa and a flowrate of 1250 µl/hr. Pressures then increased to 4.83 MPa before 
decreasing to 4.60 MPa. When injection pressure reached approximately 5 MPa the CO2 supply 
was exhausted (Figure 7A). This initial rise and fall in the gas pressure is thought to be as a 
result of fluid being displaced from the sintered distribution discs as this was coupled with a 
small outflow from the sample over the same time period (Figure 7B).  

3.1.3 Gas test decay stage 
The test did not reach steady state due to limiting the gas volume, and once the volume had 
been injected the pressure was allowed to decay (Figure 7C). Two features were observed 
during the decay. One was rapid decay of pressure as the gas in the interface vessel was 
consumed by the cement, and the second slower stage from around day 25. The remaining CO2 
in the system after the pump had emptied may have been consumed at this stage. The decay in 
the injection pressure  from the consumption of CO2 out of the interface vessel may have been 
an indication of this process. The pressure in the injection pump fell below that of the 
backpressure pump suggesting a reduction in permeability within the sample preventing the 
back flow of gas and consequent pressure equalisiation (Figure 7C). This was later confirmed in 
test NRVB-5 (section 3.4) which showed a three order of magnitude reduction in hydraulic 
permeability following carbonation.  

On completion of the experiment a reaction front could clearly be seen traversing the central 
part of the cement sample (Figure 8). The sample was carefully removed and weighed before 
undergoing vacuum desiccation to allow the reaction front mineralogy to be studied.  This 
initial test showed firstly the permeable nature of NRVB to the Ca(OH)2 saturated water, and 
secondly the potential for carbonation to reduce permeability and produce a pressure gradient 
across the sample which limited pressure equalisation. 
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 Permeability (m2) Conductivity (ms-1)  

Stage 
No. Type of test Fluid 

Flow 
rate 

(µl/hr) 

Injection 
Pressure 

(MPa) 

Back 
pressure 

(MPa) 
K in K out K in  K out Duration 

(Hours) 

1 Resaturation Ca(OH)2-
saturated water - 3.98 3.99 - - - - 19.0 

2 Hydraulic Ca(OH)2-
saturated water 8500 5.43 3.99 4.3 x 10-17 4.3 x 10-17 4.2 x 10-10 4.2 x 10-10 1.8 

3 Hydraulic Ca(OH)2-
saturated water 4250 4.72 3.99 4.2 x 10-17 4.2 x 10-17 4.1 x 10-10 4.2 x 10-10 6.6 

4 Hydraulic Ca(OH)2-
saturated water 2125 4.35 3.99 4.2 x 10-17 4.3 x 10-17 4.2 x 10-10 4.2 x 10-10 11.3 

5 Hydraulic Ca(OH)2-
saturated water 0 3.99 3.99 - - - - 6.5 

6 Hydraulic Ca(OH)2-
saturated water 2125 4.35 3.99 4.3 x 10-17 4.3 x 10-17 4.2 x 10-10 4.2 x 10-10 6.2 

7 Hydraulic Ca(OH)2-
saturated water 4250 4.72 3.99 4.2 x 10-17 4.3 x 10-17 4.2 x 10-10 4.2 x 10-10 8.0 

8 Hydraulic Ca(OH)2-
saturated water 8500 5.42 3.99 4.3 x 10-17 4.3 x 10-17 4.2 x 10-10 4.2 x 10-10 3.2 

9 Hydraulic Ca(OH)2-
saturated water 4250 4.71 3.99 4.3 x 10-17 4.3 x 10-17 4.2 x 10-10 4.2 x 10-10 5.8 

10 Hydraulic Ca(OH)2-
saturated water 2125 4.35 3.99 4.3 x 10-17 4.3 x 10-17 4.2 x 10-10 4.2 x 10-10 4.2 

11 Hydraulic Ca(OH)2-
saturated water 0 3.98 3.99 - - - - 22.9 

12 gas injection CO2 - 3.98 3.99 - - - - 23.76 

13 gas injection CO2 1250 -  - - - - 240 

 

Table 2 Table showing run conditions and test data for the sequence of NRVB-1 test 
stages.  

 

  
Figure 6  (A) NRVB-1 Hydraulic test flow rate and temperature monitoring (B) NRVB-1 
Hydraulic test pressures. 
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Figure 7  (A) NRVB-1 CO2 gas test (B) NRVB-1 flow rate and temperature monitoring during 
CO2 gas test (C) Pressure decay stage of NRVB-1 CO2 gas test. 

 
Figure 8 NRVB-1 sample post reaction with CO2 showing reaction front and NRVB 
alteration (non carbonated grey cement at the top of the image turn buff colour on reaction 
with CO2). 
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3.2 NRVB-2 – GASEOUS CO2: FULL CARBONATION 
This test was performed to determine hydraulic and gas permeability of gaseous CO2 at 40°C 
and 4MPa. 

3.2.1 Resaturation and Hydraulic test 
Hydraulic test data for the NRVB-2 sample (Figure 9) showed similar permeability and 
conductivity to that of NRVB-1 in they were consistent with each other. Hydraulic flow rates 
(Table 3, stages 2 to 7 and 11 to 16) and permeability measurements compare well with those 
of NRVB-1 (Table 2), showing a high degree of reproducibility. The average permeabilities 
before and after gas test using nitrogen were 4.1 x 10-17 m2 and 4.2 x 10-17 m2 respectively, 
suggesting (as anticipated) the gas test using nitrogen has little effect on the NRVB cement 
structure or its properties. 

3.2.2 Gas tests 
A gas test in which nitrogen was injected at a constant flow rate of 1250µl/hr against a constant 
back pressure of 4MPa was conducted on the NRVB-2 sample. This resulted in the gas pressure 
rising, to and plateau at, 5.11MPa at approximately day 13 (Figure 10A). A small ‘slug’ outflow 
was observed around day 10 (Figure 10B) as the injection pressure reached 4.05 MPa. This 
outflow ceased after 0.5 days even though the pressure had increased to 4.16 MPa (Figure 
10A), suggesting this initial outflow was due to a small volume of water being displaced from 
the filter discs at the top of the core. This confirmed that the initial observations of flow and 
pressure from the NRVB-1 gas test had been due to water displacement.  

After conducting a repeat hydraulic test (Figure 11), a gas test using CO2 was performed again 
at a constant back pressure of 4 MPa and an injection flow rate of 1250 µl/hr (Figure 12). The 
pressure increased initially at approximately day 10.4 to 4.15 MPa at which point a small 
outflow occurred (Figure 12B) as water was displaced from the filter discs. This outflow ceased 
1.3 days later. Gas pressure continued to increase during carbonation and peaked at around 
6.52 MPa at day 16 (Figure 12A). A slow initial increase in outflow was observed at this point 
and continued until day 21, thought to be mainly water exiting the sample (Figure 12B). The 
main breakthrough of fluid occurred in a sudden step at around 21.7 days, marked by a 
decrease in gas injection pressure at the same time. Major gas breakthrough lagged behind the 
pressure peak, probably reflecting complex reaction fronts. Pressure continued to decrease and 
outflow increase 27.5 days, when steady state conditions were achieved. The average 
permeability of the NRVB during CO2 gas test was found to 1.0 x 10-19 m2, significantly lower 
than for the N2 gas test at 2.2 x 10-19 m2. Maximum test pressures and those at steady state 
were significantly higher during CO2 injection test demonstrating the effects of this reduction in 
permeability (Table 3).  

This change in permeability was confirmed by a repeat nitrogen gas test after carbonation that 
found the average to be 1.1 x 10-19 m2 (Figure 13). The maximum gas pressure generated during 
this second nitrogen test was approx 6.30 MPa, decreasing to 5.97 MPa at steady state (Figure 
13A). Again, pre- and post-carbonation gas injection tests with nitrogen clearly show a change 
in gas pressure reflecting that carbonation had significantly affected the bulk permeability of 
the NRVB. The slug flow was absent in the post carbonation nitrogen test, as the core was not 
re-saturated with the hydraulic fluid prior to re-injecting gas (Figure 13B).  
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3.2.3 Gas test decay stage 
The decay stages of both nitrogen tests on NRVB-2 (Figure 10C and 13C) indicated a capillary 
pressure of approx 300 kPa as the injection pressure decayed to 4.33 MPa, and back pressure 
remained at 4.00 MPa. The final decay pressure for the CO2 test was found to be 4.62 MPa on 
the injection circuit, suggesting a capillary pressure of 600 kPa (Figure 12C). This higher decay 
pressure maybe as a result of limited time given in which to run the decay stage of the test. 
There was no evidence however, to suggest that during the CO2 test the injection pressure 
would fall below that of the backpressure as per the NRVB-1 experiment. 
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 Permeability (m2) Conductivity (ms-1)  

Stage 
No. 

Type of 
test Fluid 

Flow 
rate 

(µl/hr) 

Injection 
Pressure 

(MPa) 

Back 
pressure 

(MPa) 
K in K out K in K out Duration 

(Hours) 

1 Resaturati
on 

Ca(OH)2-
saturated 

water 
- 3.99 4.00 - - - - 5.9 

2 Hydraulic 
Ca(OH)2-
saturated 

water 
2125 4.38 4.01 4.1 x 10-

17 4.1 x 10-17 4.0 x 10-10 4.0 x 10-10 7.7 

3 Hydraulic 
Ca(OH)2-
saturated 

water 
4250 4.77 4.01 4.0 x 10-

17 4.0 x 10-17 4.0 x 10-10 3.9 x 10-10 15.2 

4 Hydraulic 
Ca(OH)2-
saturated 

water 
8500 5.52 4.01 4.1 x 10-

17 4.1 x 10-17 4.0 x 10-10 4.0 x 10-10 7.7 

5 Hydraulic 
Ca(OH)2-
saturated 

water 
4250 4.77 4.01 4.0 x 10-

17 4.0 x 10-17 4.0 x 10-10 4.0 x 10-10 16.8 

6 Hydraulic 
Ca(OH)2-
saturated 

water 
2125 4.39 4.00 4.2 x 10-

17 4.3 x 10-17 4.1 x 10-10 4.2 x 10-10 5.1 

7 Hydraulic 
Ca(OH)2-
saturated 

water 
0 3.99 4.00 - - - - 10.1 

8 Gas 
injection N2 - - - - - - - 16 

9 Gas 
injection N2 1250 5.11 4.01 2.2 x 10-

19 2.2 x 10-19 - - 214.7 

10 Resaturati
on 

Ca(OH)2-
saturated 

water 
0 3.99 4.00 - - - - 3.5 

11 Hydraulic 
Ca(OH)2-
saturated 

water 
2125 4.37 4.00 4.2 x 10-

17 4.1 x 10-17 4.1 x 10-10 4.1 x 10-10 17.8 

12 Hydraulic 
Ca(OH)2-
saturated 

water 
4250 4.73 4.00 4.2 x 10-

17 4.2 x 10-17 4.1 x 10-10 4.1 x 10-10 6.4 

13 Hydraulic 
Ca(OH)2-
saturated 

water 
8500 5.46 4.01 4.2 x 10-

17 4.2 x 10-17 4.2 x 10-10 4.1 x 10-10 4.7 

14 Hydraulic 
Ca(OH)2-
saturated 

water 
4250 4.73 4.00 4.2 x 10-

17 4.2 x 10-17 4.1 x 10-10 4.1 x 10-10 8.7 

15 Hydraulic 
Ca(OH)2-
saturated 

water 
2125 4.36 4.00 4.3 x 10-

17 4.2 x 10-17 4.2 x 10-10 4.1 x 10-10 5.9 

16 Hydraulic 
Ca(OH)2-
saturated 

water 
0 3.99 4.00 - - - - 4.8 

17 gas 
injection CO2 - - - - - - - 8.0 

18 gas 
injection CO2 1250 5.93 4.01 1.04 x 10-

19 
9.69 x 10-

20 
4.09 x 10-

17 
4.09 x 10-

17 463.3 

19 gas 
injection N2 - - - - - - - 17.3 

20 gas 
injection N2 1250 5.97 4.00 1.15 x 10-

19 
1.10 x 10-

19 
4.09 x 10-

17 
4.09 x 10-

17 221.9 

 

Table 3 Table showing run conditions and test data for the sequence of NRVB-2 test 
stages. 
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Figure 9 (A) NRVB-2 Initial hydraulic test flow rate and temperature monitoring (B) NRVB-2 
Initial hydraulic test pressures. 

 
Figure 10 (A) NRVB-2 N2 gas test (B) NRVB-2 flow rate and temperature monitoring during 
N2 gas test (C) Pressure decay stage of NRVB-2 N2 gas test. 
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Figure 11  (A) NRVB-2 (post N2 gas test) hydraulic testing showing flow rate and 
temperature monitoring (B) NRVB-2 (post N2 gas test) hydraulic pressures. 

 

 
Figure 12  (A) NRVB-2 CO2 gas test (B) NRVB-2 flow rate and temperature monitoring during 
CO2 gas test (C) Pressure decay stage of NRVB-2 CO2 gas test. 
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Figure 13 (A) NRVB-2 (post carbonation) N2 gas test (B) NRVB-2 (post carbonation) flow rate 
and temperature monitoring during N2 gas test (C) Pressure decay stage of NRVB-2 (post 
carbonation) N2 gas test. 

3.3 NRVB-4 – SUPERCRITICAL CO2 TEST 
This test was performed to determine hydraulic and gas permeability of supercritical CO2 at 
40°C and 8 MPa. It is unlikely that CO2 in a repository will exist in a supercritical state, as very 
high gas generation rates would be needed, but for deep repositories its presence cannot be 
ruled out. Therefore experiments were conducted with supercritical CO2 as an extreme end 
member case at which to assess the impacts of cement carbonation. 

3.3.1 Resaturation and hydraulic test 
The sample was resaturated for 168 hours. Hydraulic test data for the NRVB-4 sample (Table 6) 
showed that it displayed a similar permeability and conductivity to that of the previous 
hydraulic tests in this study. However an atypical response, highlighted in Figure 14, was seen 2 
hours into stage 3. The flow rate on the back pressure circuit dropped and became unstable 
before returning to a flow rate comparable with that of the injection flow rate. The reason for 
this instability during the test is currently unclear. However, this has little impact overall on the 
data for the determination of both hydraulic permeability and conductivity. 

3.3.2 Gas test 
Initially a moderate outflow was observed in this supercritical CO2 test as fluid from the filter 
discs was displaced. Pressure peaked at 9.39 MPa approx 3 days later, after which the pressure 
decayed to 8.8 MPa. During this time, two pulses were observed in the outflow of fluid toward 
the backpressure pump. The first outflow of gas occurred at day 31 before a slight decay, with 
the second main pulse occurring a day later. A rapid increase in outflow was observed around 
day 37 coupled with a second pressure peak to 9.06 MPa. This second pressure peak occurred 
after the reloading of the interface vessel, but it is not thought to be directly associated with 
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this procedure and may reflect events similar to those observed between day 30 and 33 (Figure 
15B).  

10 days after the start of gas injection the flow rate between the front of the sample (in flow) 
and back of the sample (out flow) were the same. At day 42 both the back pressure had almost 
stabilised at 8.87MPa (Figure 15A). However, there was decay in the outflow which may have 
been a result of a small leak in the backpressure pump.  

The average permeability of the NRVB during the supercritical CO2 test was found to 1.9 x 10-19 
m2. This is close to the permeability of N2 gas and double that measured for CO2 gas in NRVB-2. 
However the latter test was performed at the lower pressure and temperature of 40°C and 4 
MPa. It is unclear why the cement carbonated with supercritical CO2 gave permeability similar 
to that of N2. Steady state was achieved in the supercritical test after a much shorter duration 
than the tests with gaseous CO2. It was evident after testing that the supercritical CO2 had 
chose a direct pathway through the sample causing large zones of unreacted cement to remain. 
The area at which the gas passed through the sample was therefore effectively halved. A 
decrease in sample area would effectively lead to a decrease in permeability and so this may 
account for the seemingly similar permeability results.  

3.3.3 Gas test decay stage 
After the CO2 test the pumps were stopped and pressure decay observed. There was a steady 
decay of pressure to 7.9 MPa until at day 46 it briefly stabilised, at a pressure less than the 
backpressure (Figure 15C). The rate of decay then changed until the pressure stabilized at 
approx 7.3 MPa at day 53. This effect was observed in the decay stage of the NRVB-1 gas test. 
This similarity may be linked to the fact that both of these tests had substantial amounts of 
unreacted material remaining after the injection stage and suggests a change in permeability 
between these two areas may prevent the backflow of fluid from the downstream end of the 
core. 
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Table 4 Table showing run conditions and test data for the sequence of NRVB-4 test 
stages. 

 

 
Figure 14 (A) NRVB-4 hydraulic test flow rate and temperature monitoring (B) NRVB-4 
hydraulic test pressures. 

 

 Permeability ( m2) Conductivity (ms-1)  

Stage 
No. Type of test Fluid 

Flow 
rate 

(µl/hr) 

Injection 
Pressure 

(MPa) 

Back 
pressure 

(MPa) 
K in K out K in K out Duration 

(Hours) 

1 Resaturation 
Ca(OH)2-
saturated 

water 
- 8.00 8.02 - - - - 168 

2 Hydraulic 
Ca(OH)2-
saturated 

water 
2125 8.40 8.02 4.1 x 10-17 4.1 x 10-17 4.0 x 10-10 4.0 x 10-10 12 

3 Hydraulic 
Ca(OH)2-
saturated 

water 
4250 8.78 8.02 4.0 x 10-17 4.0 x 10-17 4.0 x 10-10 3.9 x 10-10 9.6 

4 Hydraulic 
Ca(OH)2-
saturated 

water 
8500 9.58 8.02 4.0 x 10-17 3.9 x 10-17 3.9 x 10-10 3.8 x 10-10 4.8 

5 Hydraulic 
Ca(OH)2-
saturated 

water 
4250 8.79 8.02 4.0 x 10-17 4.0 x 10-17 3.9 x 10-10 3.9 x 10-10 9.6 

6 Hydraulic 
Ca(OH)2-
saturated 

water 
2125 8.40 8.02 4.1 x 10-17 4.0 x 10-17 4.0 x 10-10 4.0 x 10-10 7.2 

7 Hydraulic 
Ca(OH)2-
saturated 

water 
0 8.00 8.02 - - - - 15 

8 Gas injection CO2 - 7.97 8.01 - - + - 58.8 

9 Gas injection CO2 1250 8.97 8.02 2.0 x 10-19 1.9 x 10-19 - - 403.2 
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Figure 15  (A) NRVB-4 CO2 gas test (B) NRVB-4 flow rate and temperature monitoring during 
CO2 gas test (C) Pressure decay stage of NRVB-4 CO2 gas test. 
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3.4 NRVB-5 – HYDRAULIC TESTING USING CO2-SATURATED CEMENT 
POREWATER 

3.4.1 Resaturation and hydraulic test with cement pore water 
Resaturation of the sample was performed for approximately 48 hours. Hydraulic test data for 
the NRVB-5 sample stages 2-6 (Table 5) showed the sample displayed similar permeability and 
conductivity to that of all the previous hydraulic tests in this study. The pressure response to 
changes in flow rate was consistent with other hydraulic tests previously conducted in this 
study (Figure 16A and 16B). These observations are important, highlighting the consistency of 
both the manufacturing techniques for this study (i.e in several samples made gave very similar 
results), but also to NRVB permeability as a material. The sample heterogeneities that may have 
been introduced during the manufacturing process, which were observed in the batch 
experiment samples (Rochelle et al., 2013) seem to have little impact overall on the bulk 
permeability of the material. 

3.4.2 Hydraulic test with CO2-saturated cement pore water 
Ca(OH)2-saturated water was reacted with CO2  at 40°C and 4.0 MPa, filtered and injected at an 
initial flow rate of 1250 µl/hr (Figure 17A). There were three spikes in backpressure flow rate 
associated with temperature increases (circled in Figure 17A). These can be attributed to 
opening the oven whilst reloading the interface vessel with CO2 saturated water. 

Initial movement of the fluid through the sample was rapid, coupled with a steady rise in 
pressure. Two peaks in outflow were observed, one initially after injection suggesting 
displacement from the filters, and a second peak at 43.6 days flowed by a decay and another 
slower rise in flow rate. Equivalent outflow to inflow was not achieved, suggesting complex 
pulsed fluid flow, possibly restricted by different carbonation episodes.  

There was a rapid decrease in pressure and flow rate at day 49 which can be attributed to an 
accidental change of fluid phase moving through the NRVB sample. This occurred when the 
interface vessel ran out of the CO2-saturated water and CO2 gas was injected into the sample. 
The pressure dropped from 5.4 MPa to 4.2 MPa. Though accidental, this clearly showed the 
different transport properties of gases and liquids through carbonated NRVB. 

After recharging the interface vessel with fresh CO2-saturated cement porewater the pressure 
continued to evolve and increased to near the confining pressure of 8 MPa. The flow rate was 
therefore reduced to 626 µl/hr to achieve steady state. However, pressure continued to 
increase, peaking at 7.6 MPa. The flow rate was finally reduced to 312 µl/hr, at which the 
pressure stabilized at 6.1 MPa and steady state was achieved.  

The average permeability calculated from this hydraulic test containing dissolved CO2 was    
4.28 X 10-20 m2. This permeability was 1000 times less than for the Ca(OH)2 saturated cement 
porewater during initial hydraulic testing. Carbonation causing a reduction in the NRVB 
permeability of this magnitude could potentially affect the evolution of the repository. Free gas 
moving through the repository initially would still have the ability to dissipate but as the 
repository became more groundwater saturated this could potentially divert or restrict fluid 
flow in and around areas of low permeability caused by carbonation.  
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Table 5 Table showing run conditions and test data for the sequence of NRVB-5 test 
stages. 

 

 
Figure 16 (A) NRVB-5 hydraulic test flow rate and temperature monitoring (B) NRVB-5 
hydraulic test pressures. 

 Permeability ( m2) Conductivity (ms-1)  

Stage 
No. Type of test Fluid 

Flow 
rate 

(µl/hr) 

Injection 
Pressure 

(MPa) 

Back 
pressure 

(MPa) 
K in K out K in K out Duration 

(Hours) 

1 Resaturation 
Ca(OH)2-
saturated 

water 
- 4.00 4.00 - - - - 48.5 

2 Hydraulic 
Ca(OH)2-
saturated 

water 
2125 4.32 4.00 4.9 x 10-17 4.6 x 10-17 4.8 x 10-10 4.5 x 10-10 12.5 

3 Hydraulic 
Ca(OH)2-
saturated 

water 
4250 4.65 4.00 4.7 x 10-17 4.6 x 10-17 4.6 x 10-10 4.5 x 10-10 6.2 

4 Hydraulic 
Ca(OH)2-
saturated 

water 
8500 5.28 4.00 4.8 x 10-17 4.7 x 10-17 4.7 x 10-10 4.6 x 10-10 2.4 

5 Hydraulic 
Ca(OH)2-
saturated 

water 
4250 4.64 4.00 4.8 x 10-17 4.6 x 10-17 4.7 x 10-10 4.5 x 10-10 21.4 

6 Hydraulic 
Ca(OH)2-
saturated 

water 
2125 4.31 4.00 4.9 x 10-17 4.6 x 10-17 4.8 x 10-10 4.5 x 10-10 9.8 

7 Hydraulic 
Ca(OH)2-
saturated 

water 
0 3.98 4.00 - - - - 77.8 

8 Hydraulic  
CO2 

saturated 
water 

- 3.97 3.99 - - - - 710.4 

9 Hydraulic 
CO2 

saturated 
water 

1250 7.40 3.99 - - - - 673.6 

9 Hydraulic 
CO2 

saturated 
water 

625 7.80 3.99 - - - - 15.4 

9 Hydraulic 
CO2 

saturated 
water 

312 6.12 3.99 4.1 x 10-20 4.5 x 10-20 4.0 x 10-13 4.4 x 10-13 284.4 
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Figure 17 (A) NRVB-5 CO2 saturated hydraulic test flow rate and temperature monitoring (B) 
NRVB-5 CO2 saturated hydraulic test pressures. 

3.5 SUMMARY OF HYDRAULIC AND GAS TEST DATA 

3.5.1 Hydraulic tests 
Repeat hydraulic testing on the four NRVB cores produced constant and reproducible hydraulic 
permeability and conductivity values. The overall average permeability of NRVB was found to 
be 4.3 x 10-17 ± 3.3 x 10-18 m2 and for conductivity 4.2 x 10-10 ms-1 ± 3.1 x 10-11  (Table 6).  

Hydraulic testing using CO2-saturated cement pore water decreased permeability and 
conductivity by 3 orders of magnitude such that permeability was determined to be 4.2 x 10-13 
m2 and conductivity 4.3 x 10-13 ms-1 at 40°C and 4 MPa. 

 

Test Test stage 
Permeability ( m2) Conductivity (ms-1) 

K in K out K in K out 
NRVB-1 Pre CO2injection 4.3 x 10-17 4.3 x 10-17 4.2 x 10-10 4.2 x 10-10 

NRVB-2 
Pre N2 injection 4.0 x 10-17 4.0 x 10-17 3.9 x 10-10 4.0 x 10-10 
Post N2 injection 4.2 x 10-17 4.1 x 10-17 4.1 x 10-10 4.0 x 10-10 

NRVB-4 Pre CO2 injection 4.0 x 10-17 4.0 x 10-17 4.0 x 10-10 3.9 x 10-10 

NRVB-5 
Pre CO2 injection 4.8 x 10-17 4.6 x 10-17 4.7 x 10-10 4.5 x 10-10 

CO2 saturated cement 
pore water* 4.1 x 10-20 4.5 x 10-20 4.0 x 10-13 4.4 x 10-13 

 Average* 4.3 x 10-17 4.2 x 10-17 4.2 x 10-10 4.1 x 10-10 

 Standard deviations ±3.3 x 10-18 ±2.6 x 10-18 ±3.1 x 10-11 ±2.4 x 10-11 
 
*CO2 saturated cement pore water not included in average permeability or conductivity 
calculations due to the presence of CO2 in the test fluid.  

Table 6 Summary hydraulic tests 

 

3.5.2 Gas and supercritical fluid tests 
Gas testing using nitrogen as an inert comparison showed the permeability of NRVB to gas to 
be 2.0 x 10-19 m2. Permeability using gaseous CO2 was halved under the same test conditions. 
This was confirmed by a post-carbonation repeat N2 test on the carbonated NRVB (Table 7). 
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Tests using gaseous, supercritical and dissolved CO2 produced varied permeability results 
reflecting differences in the carbonation process and subsequent changes in porosity and 
permeability. The permeability resulting from the cement carbonation using gaseous CO2 was 
slightly higher compared to the denser supercritical CO2 (Table 7). At the end of the 
supercritical CO2 test significant amounts of uncarbonated material still remained. This may 
have had an impact upon the calculated permeability as the majority of CO2 passed through the 
sample via a faster pathway in its centre. The area through which the majority of the CO2 
moved was therefore smaller than the total area of the sample. This is likely to have an impact 
upon calculated permeability.  

Permeability values determined during the test using dissolved CO2 (NRVB-5) were 3 orders of 
magnitude lower than CO2-free tests, showing the coupled effects of water and CO2 on flow, 
demonstrating the importance of carbonation on hydraulic permeability.  

Pressure changes in the injection circuit arising due to the changes in permeability are 
summarised in Table 8. There was a 75-79% increase in pressure brought about by the 
carbonation of the NRVB. NRVB-4 and NRVB-5 could not be compared easily to the initial N2 
test due to the different experimental parameters used. However, the dissolved CO2 test 
(NRVB-5) lead to the highest overall pressure increase even at the lowest flow rate of 312 µl/hr. 
Supercritical CO2 (NRVB-4) resulted in the lowest increase in the overall total pressure. Repeat 
experiments using N2 gas would be required to properly quantify the differences observed 
during NRVB-4 and NRVB-5 test.  

 

Test Gas Phase Test stage Test flow rate 
(µl/hr)  

Steady state 
pressure  

(MPa) 

Permeability (m2) 

k in k out 

NRVB-1 CO2 Gaseous - 1250 Incomplete - - 

NRVB-2 

N2 Gaseous Pre carbonation 1250 5.16 2.0 x 10-19 2.0 x 10-19 
CO2 Gaseous Post hydraulic 1250 6.53 1.0 x 10-19 9.7 x 10-20 
N2 Gaseous Post carbonation 1250 6.31 1.1 x 10-19 1.1 x 10-19 

NRVB-4 CO2 Supercritical - 1250 8.88 2.0 x 10-19 1.9 x 10-19 

NRVB-5 CO2 Dissolved - 312 6.17 4.1 x 10-20 4.5 x 10-20 

 

Table 7 Summary of gas test data. 

 

Test Test Starting injection 
pressure(MPa) 

Steady state pressure 
(MPa) 

Pressure increase 
(MPa) 

% 
increase* 

NRVB-2 

N2 (gaseous) 4.01 5.11 1.10 - 

CO2 (Gaseous) 4.01 5.93 1.92 75 

N2 (Gaseous) 

post carbonation 
4.00 5.97 1.97 79 

NRVB-4 CO2 (Supercritical) 7.97 8.97 1.00 - 

NRVB-5 CO2 (Dissolved) 4.00 6.18 2.18 - 

* % increase of pressure during tests when compared to inert N2 gas test.  

Table 8 Summary of pressure data during gas tests. 
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4 Calculation of CO2 uptake by NRVB cement 
After gaseous flow testing was complete, the carbonated sample of NRVB was removed from 
its TeflonTM jacket, weighed and measured. The sample was then dried using vacuum 
desiccation. An unreacted NRVB sample was also prepared in the same way for comparison 
with the experimental samples. The starting NRVB material was found to contain approximately 
30% extractable water (Table 9). The NRVB cement samples that had been reacted with CO2 
were found to contain significantly less water at around 20% (Table 9) probably reflecting 
mineralogical changes (a reduction in CSH) and also porosity changes due to carbonation. 
Longitudinal sliced half core portions of the unreacted NRVB, NRVB-1 and NRVB-2 samples 
were reacted with 4 M hydrochloric acid. Reaction of the carbonate minerals in the sample with 
acid resulted in the release of CO2. The weights of the total acid added plus the dissolved 
sample were recorded once effervescence had ceased. Table 10 shows the sample weights 
before and after acid digestion. Both NRVB-1 and NRVB-2 decreased in weight due the loss of 
CO2 from the material. This loss was used to work out how much CO2 the sample had originally 
taken in during the gas tests. For NRVB-1, the majority of the CO2 injected into the experiment 
had reacted with the cement and been incorporated into it. This supported evidence suggesting 
that the initial outflow observed during the NRVB-1 gas test was mainly water (Figure 10). 
Complete carbonation of NRVB-2 was assumed, and then was used to determine the loading 
capacity of NRVB – 65 g of CO2 for every 100 g of dry NRVB, giving rise to a maximum 41% 
increase in weight. This was calculated by subtracting the unreacted NRVB weight of CO2 per 
100g NRVB (due to reaction of powered limestone in the mixture) from the experimental 
reacted NRVB samples.     

Sample Wet weight (g) Dry weight (g) Weight loss  after drying (g) % water saturation 

Unreacted NRVB 157.70 110.10 - 47.6 30 

NRVB-1 157.69 125.94 - 31.75 20 

NRVB-2 155.58 127.47 -28.11 18 

 

Table 9 NRVB Sample weights. 

 

 Unreacted NRVB NRVB-1 NRVB-2 

Extent of carbonation Minor Partially Fully 

Sample (g) 27.85 51.18 27.16 

Acid added (g) 248.98 469.13 530.40 

Acid + sample + beaker before reaction (g) 720.57 964.50 945.56 

Acid + sample + beaker after reaction (g) 713.84 944.14 927.90 

CO2 lost (g) 6.73 20.36 17.66 

CO2 uptake of sample (g) - 19.54 51.90 

Grams of CO2 per 100g dry NRVB (g) 24.30 39.81 65.02 

% weight gain due to CO2 - 16 41 

 

Table 10 Acid digestion sample weights and calculations 
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5 Mineralogical observations 
 

A summary list of the samples characterised from the flow-through experiments is given in 
Table 11. All samples were characterised by petrographic analysis, with the exception of 
experiment NRVB-3, which failed. Experiment NRVB-2, which was essentially a repeat of NRVB-
1, was examined in less detail than NRVB-1 as the alteration behaviour was essentially the 
same. The supercritical CO2 (NRVB-4) and dissolved CO2 (NRVB-5) experiments were only 
characterised petrographically, as these had lower priority with respect to understanding gas 
transport through NRVB cement. 

Test CO2 phase Characterisation 

NRVB-1 Gas Petrographic analysis, XRD, micropermeametry 

NRVB-2 Gas Petrographic analysis, micropermeametry 

NRVB-3 Supercritical Failed experiment: post-reaction core not examined 

NRVB-4 Supercritical Petrographic analysis only 

NRVB-5 Dissolved CO2 Petrographic analysis only 

Unreacted NRVB None Petrographic analysis only 

 

Table 11 Summary of the samples characterised from flow-through experiments 

 

5.1 UNREACTED NRVB CEMENT 
The unreacted NRVB cement was pale creamy-grey in colour, relatively soft and very porous. 
The cement contained abundant air bubbles entrained within the cement that were produced 
when the cement paste was original prepared (Figure 18 and 19). These bubbles were partially 
filled by colourless hexagonal platy crystals of portlandite (Ca(OH)2) up to 1 mm diameter. The 
portlandite crystals have precipitated from porewater in the cement, during curing and storage 
of the cement cores under water-saturated conditions prior to their use in the experiments.  

The cement paste was largely hydrated. XRD analysis (Table 12) shows that is comprises 
dominantly poorly-crystalline or X-ray amorphous material and calcite (CaCO3) corresponding 
to the limestone flour added during NRVB preparation, with subordinate ettringite (‘ideal’ 
formula: Ca6Al2(SO4)3(OH)12.26H2O) and portlandite (Ca(OH)2), and traces of brownmillerite - 
Ca2(Al,Fe)2O3) and a phase tentatively identified as hydrocalumite (Ca2Al(OH)6.5ClO5.3(H2O),  
BSEM-EDXA observations indicate that the cement had a very fine grained micro- to nano-
particulate matrix of calcium silicate hydrate (CSH) gel, which probably corresponds to the 
amorphous material indicated by XRD. This enclosed residual fragments of partially-hydrated 
anhydrous cement clinker phases and angular grains of limestone rock flour. The residual 
clinker comprised mainly of slag-like intergrowths of a calcium aluminium iron oxide phase 
(probably brownmillerite dicalcium aluminoferrite – ‘CAF’) and partially hydrated calcium 
silicate.  
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Figure 18 Comparison of the colour change in the reacted cores from experiments NRVB-1 
and NRVB-2 with unreacted NRVB cement. 

 

Petrographic analysis showed that the NRVB cement plugs prepared for the experiments were 
significantly heterogeneous, with respect to grain size distribution and microporosity (Figure 
18). The heterogeneity resulted from the segregation of bands or “stringers” of coarser-grained 
and finer-grained cement paste. These segregations were often irregular and may be 
discontinuous or vary in thickness.  

The segregation of the hydrate cement may have been related to cement preparation 
processes for example: 

• Hydrodynamic flow-separation of the cement paste on the basis of the difference in density and 
grain size which may have occurred during pouring the cement into the plastic moulds from 
which the core plugs were subsequently cut. It should be noted that no special additives were 
used that might prevent segregation of the NRVB cement components. 
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• Hydrodynamic segregation of material on the basis differences in particle size and density, as a 
result of settling and dewatering of the cement after pouring the cement paste into the plastic 
moulds. Petrographic observations reveal evidence of this process in the development of fine 
sub-vertical “seam-like” structures or “stringers” of more porous coarser cement paste with 
diffuse margins have been introduced into, and cut through, horizontal layers of less porous 
cement. This closely-resembles sedimentary dewatering structures such as flame structures 
typically seen in interlayer mud, sand and silt with high water contents (e.g. Allen, 1982), and 
suggests some gravitational settling and dewatering of the cement paste occurred immediately 
after pouring the cement paste and before cement setting and hardening (Figure 19).  

 
Figure 19 Transmitted light image of a thin section of unreacted NRVB cement, showing 
porous entrained air bubbles filled by blue epoxy-resin, and heterogeneous fabric of the 
cement consisting of more porous coarser cement paste (impregnated by darker blue epoxy-
resin) and lighter-coloured (less epoxy-resin impregnated) finer-grained cement. 

 

5.2 NRVB-1 - GASEOUS CO2: PARTIAL CARBONATION TEST 

5.2.1 Mineralogical alteration 
The reacted NRVB cement core from experiment NRVB-1 displayed both a very marked change 
in colour and a change in physical appearance compared to the original starting cement (Figure 
18). The carbonation alteration produced a colour change from the grey or pale cream-grey of 
the unaltered cement to an orange-buff colour, where the cement has been most intensely 
carbonated.  

The most prominent feature of the alteration observed in the cement from experiment NRVB-1 
was the development of a very well-defined reaction front that had progressed approximately 
half-way along the length of the core. This was clearly visible on both the external surface and 
longitudinally-sliced internal surface of the cement core (as seen in Figure 20). The reaction 
front had not progressed evenly through the cement, but had advanced further in the centre of 
the core (up to 32 mm from the CO2 inlet) than along the margins of the core (between 15 to 27 
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mm from the CO2 inlet), giving the leading edge of the advancing main carbonation front a 
broadly ‘conical’ morphology in 3D. In detail, the leading edge of the reaction front was seen to 
comprise a thin (<1-2 mm) creamy white zone. This was undulose rather than smooth, with 
alteration locally penetrating into the cement along a series of small coalescing protrusions 
(Figure 20). 

 

 
Figure 20 Photograph of the longitudinally cut surface (left) and external surface (right) of 
the reacted core from NRVB-1, showing the main carbonation reaction front delineated by a 
marked colour change in the cement. 
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Figure 21 Left: Transmitted light scanned image of the polished thin section through the 
reacted cement core from experiment NRVB-1 showing the location of main carbonation 
front. Inset (right): Detailed transmitted light photomicrograph of the reaction front showing 
variation in porosity across the reaction front (highlighted by the blue-dyed epoxy-resin 
impregnation of the section: stronger blue colour corresponds to high interconnected 
microporosity; paler blue colour corresponds to low porosity cement). 

 

Transmitted light microscopy showed that there was a marked change in the microporosity of 
the cement across the reaction front highlighted by the variation of intensity of the blue-dyed 
epoxy-resin impregnation of the core seen in thin section (Figure 21). Although only qualitative 
variation in microporosity could be observed, both the matrix of the intensely carbonated 
cement behind the reaction front, and the relatively unaltered cement ahead of the reaction 
front displayed relatively low porosity. The porosity characteristics and pore structure of the 
cement at the reaction front itself is complex. At, and just behind, the leading edge of the 
carbonation front the altered cement displayed a narrow zone between 0.2 to 2 mm wide 
where the cement was very tight with little or no visible microporosity. In contrast, immediately 
ahead of the leading edge of the carbonation front; the cement displayed a narrow zone up to 
0.5 mm wide where the microporosity of the cement could be seen to be markedly enhanced 
(Figure 21). 

5.2.2 Bulk mineralogy 
Regarding the bulk mineralogy of the three different areas found in the core from experiment 
1. These sections include the completely carbonated cement (buff coloured area), the slightly 
altered ‘uncarbonated’ cement (grey coloured area) and the interface between them termed 
the reaction front. These are compared at times to an unreacted cement core sample that had 
not taken part in any experiments (described in section 5.2.1). This helped assess the impact of 
CO2 on the cement. The bulk mineralogical composition of the reacted cement core is 
presented in Table 12. 
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Unreacted reference NRVB 
cement core MPLQ435 nd 0.3 44 5.7 0.2 19.9 30 

Cream-to-grey coloured 
partially-altered cement 
between the visible 
reaction front and the gas 
outflowend of the core 

MPLQ436 nd 0.3 76 3.7 0.5 12.4 7.1 

Thin white band at the 
leading edge of visible 
reaction front 

MPLQ437 nd nd 100 nd nd nd - 

Buff-coloured and strongly-
altered cement between 
the gas inflow end of the 
core and the visible 
reaction front  

MPLQ438 2.8 nd 96.6 nd 0.5 nd nd 

Notes:  
(1) nd not detected  
(2) Subsample MPLQ347 was a very small amount of material prepared as a silicon wafer 
XRD mount. No corundum standard was added, and therefore no data for amorphous 
content could be obtained. 

Table 12 Bulk XRD analysis of reacted core from experiment NRVB-1 and unreacted NRVB 
reference cement. 

 

The data show that the cement core has been significantly altered along its whole length, and 
not just within the buff-coloured zone between the gas inlet and the visible reaction front 
(Figure 20Error! Reference source not found.).  

The buff-coloured zone of alteration between the inlet and the visible reaction front displayed 
the most extensive alteration, with complete loss of the X-ray amorphous material, ettringite, 
portlandite, and even brownmillerite. The major reaction product appears to be calcium 
carbonate – largely calcite (forming >96 wt% of the X-ray-detectable material) with minor 
aragonite (2.8 wt.%). Aragonite was only detected in the extensively altered zone behind the 
visible reaction front. Ahead of the visible reaction front (denoted by the marked colour 
change), the creamy-grey and apparently relatively unaltered cement was also shown by XRD 
to be significantly altered. It had suffered a major loss of X-ray amorphous material (from 30 
wt.% to 7.1 wt.%, together with a reduction of ettringite (from 5.7 wt.% to 3.7 wt.%) and 
portlandite (from 19.9 wt.% to 12.4 wt.%). This too was accompanied by the formation of major 
calcite (which was enhanced from 44 wt.% in the original cement to 76 wt.% in the altered 
cement). Hydrocalumite was tentatively identified as a trace component in the altered cement 
as well as in the original cement. Along the leading edge of the visible reaction front, marked by 
a thin white band, XRD analyses of the reacted core appeared to show that it was composed 
almost entirely of calcite. 
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5.2.3 Textural Observations of buff-coloured cement zone 
BSEM-EDXA revealed an alteration fabric within the extensively-carbonated buff-coloured 
cement zone that comprised an intense ‘chicken-wire’-like network mineralised by fine grained 
calcium carbonate (Figure 22). There were interpreted as filled microfractures. Although the 
orientation of these microfractures was undulating, overall they were orientated sub-parallel to 
the advancing alteration front. The fractures varied in width from <1 to 10 μm (Figure 23), and 
appeared to enclose ‘lenticular’ or ‘podlike’ volumes of altered (silica-rich) cement matrix that 
were fairly regular in size (typically 20-100 μm diameter) that may have represented original 
hydrated cement paste particles. 

 

 
Figure 22 BSEM photomicrograph showing typical ‘chicken-wire’ network of fine calcite-
mineralised microfractures cutting a micro- to nanoporous  matrix (epoxy-resin-filled pores 
are black) of cement paste largely composed of amorphous silica intimately admixed with Al-
rich material (possibly aluminium oxyhydroxides) (dark grey). Large bright silt-sized grains are 
calcite (unaltered limestone rock flour fragments). Very fine bright specs in the matrix are 
commonly Fe-rich and probably represent secondary ferric iron oxide. Large pores represent 
areas where cement particles appear to have dissolved. Experiment NRVB-1. 

 

Fine-grained secondary micro-granular calcite with interstitial gel-like or nanoparticulate 
secondary silica or silica rich material replaced the cement paste matrix. The altered matrix was 
also often associated with very fine aluminium-rich material, which could not be resolved by 
BSEM-EDXA, but was possibly secondary aluminium hydroxide or oxide probably produced by 
the breakdown of ettringite or brownmillerite present in the original cement paste. Grains of 
limestone flour were seen to act as common nucleation sites for the precipitation and 
overgrowth of secondary calcite within the altered cement matrix (Figure 23). Based on the 
XRD analyses (Table 14) the calcium carbonate phase filling these microfractures and forming 
the microgranular carbonate within the adjacent altered matrix was probably calcite. 
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Figure 23 BSEM photomicrograph showing detail of the microgranular calcite (white) filling 
an irregular sub-vertical microfracture cutting the cement matrix. The adjacent matrix also 
contained abundant microgranular calcite (white) with interstitial silica (dark grey) replacing 
the original CSH fabric of the cement. Larger angular partickles of limestone flour acted as 
‘seeds’ for the nucleation of secondary calcite (centre-top of the image). Experiment NRVB-1. 

 

Little or no evidence of brownmillerite or original iron- and aluminium-rich hydration products 
from the cement paste are present in the carbonated cement matrix. These phases were 
completely altered in the buff coloured zone and broken down to very fine secondary 
aluminium rich material, that cannot be resolved from the silica-rich matrix alteration, and the 
fine grained secondary ferric oxide that probably give rise to the buff-orange colour of the 
altered cement in this zone. 

Abundant air bubbles entrained within the cement were commonly empty and devoid of 
precipitates. However, many were filled or partially filled by anhedral granular, interlocking 
crystals of secondary calcium carbonate. Some partially-filled bubbles contained euhedral 
prismatic crystals of a calcium-rich phase (Figure 24). The morphology of these platy crystals 
was similar to that of portlandite. However, XRD analysis (Table 14) suggested that no 
portlandite remained in this highly-carbonated cement alteration zone. Consequently, these 
platy crystals were interpreted to be secondary calcium carbonate, and may represent the 
aragonite mineralisation identified in the XRD analysis of bulk altered cement (Table 14). 
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Figure 24 BSEM photomicrograph showing air bubble entrained with the cement from the 
highly carbonated buff-coloured cement alteration zone. The bubble is filled by euhedral 
uniformly prismatic crystals of calcium carbonate. Experiment NRVB-1. 

 

 
Figure 25 BSEM photomicrograph of the creamy-grey partially-altered cement ahead of the 
visible reaction front. Entrained gas bubbles are filled with coarse platy crystals of 
portlandite. Fine angular grains of limestone (light grey) are abundant within a very fine CSH-
rich matrix. Experiment NRVB-1. 
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5.2.4 Textural observations of grey-coloured cement zone 
The creamy-grey zone of cement ahead of the visible reaction front has a markedly different 
fabric to the highly-carbonate buff-coloured cement zone. This region of the cement core 
displayed no evidence of the ‘chicken-wire’ network of calcite-mineralised microfractures that 
characterised the buff-coloured altered cement zone (Figure 25). It also still contained 
significant nanoparticulate to microfibrous CSH and relicts of cement clinker, with traces of 
unhydrated calcium silicate enclosed within partially hydrated interstitial brownmillerite (Figure 
26). 

 

 
Figure 26 BSEM photomicrograph showing preserved relict of brownmillerite (bright phase) 
partially-altered to ettringite (mid-grey phase seen forming on surfaces of brownmillerite) 
within a highly altered remnant of cement clinker that is now largely hydrated and altered to 
microfibrous or gel-like CSH, resting in a nanoporous matrix of CSH-rich cement paste. From 
creamy-grey, less altered cement ahead of the visible reaction front in cement core. 
Experiment NRVB-1. 

 

Despite the initial appearance of being relatively unaltered, detailed petrographic analysis 
revealed that there had been localised precipitation of calcium carbonate and patchy 
replacement of the CSH cement matrix within the cement ahead of the prominently-visible 
reaction front. The carbonation fabric in this region of the cement core was characterised by 
the nucleation of microgranular calcite ‘seeded’ upon angular grains of limestone flour (Figure 
27) that where a primary component of the NRVB cement. This accounts for the significantly 
enhancement of calcite within this apparently unaltered zone of cement compared to that of 
the original NRVB cement (Table 14). In addition, the alteration of the CSH matrix is associated 
with the formation of a secondary micro-fibrous magnesium-rich alteration product, which was 
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intimately associated with secondary silica-rich material or amorphous CSH gel which 
qualitative EDXA showed had a much reduced Ca:Si ratio (Figure 28).  

 
Figure 27 BSEM photograph showing the nucleation of microgranular secondary calcite 
‘seeded’ on angular fragments of primary limestone flour used in the make-up of the NRVB. 
Relicts of brownmillerite (bright) within partially hydrated cement clinker can also be seen. 
Experiment NRVB-1. 
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Figure 28 SEM photomicrograph of fractured surface through the partially-altered cement, 
showing secondary fibrous Mg-Al hydroxide or silicate phase within a groundmass of low 
Ca:Si CSH. Experiment NRVB-1. 

Entrained gas bubbles are also common within this region of the cement core. These were 
often partially-filled by relatively coarse, euhedral platy crystals (Figure 25), identified as 
portlandite on the basis that qualitative EDXA showed they contained only Ca and O (C was not 
detected) and confirmed by XRD which identified the presence of portlandite within this region 
of the cement core (Table 14). Vaterite, the hexagonal polymorph of calcium carbonate, also 
has crystals of similar morphology. However, although identified as an alteration product in 
batch experiments with CO2 and NRVB (Rochelle and Milodowski, 2013), XRD analysis found no 
evidence for the presence of vaterite in the reacted cement core from flow-through experiment 
NRVB-1. 

 

5.2.5 Textural observations of the reaction front 
The main (prominent) alteration front was characterised by complex alteration fabrics, with 
significant chemical changes involving dissolution and precipitation, occurring with a very 
narrow region 1-2 mm wide. The advancing edge of the carbonation front was represented by a 
band of very close-spaced and anastomosing microfractures filled by calcite (Figure 29). These 
closely resemble the ‘chicken-wire’ fabric within the bulk of the intensely carbonated zone, but 
are much more densely developed. Petrographic observations showed that the reaction front 
advanced as numerous irregular to rounded ‘protuberances’ that penetrated locally into the 
cement ahead, merging with adjacent features, enclosing and isolating packets of partially-
altered cement behind them. 

Immediately ahead of the calcium carbonate precipitation front, the reaction front was 
characterised by a very narrow zone up to 1 mm wide, where the cement displays an 
enhancement of microporosity (Figure 29). Within this region, the Ca:Si ratio of the CSH matrix 
of the cement is much reduced, and residual cement clinker grains are dissolved to leave small 
mouldic cavities partially lined or filled by silica-rich material (Figure 30). 
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Figure 29 BSEM photomicrograph of the edge of the main carbonation reaction front. 
Identified were very intense network of fine calcite veins (A) at the leading edge of the 
carbonation front. Immediately ahead of the carbonation front, the porosity was enhanced 
(shown by the darker region (B) in the BSEM image) by dissolution of the relatively 
uncarbonated cement matrix. Experiment NRVB-1. 

 

 
Figure 30 BSEM photomicrograph showing mouldic cavities (A) produced by the dissolution 
of cement clinker grains within the zone of enhanced microporosity  immediately ahead of 
the carbonate precipitation front in the reacted cement core. Experiment NRVB-1. 
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Figure 31 EDXA X-ray maps for Ca, C and S showing the chemical changes occurring at the 
leading edge of the reaction front in the cement core from experiment NRVB-1. 

 

The major chemical changes occurring at the leading edge of the reaction front are clearly 
illustrated in the EDXA X-ray element distribution maps presented in Figure 31. These show that 
calcium was being leached from the cement immediately ahead of the carbonation front, and 
migrated towards the advancing reaction front to be re-precipitated as calcite within the 
microfractures and replacing CSH in the cement matrix behind the advancing carbonation front. 
The leaching of calcium from the cement past and cement clinker grains ahead of this front 
resulted in an enhancement of the microporosity (illustrated by greater impregnation of the 
cement by epoxy-resin within this region immediately ahead of the advancing carbonation 
front (Figure 31). The EDXA X-ray element distribution maps also showed that sulphur was 
leached and depleted from this narrow reaction zone immediately ahead of the advancing 
carbonation zone. However in contrast to calcium, sulphur migrated in the opposite direction 
away from the advancing reaction front and concentrate within relatively less altered cement in 
front of the zone of enhanced porosity, and calcium and sulphur depletion (Figure 31). 

5.2.6 Micropermeametry 

The micro-permeametry measurements recorded from two profiles along the reacted core 
from experiment NRVB-1 are presented in Table 13 and the variation in permeability along 
these profiles is illustrated in Figure 32. Profile 1 was recorded along the axial line in the centre 
of the sliced cement core. Profile 2 was recorded along one edge of the sliced cement core.  
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Profile 
Distance from 

flow inlet 
(mm) 

Permeability  
(m2 x 10-16) 

Permeability  
(mD) 

Profile 1 

5 1.611 0.163 

10 1.559 0.158 

15 1.290 0.131 

20 1.096 0.111 

25 0.840 0.085 

30 0.761 0.077 

35 0.652 0.066 

40 0.867 0.088 

45 0.939 0.095 

Profile 2 

5 1.685 0.171 

15 2.136 0.216 

25 1.793 0.182 

35 1.223 0.124 

45 1.044 0.106 
 

Table 13 Micopermeameter permeability data determined for two profiles measured 
through reacted cement core from Experiment NRVB-1. 
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Figure 32 Micropermeameter permeability profiles through the altered cement core from 
experiment NRVB-1. 

 

The permeability measurements are close to the working limit of the micropermeameter 
instrument but show some interesting variations related to the carbonation alteration of the 
cement. Profile 1 presents the most detailed profile of permeability variation along the length 
of the core. This showed a progressive decrease in permeability through the buff-coloured 
extensively-carbonated cement from the flow inlet to the edge of the reaction front. 
Permeability then increased slightly in the relatively unaltered / partially cement ahead of the 
main reaction front. The fully-carbonated cement and the partially carbonated cement had 
similar permeabilities of the order of 1 x 10-16 m2. 

Profile 2 has a more limited number of measurements, and is less reliable, because 
measurements made near the core edge may not have been influenced by gas leakage due to 
poorer sealing of the micropermeameter probe tip against the cement surface. However, the 
second measurement in the profile shows a slight enhancement in permeability, and probably 
corresponds closely to the narrow zone of increased microporosity observed in thin section 
immediately ahead of the main carbonation front. 



FORGE Report: D3.26 – Ver.1   

 44 

Overall, the results show that there is a permeability change in and around the reaction front. 
However, the instrument was working at the limits of its detection which makes drawing 
conclusions difficult with limited profiles taken across the sample. The analysis was performed 
on a dry sample, phases that were once hydrated in the cement will have changed potentially 
changing the porosity and permeability. For these reasons more work would need to be 
conducted to further investigate the reasons for the change in permeability across the sample. 

5.3 NRVB-2 – GASEOUS CO2: FULL CARBONATION TEST 

5.3.1 Mineralogical alteration 

The colour of the reacted cement core from experiment NRVB-2 changed from the original grey 
colour to a buff colour along its entire length (Figure 18). However, discontinuous isolated 
remnants of grey cement are present near the outlet end of the core. This suggests that the 
flow of gaseous CO2 through the core was not uniform, and that these may have been isolated 
as a result of localised short-circuit flow of CO2 through some regions of the core sample. In 
contrast to experiment NRVB-1, no evidence was apparent for a well-defined reaction front as 
seen in experiment NRVB-1 (Figure 33).  

 

 
Figure 33 Transmitted light scanned image of polished thin section through reacted cement 
core. Entrained porous air bubbles are abundant throughout the core and are partially filled 
by secondary needles and prisms of probable aragonite. Experiment NRVB-2 

 

The mineralogical alteration of the reacted cement core was examined only briefly. However, 
the alteration appeared to be broadly similar to that observed in the intensely-carbonated part 
of the reacted core from NRVB-1. Transmitted light microscopy showed that there is significant 
macroporosity within the reacted cement, in the form of air bubbles entrained in the cement 
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paste during mixing and casting of the original cement (Figure 33). Most of these air bubbles 
are open and unmineralised, and the presence of blue-dye epoxy-resin impregnation (Figure 
33) of these bubbles shows that this macroporosity is interconnected to some extent within the 
core sample. Some of the bubbles are partly filled by needles or prisms of calcium carbonate 
(probably aragonite). No evidence was found for the presence of any hexagonal plates of 
portlandite within these air bubbles (which were seen in the original cement). 

The matrix of the cement is extensively altered. The CSH component has been largely replaced 
by a fine grained mixture of microgranular calcite with interstitial amorphous silica-rich 
material. The altered matrix is cut by a fabric of abundant anastomising calcite-mineralised 
microfractures similar to that seen in the highly-carbonated cement examined from experiment 
NRVB-1. 

Very fine micro- to nano-particulate iron oxide is present as a very minor phase disseminated 
throughout the altered matrix. No relicts of primary brownmillerite-bearing cement clinker 
(seen in the original cement) remained within the reacted cement core. The decomposition of 
the brownmillerite phase during carbonation was probably the source of the fine grained 
disseminated secondary iron oxide giving rise to the buff colouration of the reacted cement. 

5.3.2 Micropermeametry 

The micrpermeametry measurements recorded from a profile along the reacted core from 
experiment NRVB-2 are presented in Table 16. The variation in permeability along this profile is 
illustrated in Figure 34. It should be noted that the permeability measurements are close to the 
working limits of the micropermeameter tool. 

No systematic variation in permeability could be observed along the length of reacted core. 
Permeability values are largely between 0.5 m2 x 10-16  and 2 m2 x 10-16. These values are similar 
to those observed in the fully-carbonated cement from experiment NRVB-1. The first 
measurement taken close to the inlet end of the core have a slightly higher permeability value 
of 3.6 m2 x 10-16.  

 

Profile 
Distance from 

flow inlet 
(mm) 

Permeability  
(m2 x 10-16) 

Permeability  
(mD) 

Profile 1 

4 3.567 0.361 

9 0.726 0.074 

14 1.091 0.111 

19 0.528 0.054 

24 1.025 0.104 

29 1.229 0.125 

34 0.587 0.059 

39 0.688 0.070 

44 1.976 0.200 
 

Table 14 Micopermeameter permeability data determined for a profile through the reacted 
cement core. Experiment NRVB-1. 
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Figure 34 Micropermeameter permeability profile through the altered cement core. 
Experiment NRVB-2. 

 

5.4 NRVB-4 – SUPERCRITICAL CO2 TEST 
The cement core recovered from experiment NRVB-4 in which NRVB cement was reacted with 
supercritical CO2 showed a marked colour change from the original grey colour to a buff colour 
(Figure 35). A notable feature of this experiment is that there appears to have been a localised 
‘break-through’ of the supercritical CO2 through the cement towards the outlet end of the core. 
This provided a ‘short’cut’ flow-path that left isolated remnants of partially-carbonated cement 
along the margins of the core (Figure 35). The blue-dye epoxy-resin impregnation of the cement 
indicates that the microporosity within the fully-carbonated cement appears to be lower than 
that of the residual partially reacted cement, which has taken up more of the blue –dyed 
epoxy-resin (Figure 35). 

Detailed petrographic analysis revealed evidence of extensive carbonation alteration 
throughout the length of the core. The cement  matrix displayed the development of ‘chicken-
wire- mesh-like fabric of fine, calcium carbonate-mineralised fractures (Figure 36), similar to 
that seen in the carbonated cement fabric from the experiments on the interaction of gaseous 
CO2 with NRVB cement (i.e. experiments NRVB-1 and NRVB-2). As in experiments NRVB-1 and 
NRVB-2, these microfractures appear in part to have developed sub-perpendicular to the flow 
direction, and may in part to pick out boundaries of ‘domains’ 50-100 μm in diameter that may 
represent the boundaries of particles of the original hydrated cement paste.  

The matrix of the carbonated cement paste between these microfractures was also seen to be 
highly altered, with the original CSH gel being replaced by finely microgranular calcium 
carbonate dispersed within an amorphous silica-rich matrix (Figure 37). 
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Figure 35 Left: Photograph of longitudinally-sliced reacted cement core from experiment 
NRVB-4 after vacuum impregnation with epoxy-resin. Right: transmitted light image of 
polished thin section prepared from reacted core. The carbonation reaction front appears to 
have formed a “funnel-shaped” break-through towards the flow outlet, leaving residual 
partially-carbonated cement at the margins of the core. The blue-dye epoxy-resin 
impregnation indicates that the microporosity of the fully-carbonated cement is lower than 
that of the residual partially reacted cement (which has taken up more of the blue –dyed 
epoxy-resin. Experiment NRVB-4. 

 

 
Figure 36 BSEM image of carbonated cement from adjacent to the flow-inlet end of the 
core. The carbonation of the cement has produced a ‘chicken-wire’ mesh-like network of fine 
microfractures mineralised by calcium carbonate. Experiment NRVB-4. 
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Figure 37 BSEM image of carbonated cement showing replacement of the cement matrix by 
fine microgranular calcium carbonate (light grey) with interstitial amorphous silica. Larger 
fragments of limestone flour (light grey) can also be seen. Experiment NRVB-4. 

 

 
Figure 38 BSEM photomicrograph showing the nucleation of secondary calcium carbonate 
on grains of limestone flour used in the make-up of the NRVB cement. Experiment NRVB-4. 
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Figure 39 BSEM photomicrograph showing microcrystalline calcium carbonate (calcite) 
lining the walls of an air bubble entrained with the carbonated cement matrix. Experiment 
NRVB-4. 

 
Figure 40 BSEM photomicrograph of portlandite crystals (white) showing corrosion and 
etching, with partial replacement by calcite, partly filling an entrained air bubble in 
carbonated cement. Experiment NRVB-4. 

Coarser areas of calcium carbonate appear to have formed as a result of the nucleation of 
secondary calcium carbonate ‘seeded’ on grains of limestone flour used in the make-up of the 



FORGE Report: D3.26 – Ver.1   

 50 

NRVB cement (Figure 38) Similar features were observed in the experiments with gaseous CO2 
(experiments NRVB-1 and NRVB-2). 

Entrained air bubbles in the carbonated cement are commonly lined by secondary 
microcrystalline calcium carbonate (Figure 39). The calcium carbonate sometimes displays 
acute scalenohedral crystal terminations, which suggests that it is probably largely calcite. 
Towards the outlet end of the core and at the margins, adjacent to partially-reacted remnants 
of cement, the air bubbles can be seen to be partly filled by portlandite crystals (Figure 39). The 
portlandite is strongly corroded and etched and partly replaced by secondary calcite, which can 
be seen to form reaction rims enclosing relict cores of portlandite (Figure 39). 

5.5 NRVB-5 – HYDRAULIC TESTING USING CO2 SATURATED CEMENT 
POREWATER 

The cement core recovered from experiment NRVB-5 in which NRVB cement was reacted with 
dissolved CO2 similarly showed a marked colour change from the original grey colour to a buff 
colour. The cement core appears to have largely reacted throughout its length, although small 
relicts of weakly or partly-carbonated cement were observed towards the inlet end of the core 
(Figure 41). In addition, the core appeared to have suffered some minor disruption and 
fracturing, with the development of blocky fracturing (Figure 41).  

 

 
Figure 41 Transmitted light scanned image of thin section through the reacted core. The 
cement can be seen to have suffered blocky microfracturing, and a remnant of only weakly-
reacted cement can be seen near the flow inlet towards the top of the section. Experiment 
NRVB-5. 
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Figure 42 BSEM photomicrograph of carbonated cement matrix showing the development 
of a network of fine microfractures filled by secondary calcium carbonate, within an altered 
cement matrix composed by fine microgranular calcite and amorphous silica. Experiment 
NRVB-5. 

 

 
Figure 43 BSEM photomicrograph showing the nucleation of secondary calcium carbonate 
around grains of limestone flour, and fine microgranular calcium calcium carbonate dispersed 
in amorphous secondary silica rich groundmass material. Experiment NRVB-5. 
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Detailed petrographic analysis reveals a similar alteration fabric within he carbonated cement 
to that observed in the gaseous CO2 (NRVB-1 and NRVB-2) and supercritical CO2 experiments 
(NRVB-4). The cement matrix is ‘crazed’ by a fine network of anastomosing microfractures 
sealed by calcium carbonate (Figure 42). Similarly, the carbonation alteration of the cement in 
this experiment has resulted in replacement of the dominantly CSH gel of the original cement 
by microgranular calcium carbonate and secondary silica-rich amorphous material (Figure 43 
and Figure 44). BSEM shows that the altered matrix of the cement is highly microporous (Figure 
44). 

 

 
Figure 44 BSEM photomicrograph showing carbonated cement matrix, showing 
replacement of the original CSH-rich groundmass by finely microporous microgranular 
calcium carbonate (white) within a matrix of amorphous silica. Experiment NRVB-5.  

 

Air bubbles entrained within the original cement were commonly seen to be partly mineralised 
by platy crystals of portlandite, which was extensively corroded and encrusted by stellate 
aggregates of secondary calcite usually showing euhedral terminations (Figure 45 and Figure 
46). The alteration texture of the portlandite crystals in this experiment was seen to be notably 
different to that observed in experiment NRVB-4, where the portlandite appeared to be less 
corroded and was coated in layers of secondary calcium carbonate rather than radial to 
steelate growths of calcite from discrete points on the portlandite surface. 

The distribution discs at the inlet of the cement core was also observed to be extensively 
encrusted and largely replaced by calcium carbonate to a depth of between 50 to 200 μm 
(Figure 47). Reaction of the inlet surface of the cement core to produce a tight carbonated layer 
might be expected to have affected the fluid flow during the course of the experiment. 

Examination of the remnants of relatively unaltered cement showed a similar reaction front to 
that observed in Experiment NRVB-1 (Figure 48). The reaction front was delineated by a sharply 
defined narrow zone of intense calcium carbonate mineralisation, ahead of which the 
microporosity of the uncarbonated cement paste was slightly enhanced by leaching of CSH.  
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Figure 45 BSEM photomicrograph showing the carbonated cement, showing an air bubble 
partly filled by platy portlandite crystals that are highly corroded, and encrusted with stellate 
growths of secondary calcite. Experiment NRVB-5. 

 

 
Figure 46 BSEM photomicrograph showing detail of alteration of portlandite crystals partly 
filling an air bubble in carbonated cement. The portlandite is encrusted by stellate growths of 
secondary calcite. Experiment NRVB-5. 
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Figure 47 BSEM photomicrograph showing inlet surface of the cement core encrusted with 
calcium carbonate (light grey, top of image), which also replaces the underlying cement 
matrix. Experiment NRVB-5. 

 

 
Figure 48 BSEM image showing the highly carbonated reaction front between remnants of 
relatively unaltered cement and highly carbonated cement. Experiment NRVB-5. 
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6 Modelling work 

6.1 PRECIP MODELS OF CO2 REACTION WITH A CEMENT SAMPLE 
PRECIP (Noy 1998) has been used to explore the potential effects of CO2 migrating through and 
reacting with, a cement sample as it flows through. PRECIP is a single fluid phase model and so 
cannot represent the injection of high pressure gas into the initially water-saturated sample, 
but it can model dissolved CO2. Its use may help understand some of the factors that control 
the system during carbonation. The cement sample was represented as a mix of tobermorite, 
calcite and portlandite with a porosity of 52% and a pore fluid that is initially at equilibrium with 
that mineral assemblage. In the simulations fluid is injected into one face of the sample 
comprised of pure water equilibrated with CO2 at 4 MPa and calcite. Four aqueous master 
species were used (Ca2+, HCO3

-, H+, and SiO2) and six minerals are included (quartz, chalcedony, 
calcite, aragonite, portlandite, and tobermorite). Additionally, seven aqueous products are 
included (CO2(aq), CO3

2-, CaCO3, CaHCO3
+, HSiO3

-, H2SiO4
2-, and OH-). Table 17 shows the 

reactions included and their logK values taken from a Lawrence Livermore National Laboratory 
database. Table 18 shows the compositions of the initial porewater and the injected fluid. 

 

Reaction LogK 

CO2(aq) + H2O => HCO3
- + H+ -6.3120 

CO3
2- + H+ => HCO3

- 10.2438 

CaCO3 + H+ => Ca2+ + HCO3
- 6.7659 

CaHCO3
+ => Ca2+ + HCO3

- -1.0949 

HSiO3
- + H+ => SiO2 + H2O 9.7450 

H2SiO4
2- + 2 H+ => SiO2 + 2 H2O 22.4375 

OH- + H+ => H2O 13.5803 

quartz => SiO2 -3.7739 

chalcedony => SiO2 -3.5149 

calcite + H+ => Ca2+ + HCO3
- 1.6277 

aragonite + H+ => Ca2+ + HCO3
- 1.7716 

portlandite + 2 H+ => Ca2+ + 2 H2O 21.5441 

tobermorite + 10 H+ => 5 Ca2+ + 6 SiO2 + 15.5 
H2O 61.8798 

 

Table 15 LogK values for aqueous and mineral reactions at 40°C. 
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 Initial porewater Injected fluid 

Ca2+ 1.242e-2 2.386e-2 

HCO3
- 5.355e-9 5.467e-2 

SiO2 6.501e-9 0.0 

H+ 4.901e-13 1.293e-5 

pH 12.4 5.0 
 

Table 16 Compositions of the initial porewater and injected fluid (mole/l). 

6.2 BASE CASE  
The base case calculation assumed a large total reactive surface area (106 m2/m3) and relatively 
large reaction rate constants. The values used are given in Table 17. The surface areas of each 
starting material component of the amount were assumed to be in proportion to their volumes. 
The input fluid had on injection rate of 3x10-7 m3 m-2 s-1 (2 ml hr-1 for a 49 mm diameter 
column), which generated a porewater velocity of 5.77x10-7 ms-1 (for a 49 mm long core this 
represents an injection rate of approximately 1 pore volume per day). This combination of 
injection and mineral reaction rates created a short reaction zone, about 9 mm long, that 
progressed stepwise along the cement column. The presence of a reaction zone rather than a 
single reaction front mirrors the potentially-carbonated zone in the experiments. The results in 
Figure 49 show the complete transformation of tobermorite to aragonite and chalcedony, with 
each mole of tobermorite generating five moles of aragonite and six moles of chalcedony. This 
reaction is followed by slower transformation of chalcedony to quartz and of aragonite to 
calcite. (Note that whilst calcite was identified in the experimental reactions products, quartz 
was not, only amorphous slilica was found. However, over very long timescales quartz could be 
the thermodynamically most stable secondary silica phase, so was included in the model). 
Additionally, there is a gradual dissolution of portlandite adding to the generation of aragonite. 
There is a small net reduction in porosity except near the inlet end of the column where 
aragonite is starting to re-dissolve due to reaction with the CO2-rich water. The pH of the outlet 
fluid remains high until the reaction zone reaches the end of the core. 
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 Initial mass 
(moles m-3) 

Reactive surface 
area (m2 m-3) 

Precipitation/dissolution 
rate (mol m3 sec-1) 

quartz 0 1.0x106 1.0x10-10 

chalcedony 0 1.0x106 1.0x10-7 

calcite 3787 3.0x105 1.0x10-9 

aragonite 0 1.0x106 1.0x10-7 

portlandite 1753 1.0x105 1.0x10-8 

tobermorite 984 6.0x105 1.0x10-8 

 

Table 17 Base case values for initial mass,  surface areas and reaction rates for minerals. 

 

6.3 REDUCED TOBERMORITE DISSOLUTION RATE 
The ‘base case’ calculations were repeated with the dissolution rate of tobermorite reduced by 
a factor of 2.5, as were the precipitation rates for chalcedony and aragonite. The effect of this 
change was to increase the length of the reaction zone to about 20 mm. This approximate 
doubling of length of the reaction zone highlights the importance that mineral reaction kinetics 
can have on a reactive system with fluid flow. It also highlights the need to use non-equilibrium 
reaction transport modelling when considering CO2 advection through cement, as a purely 
equilibrium model would have predicted just a simple reaction front. The results are shown in 
Figure 50. Here, the pH plot particularly shows how the reaction zone progressed over time. For 
example, after 100 hr simulated time pH was low in the first 24 mm as tobermorite was 
dissolved in this region. Once the tobermorite from this region was depleted, the dissolution 
zone rapidly moved along to the region between 24 and 44 mm where it remained between 
150 and 200 hr. This process can also be seen quite clearly in the plot of profiles of tobermorite 
saturation index shown in Figure 51. 

Noticeable in both base and reduced rate cases are the spikes in aragonite precipitation at the 
end of each reaction zone step with corresponding reductions in porosity. Figure 52 shows 
details of selected mineral and aqueous concentrations after 100 hr for the reduced dissolution 
rate case. The aragonite spike occurs just at the end of the tobermorite dissolution zone. The 
Ca2+ concentration drops down to near zero at this point, but then rises again due to the 
dissolution of portlandite. This gradient in the Ca2+ concentration drives diffusion of calcium 
back against the porewater flow providing the material for the excess aragonite precipitation. 
Whilst these zones of precipitation are relatively far apart in this 1D modelling, they may limit 
at a potential link to the finer scale, 2D chicken-wire texture seen in this section of the 
carbonated cement. Further modelling at higher resolution would be useful to explore whether 
the predicted carbonate precipitation mechanism could be another explanation for the 
observed secondary carbonate textures. 
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Figure 49 Results from base case model. 
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Figure 49  (continued) 
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Figure 50 Results from reduced tobermorite dissolution rate case. 
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Figure 51 Profiles of tobermorite saturation index at various times. 

 
Figure 52 Mineral and aqueous concentrations at 100 hr for the reduced dissolution rate 
case. 
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7 Discussion 
Initial observations of all the carbonated NRVB cores suggest they do not become friable as a 
result of the mineralogical changes, indeed they remained intact. 

The NRVB remained permeable to gas (CO2 and N2) even when completely carbonated. 
However, gas flow was restricted slightly as a result of porosity changes, leading to a halving in 
permeability. This restriction is coupled with an increase in the injection gas pressure. The 
increase in gas pressure is relatively small in comparison to the total pressure of the system.  

The gas pressure generated at steady state conditions was a function of the flow rate at which 
the test was conducted. Flow rates used during these experiments were chosen arbitrarily, but 
are likely to be high compared to there in a repository. The CO2 generation rate in a repository 
will be dependent upon the organic content of the waste and the physical conditions of 
storage. We speculate that the flow rate of CO2 may have an influence on the size of the 
reaction front as it passes through the NRVB.  Higher flow rates may have lead to a more 
diffuse reaction front. The reaction zone was still relatively small in scale as its extent did not go 
beyond the length of the sample core (49mm). Batch experiments in which carbonation was 
controlled by diffusion resulted in tighter reaction fronts moving through the sample, moving at 
a rate of a few mm over several weeks (Rochelle et al., 2013). Natural analogues of calcium 
silicate hydrate mineral subjected to CO2 over 10000 years show a very narrow reaction front of 
less than 1cm (Rochelle and Milodowski, 2013). The features of these reaction zones in all cases 
show comparable mineralogical changes suggesting the dominant reaction processes involved 
are similar. However, the porosity changes along the reaction front differ slightly. Slower flow 
rates may lead to a narrower zone of carbonation and a more greatly reduced porosity across 
the carbonation front. 

The flow rate of the dissolved CO2 experiment (NRVB-5) had to be reduced from the original 
flow rate of 1250 µl/hr to 625 µl/hr and then to 312 µl/hr at which steady state conditions were 
finally achieved. The combination of CO2 and water trying to flow through the carbonated 
NRVB lead to an increase in pressuresthat rose to nearly the confining pressure. If the test had 
been run at the reduced flow rate, then pressure increase may not have been a problem. That 
said, the slower flow rate may have produced a tighter reaction zone better sealing, and a gas 
pressure increase may have still occurred. Further work investigating the effects of flow rates 
(including low rates equivalent to expected gas generation rates) may give a better reflection of 
gas pressure changes brought about by carbonation and the reduction in permeability. The 
experiment using dissolved CO2 had the most potential for being able to seal up the NRVB 
cement compared to the gaseous and supercritical CO2 experiments.  

Predictive reaction-transport modelling of the flow experiments produced results broadly 
equivalent to the reaction zone indentified in experimental solid reaction products (albeit in a 
more simplified way). The model predicted an initial decrease in porosity ahead of the reaction 
front as portlandite dissolved. The reduction in porosity was followed by an increase in 
aragonite formation as the back diffusion of calcium from the leading edge of the reaction front 
caused the precipitation in aragonite. Later this aragonite converted to calcite.  The predicted 
reaction zone was around 20 mm wide at a flow rate of 2000 µl/hr. The model closely supports 
the findings from the mineralogical observations (though in a simplified way and at flow rates 
probably higher than in an actual repository). Vaterite was not considered in the model, but it 
was observed in the NRVB sample post carbonation.  
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Complete carbonation of the core was not observed under any of the experimental conditions. 
Some grey-coloured isolated islands of partially-carbonated NRVB still remained surrounded by 
buff-coloured carbonated NRVB. It is possible that these may have been an artefact of the 
relatively fast flow rate used, and that diffusion of CO2 may have, in time, carbonated the 
remaining areas. However, this showed it was possible to get interfaces being generated within 
the sample. Isolation of patches of unreacted cement, coupled with possible ‘armouring’ of 
these areas against further reaction, would act to reduce the overall CO2 buffering capacity of 
the cement. The impacts of this could be minimised by ensuring a significant excess of cement 
in the repository.  

The CO2 is likely to take the fastest pathway through the cement. Heterogeneities within the 
sample may be able to channelize the flow. Casting may have resulted in some heterogeneity 
resulting in grain segregation in the samples of NRVB prepared for this study and is discussed in 
section 5.1. Similarly heterogeneities in the NRVB cement samples were also observed in the 
batch experiments (see comments in Rochelle et al., 2013). The presence of laterally 
continuous heterogeneities could potentially allow CO2 to bypass a significant proportion of the 
buffer/backfill cement. Preferential flow along possible higher permeability pathways may have 
provided short-cuts for fluid flow thereby isolating some parts of the cement matrix from any 
interaction with the fluids moving through the cement cores. This may account for the isolated 
pod-like or lense-like features of grey, seemingly unaltered, cement surrounded by the fully 
carbonated buff-coloured cement. Hydraulic permeability measurements did not seem to have 
been affected significantly by these apparent heterogeneities. All 5 NRVB cores gave consistent 
and highly reproducible results for hydraulic permeability. However, consideration of such 
differences due to heterogeneity between the original cement cores have to be taken into 
account when interpreting the measured gas-transport properties derived from the individual 
flow-through experiments. 

Localised shrinkage cracking around the reaction zone was observed in the NRVB during batch 
experiments using unconfined samples of NRVB (Rochelle et al., 2013). No evidence of 
shrinkage cracking was observed in the experiments conducted during this study, possibly 
because all samples were subject to a confining pressure. However, NRVB-5 did show some 
blocky fracturing which may be attributed to depressurisation of the experiment. The rate of 
depressuriation of the confining pressure is thought to have been too fast for the CO2 in 
solution to degas slowly enough. This created rapid localised increases in pressure inside the 
core sample over that of the confining pressure leading to the sample to fracture. It is worth 
noting that this was the only experiment to suffer as the result of the depressurisation process 
which may be in turn related to the highest change in permeability during CO2 injection. NRVB-
5 saw the greatest decrease in permeability during the experiment, but also suffered from a 
large amount of calcite being precipitated in the distribution discs, both of which could have 
ultimately hindered the depressurisation of the sample.  

The NRVB samples in the experiments did show evidence of reaction interfaces, areas of low 
porosity next to areas of high porosity that had been filled/healed with calcite as the reaction 
front moved through the sample. Other interfaces will also exist in the repository which may all 
have the ability to channelize flow within a repository setting. Interfaces may exist between the 
pre-cast cement containers/ backfill cement, canister/cement and between different backfilling 
events. Growth of new minerals (such as CSH phases) may act to improve the seal along such 
interfaces. However, if the seal is poor or if voids are present, then these might serve as a fast 
migration pathway for CO2. The effect of interfaces and cement healing needs to be studied 
further before their impact on CO2 transport could be assessed. The impact of the presence of 
interfaces and heterogeneities within the repository would require laboratory testing on a large 
scale with tests specifically targeting these processes to better understand the mechanisms for 
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flow and carbonation before any predictions can be fully assessed. Though carbonation did not 
result in disintegration of the cement, we did not quantify cement strength changes as a result 
of carbonation and this could be an area for future study. Finally, evidence to suggest that 
carbonation has the ability to limit migration of certain radionuclides was found during 
diffusion-controlled batch experiments (Rochelle et al., 2013). In those tests Chloride was taken 
up into the cement, possibly providing a mechanism to retard the migration of 36Cl. Fluids 
containing Cl were not used in the flow experiments reported here, and the potential for these 
Cl-rich phases to form in a dynamic system is still to be demonstrated.  
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8 Conclusions 
This study was conducted to assess the flow properties of a reactive gas (CO2) through 
repository cement, Nirex reference vault backfill cement (NRVB). NRVB was chosen due to is 
applicability to the UK concept. This was specifically designed for its application to be pumped 
into the repository as a slurry to backfill the chambers. Once set, it relatively high permeability 
this would allow any gas generated inside the repository to dissipate, preventing pressure build 
up inside the repository. The cement was therefore designed to be highly permeable in 
comparison to other types of cement used for industrial purposes (e.g. structural cements). 
Hydraulic tests conducted with cement equilibrated fluids (Ca(OH)2-saturated) showed the 
average permeability to be  4.3 x 10-17 m2 with highly reproducible results for the 4 cement core 
samples used in this study. Gas tests were conducted using CO2 under different situations 
ranging from gaseous CO2, supercritical CO2 and dissolved CO2. Permeability of NRVB using CO2 
gas was found to be 1.1 x 10-19 m2, half that of an inert gas such as nitrogen (2.0 x 10-19 m2). The 
carbonation of NRVB by a fluid containing dissolved carbon dioxide was found to have an even 
greater impact upon hydraulic conductivity, reducing it a 1000 fold to 4.3 x 10-20 m2. 
Mineralogical assessment of the carbonated core, specifically the ‘zone’ of carbonation, found 
significant reaction ‘fronts’ where the porosity had been redistributed, creating zones of 
increased and decreased porosity. Overall porosity had been reduced due to the precipitation 
of aragonite in narrow bands throughout the carbonated area, resulting in a ‘chicken wire’ 
texture. The presence of these narrow bands is thought to be responsible for the reduction in 
the bulk permeability of the sample. However, in all of the tests conducted with CO2, the NRVB 
still retained the ability to remain permeable and allowed fluid to transmit along the length of 
the sample. This gives some confidence that, in a potential repository setting, the gases 
generated from the breakdown of radioactive waste should be able to dissipate, preventing an 
overly large build up in pressure.    
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