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ABSTRACT 
 
Anticipating possible permit changes in coal-fired power plant wastewater effluent limits, 
Duke Energy initiated research work to evaluate sequestering Flue Gas 
Desulphurization (FGD) wastewater constituents through mixing with potential binders 
including fly ash, gypsum, and quicklime.  Based on promising initial screening-level 
research results, Duke Energy commissioned an in-depth bench-scale study to further 
evaluate sequestration feasibility in a way more representative of the anticipated full-
scale operations, placing paste in a Coal Combustion Residuals (CCR) landfill.  The 
methods envisioned for mixing and delivering the paste are similar to mining industry 
paste-fill practices.  The authors summarize the paste mix design, test program and 
results.  The paste mix design program objective was to develop paste mixes able to 
sequester FGD wastewater constituents while meeting project engineering 
requirements for depositing the paste in a CCR landfill.  Similar to mining industry paste 
fill practice, landfill deposition would entail pumping the CCR paste into landfill cells 
requiring suitable rheology initially, followed by adequate set time and strength gain 
over time.  Additionally, paste mixes evaluated binder material variability and cost 
effectiveness.  The mix design program was conducted in a step-wise manner 
beginning with characterizing the potential mix ingredients, screening trial mix batches, 
and evaluating trial mixes through a more detailed, focused mix design.  Based on the 
results of the bench-scale mix design program, paste mixes were proposed for a future 
pilot-scale field demonstration. 
 
INTRODUCTION 
 
Due to pending regulatory challenges the current approach for future flue gas 
desulfurization (FGD) wastewater and coal combustion residual (CCR) disposal 
practices is currently being evaluated.  The industry has largely transitioned to dry 
stacking of ash into lined landfills and stringent treatment limits on FGD wastewater will 
be induced (Ellison, 2015).  One treatment option, co-disposal of CCR and FGD 
wastewater, will require the efficient movement and stable disposal of the blended 



 

 

residue, which can have properties of a paste.  Paste technology applications have 
been successfully used in the mining and oil and gas industry for over 25 years to deal 
with fine waste products.  Paste is a high-density engineered material composed 
primarily of a fill material mixed with hydraulic binders and water typically with more than 
70% solids.  The goal for high-density paste formulations is to produce a pumpable 
material that does not segregate when placed and hence does not have fine materials 
runoff on beaches or require removal of significant quantities of bleed water (Aldea and 
Connolly, 2014). 
 
Passive deposition technologies, such as zero-bleed water pastes, offer advantages for 
the integrated transport and disposal of CCR’s as well as difficult to handle FGD salts 
and brines from zero liquid discharge (ZLD) volume reduction technologies.  Co-
disposal is achieved when ash, process water, and binders are mixed and pumped into 
the landfill as a thixotropic paste and allowed to set into an encapsulated monolith.  
Work is ongoing to reduce water volumes, characterize and stabilize materials, develop 
mechanical systems for mixing and transportation of materials, create effective landfill 
placement and management practices, and prove long term sequestration of 
constituents (Ellison and Ogunro, 2015, Longo, 2015).  However, there are still 
challenges for paste technology applications for the power sector to balance 
commercial aspects with technical performance and delivering a solution that meets 
regulatory requirements at the deposition site (Longo, 2015). 
 
In anticipation of possible permit changes in coal-fired power plant wastewater effluent 
limits (the EPA’s proposed “Steam Electric Power Generating Effluent Guidelines”), 
Duke Energy initiated research work to evaluate sequestering FGD wastewater 
constituents through mixing with potential binders including fly ash, gypsum, and quick 
lime.  Initial screening level paste material research conducted at the University of North 
Carolina, Charlotte (UNCC) (Boivin et al., 2015) provided promising results and 
indicated that it is possible to sequester FGD wastewater constituents at a lab scale.  
This research focused on managing the constituents of concern (COCs) in FGD purge 
wastewater.  One of the promising management options is the treatment and 
immobilization of high concentrations of halides and other constituents in the FGD 
wastewater (brine solution) by blending with lime stabilized fly ash.  The key research 
objective was to assess the quantity and quality of the leachate and runoff generated 
from the organo-silane (OS) treated and untreated stabilization/solidification (SS) test 
beds subjected to field-relevant environmental and climatic conditions.  Geotechnical 
characterization of SS material including hydraulic conductivity, consolidation, and 
unconfined compression strength tests were performed on samples collected during 
placement of the test beds. 
 
Based on the promising initial screening-level research results obtained at UNCC, Duke 
Energy commissioned an in-depth bench-scale study to further evaluate sequestration 
feasibility in a way more representative of the anticipated full-scale operations, placing 
paste in a Coal Combustion Residuals (CCR) landfill.  The methods envisioned for 
mixing and delivering the paste are similar to mining industry paste-fill practices.  This 
paper presents a summary of the paste mix design, test program and results available 



 

 

to date.  Various paste mixes were evaluated to meet project requirements, including 
placeability and pumpability in the landfill and suitability for landfill operations.  
Additionally, paste mixes were also evaluated to address material variability and cost 
effectiveness.  Based on the results of the laboratory tests, paste mix designs were 
proposed to be used for a future field demonstration pilot study to further evaluate the 
feasibility in a manner representative of full-scale operations. 
 
OBJECTIVES 
 
The objective of the paste mix design program presented here was to develop paste 
mixes which are placeable and pumpable in the landfill and suitable for landfill 
operations.  The paste mix was designed to meet performance specifications, including 
placeability, pumpability and strength requirements for the project.  A target for paste 
cone slump of ~229mm – 241mm (~9 in – 9.5 in) was set for the paste to meet the 
placeability and pumpability requirements for the project.  An unconfined compressive 
strength (UCS) over 0.2 MPa (29 psi), typically at 28 days age, was estimated to be 
sufficient for paste to meet strength requirements.  This paper presents selected test 
results. 
 
METHODOLOGY 
 
The paste mix design work was conducted in the following three sequential, screening 
steps (Figure 1): 

 
Figure 1 Methodology used for the paste mix design work 

 

• Step 1: Materials characterization, including evaluation of potential paste mix 

ingredients, such as binders: fly ash (FA), quicklime and Portland cement (PC) and 

plant waste water. 

• Step 2: Trial batches were conducted to develop paste mix designs to meet the 

slump target, while maximizing the water content for a given binder and binder 

dosage rate.  Variables for the paste mixes included the following: type of binder 

(quicklime and PC), source of quicklime and binder dosage rate. 

• Step 3: Selected “focused” mixes included preparation of final full-size laboratory 

batches to produce specimens to be tested.  Upon completion, the successful mix 

designs were proposed to be used for a future field demonstration pilot study. 

 
  

Step 1:

Material 
Characterization

(Potential Paste 
Ingredients)

Step 2:

Trial Batches (Screening 
Evaluation)

Step 3: 

Focused Mix Design

(Selected Mixes)



 

 

EXPERIMENTAL PROGRAM 
 
The following potential paste mix ingredients were evaluated for suitability of use in 
paste: fly ash, binder and plant waste water (FGD wastewater brine).  The binders used 
for the test program included quicklime from two sources and Portland cement (general 
use “Type GU”) which meets the requirements of cement Type I according to ASTM 
C150. 
 
Step 1 – Material Characterization 
 
Paste potential mix ingredients were characterized as follows: 

• Characterization tests were conducted for FA to confirm the type of ash and to 

gain understanding of its expected performance in paste.  Physical 

characterization included laser particle size distribution (LPSD using a particle 

size analyzer and specific gravity following ASTM D854).  Chemical analysis was 

determined by Borate Fusion and X-ray Fluorescence Spectrometry.  Pozzolanic 

activity with Portland cement was evaluated as per ASTM C618 by measuring 

the compressive strength increase over time for different FA – PC dosage ratios.  

Pozzolanic activity with lime was determined following CSA A3004-13 Annex A. 

• Characterization tests for quicklime included sieve analysis following ASTM 

C136/C136M, chemical analysis conducted by Borate Fusion and X-ray 

Fluorescence Spectrometry, slaking rate of quicklime following ASTM C110 and 

mineralogical composition determined using qualitative X-ray diffraction (XRD) 

following ASTM C1365. 

• Chemical composition of the FGD wastewater brine was determined to gain 

understanding on its expected compatibility with the other paste mix ingredients, 

as well as the expected paste performance. 

 
Step 2 – Trial Batches 
Trial batches were conducted in two steps: 

• 1) Preliminary small scale trial batches were prepared for a preliminary 

evaluation with the objective to screen mixes based on properties, such 

workability, which is related to placeability and pumpability, mixing temperature 

and set time by ASTM C191.  Variables for the paste mixes included the 

following: source of FA, FA dosage rate (56% - 67%), type of binder (quicklime 

and PC), source of quicklime and binder dosage rate (3% - 9%) and FGD 

wastewater brine chemistry. 

• 2) Large scale trial batches. Ten paste mixes were evaluated to determine key 

properties, such as slump following ASTM C143/C143M; slump flow following 

ASTM C1611/C1611M; set time following ASTM C191; plastic temperature 

measured while mixing; bleeding following ASTM C232/C232M; pH of mixing 



 

 

water; plastic density following ASTM C138/C138M; hardened density based on 

volume and mass; UCS following ASTM D4832.  Variables for the paste mixes 

included the following: type of binder (quicklime, PC and quicklime – PC blend), 

source of quicklime and binder dosage rate (3% - 9%).  Upon completion of 

these tests four (4) mixes were selected for full size laboratory batches for further 

testing. 

 
Step 3 – Focused Batches 

Based on the results of the large scale trial batches four paste mixes with binder dosage 
rates (by weight) ranging between 4% and 9% were selected to be evaluated.  The 
following properties were determined: slump following ASTM C143/C143M; slump 
retention up to two hours, which is important for placement of paste; slump flow 
following ASTM C1611/C1611M; set time following ASTM C191;plastic temperature 
measured while mixing; bleeding following ASTM C232/C232M; pH of mixing water; 
paint filter test following EPA Method 9095B; plastic density following ASTM 
C138/C138M; hardened density based on volume and mass at 7, 14, 28 and 56 days; 
UCS following ASTM D4832 at 7, 14, 28 and 56 days; hydraulic conductivity following a 
modified version of ASTM D5856; rheology measurements using a Haake Viscotester® 
550 and an immersion sensor system with star shaped rotor at multiple solids 
concentrations, while maintaining the quicklime content for each paste mix; temperature 
monitored by a thermocouple placed in one 150 mm x 300 mm (6 in x 12 in) cylinder 
specimen cured at semi-adiabatic conditions and monitored until it reached room 
temperature; moisture content. 

 

TEST RESULTS 

 

Material characterization 

The physical properties of the FA are available in Table 1. Based on the LPSD results 
the FA sample is very fine, with 80% of the particles below 65 microns and particles 
below 20 microns representing ~40%.  Based on this result paste using FA as fill is 
pumpable.  The SG of the FA sample is 2.385, which is within a typical SG range for 
FA. 

 

Table 2 summarizes the chemical composition of the FA sample.  Based on sulfur 
trioxide (0.50%), silicon dioxide plus aluminum plus iron oxide content (90.80%) and 
loss on ignition (LOI) (1.27%) the FA sample used for the study meets ASTM C618 
Standard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use 
in Concrete Table 1 chemical requirements for FA Class F. 

 
  



 

 

Table 1 Summary of Physical Test Results of fly ash 
 

Test Method Results 

Laser particle size 
distribution 

Range (µm) 0.373 – 1.909 

P10 (d(0.1)) 5.278 µm 

P50 (d(0.5)) 25.74 µm 

P80 (d(0.8)) ~65 µm 

P90 (d(0.9)) 84.88 µm 

<75 µm ~85% 

<45 µm ~70% 

<20 µm ~40% 

<2 µm ~4% 

Specific gravity (SG) 2.385 

 
Table 2 Chemical composition of the fly ash 

 

Element Oxide (%) 

Total Carbon 1.19 

Total Sulphur 0.20 

Al2O3 26.40 

BaO 0.09 

CaO 2.07 

Cr2O3 0.03 

Fe2O3 10.6 

Na2Oe* 1.86 

K2O 2.29 

MgO 0.92 

MnO 0.01 

Na2O 0.35 

P2O5 0.24 

SiO2 53.80 

TiO2 1.36 

SrO 0.08 

V2O5 0.05 

LOI 1.27 

SO3* 0.50 

Total 99.5 

SiO2 + Al2O3 + Fe2O3 90.80 (>70) 

*calculated 



 

 

 

Table 3 presents the mortar cube results for the pozzolanic activity of the FA with lime 
at 7 days.  According to the test results the FA meets the minimum strength requirement 
after 7 days in CSA A3004-R1, Annex A Table 6.  Based on the FA characterization 
results the source of FA evaluated meets the requirements of Fly Ash Class F as 
defined by ASTM C618 and it has limited pozzolanic properties.  It can be activated 
when used with lime, with a slow strength development over time.  The fly ash is not 
itself hydraulic (as are some class C fly ashes) and does not gain strength without a 
pozzolanic reaction with alkali water.  In general, class F fly ash is more reactive when 
the pH of the pore solution is higher, as is the case with Portland cement, where the 
alkali hydroxides can raise the pH above 13.  With lime, the pH is limited to a maximum 
of approximately 12.4. 

 
Table 3 Pozzolanic activity of fly ash with quicklime; 1 MPa=145 psi 

 

 
 
The particle size distribution (PSD) based on sieve analysis of the two quicklime 
sources evaluated (Source 1 and Source 2) is presented in Figure 2.  For the sample 
from Source 1, 98.67% of the material passes the 6.7 mm sieve, whereas 100% of the 
sample from Source 2 pass the 3.35 mm sieve.  The sample from Source 1 has more 
coarse material above 600 microns and more fine material below 600 microns than the 
sample from Source 2.  Overall based on the sieve analysis results the quicklime from 
Source 2 is finer than that from Source 1. 

 

 
 

Figure 2 Particle size distribution of quicklime from the two sources evaluated 
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Table 4 summarizes the chemical composition of the quicklime samples from Source 1 
and Source 2.  Both quicklime samples are in excess of 90% as calcium oxide, with the 
Source 2 quicklime slightly higher at 93.6% compared to 91.7% for Source 1.  The 
chemical difference between the two quicklime sources is due to a small amount of 
dolomite/magnesite in the Source 1 limestone.  The slaking rate results suggest that the 
lime from Source 2 is more reactive than that from Source 1.  The XRD patterns for both 
sources are typical for lime, showing presence of CaO (lime), MgO and Ca(OH)2, where 
a trace of calcite was also identified for the sample from Source 2.  The finer particle 
size distribution of the Source 2 quicklime will result in a slight increase in reactivity, as 
does its higher calcium oxide content, compared to the Source 1 quicklime.  For the 
purposes of paste reactivity with the fly ash in this study, the finer particle size 
distribution of the Source 2 quicklime will result in an increased reactivity. 

 
Table 4 Key element oxides and slaking rate for quicklime 

 

Source Source 1 Source 2 

Element Oxide (%) (%) (%) 

Total Sulphur 0.067 0.030 

CaO 91.70 93.6 

MgO 3.75 1.40 

SiO2 2.28 2.31 

LOI 0.81 1.14 

Total 99.7 99.6 

Active slaking time 
(minutes) 

8 6 

Maximum temperature (°C) 70.7 72.7 

 
It is known that the chemical composition of the FGD wastewater brine may affect the 
performance of cemented paste in terms of set time, potential for strength increase and 
long term performance.  Table 5 summarizes the key parameters of the chemical 
composition of the FGD wastewater brine sample which can potentially affect cementing 
material hydration.  The dissolved chloride, which exceeds the maximum concentration 
in mixing water for concrete (CSA A23.1/23.2), will have a significant effect on the 
performance of the paste. 

 
Table 5 Key parameters for RO water 

 

Parameters Units 
FGD 

wastewater 
brine 

RDL 
Water used for 

making concrete 

Inorganics     

pH - 7.0 - 6.5 – 8.5 
Dissolved sulphate (SO4) mg/L 2,730 100 3000 
Dissolved chloride (Cl) mg/L 16,160 100 1000 



 

 

Total alkalis mg/L 77.8 0.5 600 

Total Dissolved Solids mg/L N/A N/A 50,000 

Total Calcium (Ca) mg/L 6,330 1 N/A 

Total Magnesium (Mg) mg/L 2,800 0.5 N/A 
RDL: reporting detection limit 
N/A: Not Applicable 

 
Focused batches 
 
Based on overall performance and cost effectiveness, quicklime from Source 2 was 
selected to be used as binder for paste for the focused mixes.  Based on the results of 
the preliminary and large scale trial batches in terms of workability, mixing temperature 
and set time, the four mixes in Table 6 were selected as “focused mixes” for full 
evaluation.  Cw represents the solids content (FA and quicklime) in the paste mix. 
 

Table 6 Mix design of the focused paste mixes 
 

 
 
The plastic properties of the focused paste mixes are presented in Table 7. 
The cone slump for the final paste mixes ranged between 229mm (9.0 in) for Mix B to 
241mm (9.5 in) for Mixes A and C.  The quantity of FGD wastewater brine added to 
each of the final mixes was specifically adjusted to obtain an initial slump value between 
229 mm to 241 mm (9.0 in and 9.5 in).  As the final mixes were adjusted based on 
slump there is very little variation between the four final mixes.  The amount of FGD 
wastewater brine required for the target slump did not vary appreciably with quicklime 
content. 
 
  



 

 

Table 7 Plastic properties of the focused paste mixes 
 

 
 

Slump was measured to determine slump retention up to two (2) hours at six times, 
assuming that the paste would be placed within one hour (60 minutes): 0 minutes (“time 
0”, initial slump), 20 minutes, 40 minutes, 60 minutes, 90 minutes and 120 minutes after 
mixing, with no additional mixing after “time 0”, or “static”.  One slump measurement 
was taken 120 minutes after initial mixing after remixing for 2 minutes.  This additional 
slump measurement was taken since it is known that additional mixing can recover 
some of the plastic properties of paste and increase slump retention over time 
compared to slump retention without further mixing after “time 0”.  After one hour (60 
minutes) the slump retention is similar for Mixes A, B and C (~83 - 84%), whereas it is 
significantly lower for Mix D (~52%).  Mixes A, B and C show similar rates of slump loss 
to 2 hours, while Mix D (highest quicklime content at 9%) shows the most rapid and 
consistent loss of slump (Figure 3).  Slump retention after 2 hours and remixing for 2 
minutes is effective for Mix A, which has the lowest quicklime content, and marginally 
effective for mixes B and C.  However, it does not seem to improve significantly slump 
retention for mix D, which has the highest quicklime content (Figure 4).  Notably, Mix D 
shows the largest static slump loss and the least recovery of slump after re-mixing, 
suggesting that the higher quicklime mixes may be problematic if not placed within a 
shorter time frame. 

Mix A Mix B Mix C Mix D

Slump (in) 9.50 9.00 9.50 9.15

Slump (mm) 241 229 241 232

Slump flow (in) 15.00 11.50 15.50 13.00

Slump flow (mm) 381 292 394 330

Cylinder slump (mm) 40 25 35 21

2 hrs Slump, no remixing (in) 5.20 5.75 6.75 3.00

2 hrs Slump, no remixing (mm) 132 146 171 76

2 hr Cylinder slump, no remixing (mm) 10 14 11 6

2 hrs Slump, remixing (in) 7.75 6.25 7.00 3.50

2 hrs Slump, remixing (mm) 197 159 178 89

2 hrs Slump flow, remixing (in) NA NA NA NA

2 hrs Slump flow, remixing (mm) NA NA NA NA

2 hr Cylinder slump, remixing (mm) 18 10 11 8

Temperature, initial (°C, °F) 23, 73.4 23, 73.4 24, 75.2 24, 75.2

Temperature, mixing (°C, °F) 40, 104 42, 107.6 47, 116.6 53, 127.4

Setting - Initial (days) 7 5 4 3

Setting - Final (days) 18 14 14 14

Bleeding after 24 hours (% by mass) 2.9 2.3 1.8 0.00

Plastic density (kg/m3) 1,771 1,783 1807 1784

Plastic density (lbs/ft3) 111 111 113 111

pH (bleed water, fresh mix) 11.96 11.98 12.02 12.04

Property
Focused Paste Mixes



 

 

 

 
 

Figure 3 Slump retention over time, no remixing; 1 in=25.4 mm 
 

 
 

Figure 4 Slump retention after 120 minutes, effect of remixing; 1in=25.4mm 
 
Table 7 presents the data for initial and final set times for the final four mixes.  Both 
initial and final set times decrease with increased quicklime contents, with the Mix D 
(9% quicklime) achieving initial set in 3 days, compared to 7 days for Mix A (4% 
quicklime).  The final set times also favor the high quicklime Mix D, (14 days versus 18 
days) but is no different than the two intermediate quicklime mixes B and C. 

The results for bleeding after 24 hours (see Table 7) are expressed as a percentage of 
the mixing water.  The four final mixes had minimal bleed water, with the highest 
amount of 2.9% for Mix A and dropping to 0% for Mix D.  This decrease in bleed water 
follows the increase in quicklime content.  Table 8 presents the bleed water from 7 to 56 
days age for the final paste mixes.  For a given mix the amount of bleed water increases 
over time regardless of dosage of quicklime.  The results follow the same trend 
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observed at 24 hours, showing a decrease in bleed water with the increase in quicklime 
content of the mixes. 
 

Table 8 Bleeding values for focused paste mixes 
 

 
 
Table 7 provides the pH measurements for the bleed water collected on the surface of 
the freshly mixes paste samples.  The pH measurements show a slight increase from 
mixes A to D, from 11.96 to 12.04.  These values are consistent with the concentrations 
of quicklime used in the paste samples. 

 
For each mix the plastic density result in Table 7 represents an average for three (3) 
specimens measured.  All the paste mixes produced in the final batches have very 
similar plastic densities, ranging between 1,771 kg/m3 (~111 lbs/ft3) for Mix A to 1807 
kg/m3 (~113 lbs/ft3) for Mix C, which are typical for this type of material, and follow the 
small variations in the solids contents of the four mixes. 

 
Table 9 presents 7-day, 14-day, 28-day and 56-day hardened density results for the 
four final mixes.  For each mix the hardened density result represents an average for 
three (3) specimens measured prior to the UCS test.  For all the mixes the hardened 
density did not vary significantly with time, with an average over all of the samples 
tested of 1,826 kg/m3 (~114 lbs/ft3), with a standard deviation of only 11.8 kg/m3 (~0.744 
lbs/ft3).  This is consistent with the uniformity of total solids contents for the four final 
mixes. 

 
  



 

 

Table 9 Hardened density results for focused paste mixes 
 

 
 
UCS results from 7 to 56 days age for the four final mixes are presented in Figure 5.  
The 7-day UCS results range between 0.17 MPa (~25 psi) for Mix C to 0.26 MPa (~38 
psi) for Mix A.  By 56 days, all four of the final mixes have UCS results range between 
2.35 MPa (~341 psi) for Mix D to 2.83 MPa (~410 psi) for Mix B.  Unlike the set time, 
there does not appear to be a strong correlation between quicklime content and ultimate 
strength for the paste mixes at quicklime contents in the range of 4% to 9%. 
 

 
 
Figure 5 Unconfined compressive strength results for focused paste mixes; 1 MPa= 

145 psi 
 
Hydraulic conductivity test results are presented in Table 10, which indicate hydraulic 
conductivity values for the mature (56-day) paste mixes of the order of 10-9 m/s (10-7 
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cm/s), e.g. in the range of approximately 4.7x10-10 to 4.3x10-9 m/s.  Except for Mix A, 
which has the lowest quicklime content (~4%), where the hydraulic conductivity results 
are similar over time, for the remaining paste mixes with higher quicklime content (Mix 
B, Mix C and Mix D, with a quicklime content~5%, 6% and 9%, respectively) the 
hydraulic conductivity decreases over time, as expected.  Hydraulic conductivity results 
reported by Boivin et al., 2015 range between 10-4 and 10-6 cm/s (10-6 and 10-8 m/s), 
which are comparable to the early age results (3 days) in Table 10, and significantly 
higher than the mature paste results. 

 
Table 10  Hydraulic conductivity results for focused paste mixes 

 

 
 
Rheology measurements were conducted with a Haake Viscotester® 550 at multiple 
solids concentrations, while maintaining the quicklime content constant for each paste 
mix.  The solids contents were selected to bracket the actual solids content used for 
each of the four final mixes and includes a data point at the actual solids content of 
each final mix design.  An immersion sensor system FL100 (radius 11 mm (0.43-inch) 
and height 16 mm (0.63-inch)) with star shaped rotor was used for rheology property 
measurements.  The shear rate ranged from 0 s-1 to 20 s-1 and back to 0 s-1.  For each 
solids concentration information including shear rate, shear stress and viscosity were 
recorded using a computer program.  The following two values for the yield stress were 
obtained based on rheology tests: 

• The "rheometer yield stress", which is determined as the peak shear stress 

obtained for a small increase in shear rate, and 

• The "Bingham yield stress", which is the calculated yield stress which determined 

the stress above which the material becomes fluid, which is represented by the 

intercept of the flow curve with the shear stress axis for the linear Bingham 

model. 

Table 11 provides a summary of the rheological properties of each of the final mix 
designs at the as-produced solids content used for all physical testing.  All of the final 
mixes had measured cone slump values between 229 mm (9.0 in) and to 241 mm (9.5 
in), but there was an increase in both rheometer and Bingham yield values with 
increased quicklime content.  The rheometer data, particularly the Bingham yield 
values, represent dynamic behavior of the paste mixes, where the various slump 
measurements are static (gravity only) measurements.  The yield values measured 
indicate that the higher quicklime content mixes have a tendency to be more difficult to 
move initially, with the higher quicklime content producing a “stickier” paste consistency. 

Mix Mix A Mix B Mix C Mix D

Quicklime content (%) 4.03% 5.09% 6.01% 8.96%

Age (days)

3 days 1.69E-09 3.71E-08 3.64E-08 4.46E-08

28 days 3.41E-09 3.74E-09 1.39E-09 1.32E-09

56 days 4.28E-09 1.52E-09 1.09E-09 4.69E-10

Hydraulic conductivity (m/s)



 

 

 
Table 11 Summary of rheological testing values for focused paste mixes 

 

Rheology 
Paste Mixes 

Mix A Mix B Mix C Mix D 

Density (kg/m3) 1,760 1,775 1,785 1,789 

Cylinder slump (mm) 43 25 18 18 

Rheometer yield stress (Pa) 49.63 71.91 181.04 179.92 

Rheometer yield stress (psi) 0.0072 0.0104 0.0263 0.0261 

Bingham yield stress (Pa) 4.53 5.6 6.01 7.07 

Bingham yield stress (psi) 0.00066 0.00081 0.00087 0.00103 

 
Table 7 presents results for the temperature measurements of the plastic paste.  The 
results show that the temperature of the plastic paste increases essentially linearly with 
increased quicklime content in the range from 4% to 9%.  The temperature ranges 
between 40°C (~104°F) for Mix A to 53°C (~127°F) for Mix D. 

 
In addition to the plastic temperature measurements, the temperature of each of the 
four final mixes was monitored by a thermocouple placed in one 6 in x 12 in (150 mm x 
300 mm) cylinder specimen cured at semi-adiabatic conditions.  Temperature was 
monitored until it reached room temperature.  Under these conditions, Mix A reached 
43.1°C (~109°F), Mix B 48.4°C (~119°F), Mix C 55.1°C (~131°F) and Mix D 70.3°C 
(~158°F).  Table 12 presents the maximum temperature rise reached by the paste 
mixes and the corresponding age of the paste mixes.  The maximum temperature was 
reached within similar time, e.g. 1 hour and 26 minutes for Mix A and 1 hour and 12 
minutes for Mixes B and C, and within 2 hours and 24 minutes for Mix D.  The semi-
adiabatic temperature curves are shown in Figure 6. 

 
Table 12 Maximum temperature and corresponding age for focused paste mixes 

 

 
 

°C °F days hr min

Mix A 4% 43.1 110 0.06 1 hr 26 min

Mix B 5% 48.4 119 0.05 1 hr 12 min

Mix C 6% 55.1 131 0.05 1 hr 12 min

Mix D 9% 70.3 159 0.1 2 hr 24 min

Mix
Max Temperature Age% 

Quicklime



 

 

 
 

Figure 6 Semi-adiabatic temperature curves for focused paste mixes 
 
Moisture content in the hardened samples was determined for paste specimens tested 
in compression at 7, 14, 28 and 56 days.  The samples were dried in the oven at 60°C 
(140°F) and weight measurements were taken periodically until there were no more 
changes in weight.  Table 13 shows the moisture content (corrected free moisture) for 
the four final mixes calculated using the measured moisture content and the water 
consumed by quicklime for each of the paste mixes.  The average moisture contents of 
the mixes are around ~23%, ranging from 22.86% for Mix A and 23.62% for Mix D. 
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Table 13 Summary of measured moisture contents for focused paste mixes 
 

 
 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
Based on the results of the test program conducted the following conclusions can be 
made for the focused paste mixes: 
• Paste mixes were developed and met the cone slump requirements.  The cone 

slump for the focused mixes is within the range targeted for the project 229 mm to 

241 mm (9 in to 9.5 in).  The amount of FGD wastewater brine required for the target 

slump did not vary significantly with the quicklime content used for the project. 

• Slump retention after 2 hours with no remixing (static) depends on the quicklime 

dosage rate in the mix. 

• Remixing seems to be effective for slump retention after 2 hours (dynamic) for Mix 

A, which has the lowest quicklime content (4%).  It does not seem to be as effective 

for mixes B to D, which have higher quicklime content (5%, 6% and 9%). 

• The paste mix with the highest quicklime content (9%, Mix D) showed the largest 

static slump loss and the least recovery after remixing.  Therefore, paste mixes with 

higher quicklime content must be placed within a shorter time frame compared with 

those with lower quicklime content. 

• The set time depends on the quicklime dosage rate in the paste mix.  The initial set 

time decreased with the increase in quicklime content, ranging between 3 days for 

Mix Age (days)

Measured 

Moisture 

(%)

Water 

Consumed by 

Quicklime (%)

Corrected 

solids, Cw (%)

Corrected 

Free 

Moisture (%)

Average 

Moisture 

(%)

7 21.97% 1.29% 76.74% 23.26%

14 21.56% 1.29% 77.15% 22.85%

28 21.52% 1.29% 77.19% 22.81%

56 21.21% 1.29% 77.50% 22.50%

7 21.90% 1.63% 76.47% 23.53%

14 22.27% 1.63% 76.10% 23.90%

28 21.64% 1.63% 76.73% 23.27%

56 21.56% 1.63% 76.82% 23.18%

7 21.49% 1.92% 76.58% 23.42%

14 20.75% 1.92% 77.33% 22.67%

28 21.80% 1.92% 76.28% 23.72%

56 21.11% 1.92% 76.97% 23.03%

7 21.35% 2.87% 75.78% 24.22%

14 20.94% 2.87% 76.20% 23.80%

28 20.70% 2.87% 76.44% 23.56%

56 20.04% 2.87% 77.09% 22.91%

22.86%

23.47%

23.21%

23.62%

Mix A

Mix B

Mix C

Mix D



 

 

the mix with 9% quicklime (Mix D) and 7 days for the mix with 4% quicklime (Mix A).  

The final set time ranged between 14 days for mixes with quicklime content of 5% 

and higher (Mixes B, C and D) and 18 days for the mix with 4% quicklime (Mix A).  

Faster set time is likely advantageous for placing paste in lifts for field installation. 

• The amount of bleed water depends on the quicklime content in the mix; it 

decreased with the increase in quicklime content in the paste mixes. 

• The pH of the bleed water collected on the surface of the freshly mixed paste 

samples showed a slight increase with increasing quicklime content in the mix.  

However, all the pH measurements were close to ~12. 

• Plastic and hardened density measurements were within a typical range for this type 

of material. 

• The unconfined compressive strengths increased over time.  At 56 days all the final 

mixes were above 2 MPa (290 psi), or well in excess of 200 kPa (29 psi), which is 

estimated to be sufficient for paste for similar applications in mining. 

• Hydraulic conductivity values for the mature (56-day) paste mixes are of the order of 

10-9 m/s (10-7 cm/s), which is comparable with results previously obtained by UNCC.  

For the paste mixes with quicklime contents ≥5% the hydraulic conductivity 

decreased over time, as expected. 

• Yield values measured during rheology tests indicate that the higher quicklime 

content mixes have a tendency to be more difficult to move initially, with the higher 

quicklime content producing a “stickier” paste consistency. 

• Initial temperature and temperature rise measurements are sensitive to the 

quicklime content in the paste mix, with temperature measurements increasing for 

higher quicklime contents. 

• Moisture content in the hardened samples varied with the quicklime content.  The 

average moisture content for the mixes was around 23%. 

Paste mixes with 4% and 5% quicklime (Mix A and Mix B, respectively) are proposed to 
be used for a future field demonstration pilot study to further evaluate the feasibility in a 
manner representative of full-scale operation.  The recommendation is made based on 
their overall performance and suitability for landfill operations, as well as cost 
effectiveness. 
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