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Abstract -- The construction of suppQrt 
systems to prevent the subsidence of abandoned, 
flooded mines is difficult and costly. Existing 
technology, which relies on the placement of fly 
ash/cement grouts to form supporting columns 
underwater, is inadequate since the grout quickly 
becomes diluted by the surrounding water. This 
results in a separation of the grout components 
and loss of all self-supporting characteristics of 
the mix. A new technique has been developed in 
which the grout stream passes through and reacts 
with a curtain of sodium silicate.during placement 
to form a calcium silicate gel barrier on the 
grout surface that limits dilution of the mix by 
water. A field-scale mine simulation study funded 
by the Office of Surface Mining, Reclamation and 
Enforcement has shown that this technique enhances 
the underwater formation of grout columns with a 
high angle of repose. Grout columns built using 
this technique have an average angle of repose 5.5 
times greater than control samples and are on the 
average 48% stronger after 28 days. This process 
also· prevents the separation of grout components 
and reduces the raw material cost for column 
construction by a factor of 10. 

INTRODUCTION 

The subsidence of abandoned coal 
mines has become an increasingly 
important problem due to the potential 
for property damage and loss of life 
for residents·in the affected areas. 
The stabilization of these sites is of 
major concern to the Office of Surface 
Mining, Reclamation and Enforcement 
and state agencies because the onset 
of subsidence can be unpredictable and 
usually requires an immediate and 
effective response to alleviate the 
situation. Over the past few years 
there have been over SO emergency 
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subsidence events per year, on the 
average, involving flooded mines and 
requiring corrective action. The 
majority of these events affect only a 
small area, but if not stabilized 
quickly and effectively the subsidence 
can spread, creating hazardous 
conditions in adjacent areas. 

Normally the stabilization of 
collapsing mines can be remedied 
easily using the current technology 
available, but where the site is 
flooded, this technology can be 
ineffective and economically 
unfeasible. The method of mine 
stabilization currently being used 
involves the injection of large 
volumes of a cementitious grout into 
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the mine cavity to partially fill:the 
void and support the weight of the 
overburden. In most cases the grout 
mixture used consists of varying 
proportions of Portland cement and fly 
ash. Ratios of fly ash to cement 
range between 5:1 and 9:1 and the 
ratios are selected based on 
compressive strength requirements and 
raw material cost. This grout is 
injected into the mine via boreholes 
and usually tremied into place to 
produce columns or separate piles of 
grout to support the mine roof. Later 
the entire void may be filled with a 
fly ash slurry or mine refuse to 
complete the stabilization. 

under flooded conditions, this 
stabilization technique has been found 
to be ineffective. Building a column 
that will provide roof contact using a 
minimum amount of grout requires a 
low~slump, high-viscosity mixture. 
When a grout of this type comes in 
contact with water, the mix starts to 
become diluted as water passes into 
the grout matrix. Dilution reduces 
the viscosity and self supporting 
properties of the grout, preventing 
the formation of a column and 
resulting in a pile exhibiting a low 
angle of repose. Also, as the grout 
mix passes through the water, the fly 
ash and cement components of the grout 
tend to segregate due to particle size 
and density diffetences. Fly ash is 
separated out of the mix and is washed 
away or left suspended in the water 
reducing the volume of the grout that 
eventually will harden. In many 
cases, the water within the mine is 
moVing, causing the grout pile to 
erode before setting is achieved and 
in some cases actually mciving th~ 
grout away from the site requiring 
stabilization. 

A new technique has been 
developed that allows for proper 
placement of a cementitious ~rout 
under water without loss of strength 
or slump value. This technique relies 
on passing the grout through a curtain 
of sodium silicate during placement. 
On contact, the sodium silicate reacts 
with the surface of the grout stream, 
forming a calcium silicate gel that 
acts as a barrier to prevent water 
from penetrating into the grout mass 
and diluting the mix. Silicate also 
accelerates the set of the gro~t, 
allowing it to gain strength quickly 
and preventing erosion while a column 
is being formeq. Thus, a column is 
formed using a minimum of material. 
Previous laboratory ·work done 
indicates that grout columns built in 
this manner display higher angles of 
repose, faster set times, and higher 
final compressive strengths than 
control samples. 

In 1987 a series of mine 
sil'llulation studies were cbnducte·d 

-tinder the guidance of the Office of 
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surface Mining, Reclamation and . 
Enforcement in order to evaluate this 
process under field conditions. In 
this study, a·series of grout columns 
were built underwater using standard 
field procedures and equipment and 
then evaluated for rate of column 
formation,. angle of repose, and final 
compressive strength. The purpose of 
this paper is to describe the testing 
procedures used and the results 
obtained during this testing. 

MATERIALS AND METHODS 

Test Apparatus 

For this study, a series of 20 
ft-diameter by 4 ft-deep swimming 
pools were erected to serve as the 
containers for the .grout columns -to be 
formed under water. A wide base 
diameter was needed tO allow the 
formation of the grout piles without 
encountering containment problems from 
the walls of the pool. Each pool was 
filled to 3 1/2 ft with tap water. 
Above the pools, catwalks were 
constructed to serve as supports for 
the grouting pipes and nozzle. This 
also permitted observers to look down 
into the pools during grouting to 
monitor the rate of column growth and 
grout dispersion. Where ·roof contact 
data were taken, a large rectangular 
platform was suspended from the 
catwalk just below the surface of the 
water and secured so that the grout 
columns could be formed underneath 
without displacing the platform 
upward. 

The equipment used "tor mixing and 
injecting the grout consisted of a 10 
ftl, gas-powered mortar mixer; a 
truck-mounted , gas-powered peristalic 
grout pump; a rotary gear pump for 
silicate supplied fro~ 55 gal drums; 
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and an annular nozzle designed to 
inject the grout mix and silicate 
simultaneously. The nozzle used was 
specifically designed to inject a 
curtain of silicate around the grout 
stream as it entered the water. 
Figure 1 details the nozzle design 

.used for these tests. 

The grout formulation used for 
this study consisted of six parts of 
fly ash to one part cement by volume. 
The cement used was a Portland type 
two material and the fly ash a Mercer 
class F. These components were 
combined in the grout mixer and tap 
water was added to bring the total 
solids of the grout to 72% by weight. 
The silicate employed was a 3.22: 1 
weight ratio (Si02 to Na20) sodium 
silicate liquid having a solids 
content of 37.6% by weight. This 
material is readily available in the 
United States and may be obtained in 
drum or bulk ~uantities. 

The testing procedure used was to 
mix the grout formulation by hand in a 
batch mixer and feed it as needed to 
the grout pump, which delivered the 
mix to the nozzle on a continuous 
basis. The pumping rates of the grout 
were calibrated and maintained by 
tracking d~splacement in the pool, 
pump rotation, and the number of 
batches mixed. The silicate was 
delivered to the nozzle via a 
previously calibrated gear pump. 

Experimental Parameters 

Because these tests were designed 
to parallel the types of problems that 
could be encountered in an actual 
flooded mine, all the experiments were 
designed to evaluate this system 
under those conditions. A total of 
eight tests were conducted. The test 
parameters are outlined in table 1. 
In all cases, the angle of repose of 
the resulting columns formed was used 
as the key criterion for performance 
of the system. The calculation for 
determining average angle of repose is 
contained in table 1. The total 
volume of grout pumped in each test 
was also measured. In most cases, 
pumping continued until the grout 

Table l. -- su .. ery of teet para•etere. 

l'LYASH1CEK!NTI FLOW RATS 
WATER1StLICAT!: ~ ~ 

61113.34,0 ,. 7 Control 

1 611:3.3411.16 ,. 7 Nor••l grou~ with 1Uic:ate 

5111511.24 ,. 7 Low-1olid1 grout vi th 
dlic:ate 

611:3.34:1.12 11.6 TIit 2 with incnaeed 
flow rate 

61113.3411.50 11.6 Tait 4 with grout tn•ied 
in plac:, 

6;11].3hl.16 13.1 Ta,t S with c:olumi 
tr••ied ,galnat roof • 

611:3.3411.SO 11.6 Teat 4 with acidiUed 
water 

61113.3411.50 11.6 '?,at 4 with no water in 
pool 
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column broke the surface of the water. 
Visual observations of grout 
separation and dispersion were also 
made, by evaluating the clarity of the 
pool water during grout placement. 
Water temperature was monitored 
throughout the testing to determine if 
it has an effect on column formation 
or.final compressive strength of the 
solidified grout. 

Another variable evaluated was 
nozzle placement and the method used 
for constructing the columns. In the 
early tests, the grout nozzle was 
located just below the surface of the 
water causing the grout to free.fall 
through the water before reaching the 
p09l floor and starting column 
formation. This type of delivery 
accelerated the separation of the 
grout components. For the later 
tests, the grout ·was tremied in place 
by locating the nozzle just above the 
pool floor and slowly raising it as 
the column gained height. This 
technique enhanced column formation 
and limited grout dispersion. 

Once the columns had been formed 
in the pools, they were allowed to age 
for 1 or 2 days, after which the pools 
were drained and the resulting piles 
were measured and photographed. 
Sample blocks were cut from each 
column from the center of the pile. A 
block l ft by l ft by l.5 ft was taken 
from each and sealed until test 
samples could be made and evaluated 
for compressive strength, following 
ASTM procedures. Strength 
measurements were taken at 7, 14, and 
28 days after column formation for 
each experiment, and measurements were 
made in triplicate. 

RESULTS AND DISCUSSION 

A summary of the operating 
conditions and results of the eight 
tests performed during this study are 
shown in table 2. Table 3 reports the 
compressive strength results for the 
samples taken from each grout column 
and figure 2 displays these results 
graphically. A short description of 
each test follows. 

The first test run during this 
study represents a control with no 
silicate being delivered to the grout 
nozzle. A grout mix at 72% solids was 
pumped into the filled pool at a rate 
of~8.7 gpm. The nozZle was positioned 
6 inches below the water surface, and 
the grout stream fell 3 ft through the 
water before reaching the bottom to 
start column formation. The total 
pumping time was 2 hours and 20 
minutes, and a total of 6.2 ydl of 
grout was pumped. 

Immediately upon starting the 
pumping the pool water became too 



Table 2. su .. ary of operating conditions and results. 

Te•t I Temp., 1v~er , .. , .. t, , .. _!., Irr• .... , llatto, lrr..nre., ,-. (letpt, lle,o••· , ,--: ' IIacM• -•· -,.1- -·· vd• I-.:hes .... . 
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I I-• I 
lllosale 1,1.. ICrGllt I.,_ I I 

lllleato llllcato •••-

1 62 I 8.2 36 8.7 300 • .. ,.2 18 5 Coatrol,.ao olllc•t• 

2 57 8.2 35 I 8.7 350 7.t 150 5.7 .. 33 llor..11ro.t 

3 62 8.3 36 
., 
I 8.1 300 7.t 150 6.2 36 7 LN-!0114• 1r011t 

4 .. I 11.2 30 11., 400 t.2 160 6.2 40 53 llaher flow rates 

5 51 11.1 12 11., 350 ,., lt5 5.7 43 3t Treml .. file 

6 52 I 10.3 I 12 13.1 
I 

450 7.t 200 6.2 48 45 Tral .. aplut roof 

7 55 2.7 I 12 11., 450 ,., 200 ,.2 42 35 Act• al• tHt 

8 .. I M I 36 I u.& I 400 I ,., I 200 I 3.7 I 52 36 IPoarl .. pile Into alr 
I I I I I I I I 

•A9era1e oagle of repose l• calcalatedl hJ tt.Uq tfle arctaapat of tfle following 4110tlenti 

Relght of the pile fro. the point lt 1teg1 .. to slope !!!!rd 
Diameter of the pile froei where it begins to elop9: upward LISS the dlta .. ter of the plateau st the top of thli frustum 

Table 3. -- compressive strength teat results. 
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Figure 2. -- Change in cc•presaive strength over ti•• for columns 
constructed under condition• aa shown. 

cloudy to see the formation of the 
pile. This reduction in water clarity 
indicated that the fly ash from the 
grout mix was separating out and 
dispersing. Column formation had to 
be monitored by probing the grout 
gently with a pole continually through 
the test. In this test the grout 
column never reached the water 
surface. 

After two days, the pool was 
drained and the pile measured. The 
column formed was 18 inches high at 
the center and had an average angle of 
repose of 5 degrees. The only 
solidified portion of the column was a 
small cylinder of grout 2 ft in 
diameter at the center of the mass. 
The remaining material was soft and 
muddy and was of a different color 
than the rest of the grout indicating 
that this part of the mass was Mainly 
fly ash that had separated out. The 
compressive strength of the set 
portion of the column reached 408 psi 
in 28 days. 

The second test in this series 
used the same parameters as the first 
except that silicate was introduce~ to 
the grout at the nozzle. One part 
silicate was pumped through the nozzle 
for every 7.9 parts of grout by 
volume. Total pumping time was 2 
hours and ten minutes and 5.7 yd of 
grout were used. 

The pool water remained 
relatively clear throughout the 
duration of this test, indicating that 
the grout was not dispersing into the 
surrounding water. Later examination 
of the final column verified this. 
The grout was found to set within 
minutes after placement, and the 
column was able to support a man's 
weight by the time the pumping was 
completed. 
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After draining the pool two days 
later, the grout column was measured 
and found to have an average angle of 
repose of 33 degrees. Total height of 
the column was 40 inches, and the pile 
was slightly concave on the sides. 
The entire volume of grout had set, 
and the final compressive strength was 
667 psi after 28 days for this test. 

The third test evaluated the 
effects of silicate on a low-solids 
grout mix (60% by weight) with an 
increased cement to fly ash ratio. 
The proportion of cement to fly ash 
was increased to enhance the final 
strength of the set column. A total 
of 6.2 yd' of grout was pumped at a 
rate of 8.7 gpm, and a grout to 
silicate ratio of 7.9:1 by volume was 
maintained. A 36-inch-high column 
with an average angle of repose of 7 
degrees resulted. ThiS column never 
reached ~he water surface. 

The addition of silicate to this 
grout mix did enhance the viscosity of 
the grout stream, but did not 
significantly improve the average 
angle of repose of the final mass. 
The final compressive strength was 
found to be only slightly better than 
the control sample (525 psi vs 408 
psi). Based on these results, it was 
concluded that silicate had only a 
marginal benefit for a low-solids 
grout mix. The remainder of the tests 
were all run using a 72% solids grout 
mixture. 

For the fourth test, a higher 
grout flow ratio was used to determine 
the hydraulic limitati"ons of the grout 
nozzle. The increase in grout flow 
rate to 11.6 "gpm resulted in a 



decrease in grout to silicate ratio. 
This ratio was 9.2:1 by volume. A 
total of 6.2 yd 3 of grout was pumped, 
and the test lasted 1 hour and SO 
minutes. 

There were no adverse effects 
from decreasing the grout to silicate 
ratio. The grout mix did not separate 
as it fell through the water,. and the 
resulting column had an average angle 
of r.epose of 53 degrees. The column 
had a height of 40 inches and was 
completely solidified throughout the 
mass. Increasing the grout flow rates 
seemed to improve the column formation 
by enhancifig the mix of the grout and 
producing a more uniform mixture. 
Compressive strength of the column was 
842 psi at 28 days. 

For the fifth test, 5.7 yd' of 
grout was pumped into the pool at a 
rate of 11.6 gpm. In this test, the 
grout was tremied in place. The 
nozzle was lowered into the pool to a 
height of 12 inches from the bottom, 
and the column was allowed to grow 
until the nozzle was buried within the 
grout. The nozzle was then raised as 
the pile gained height. Pumping 
continued until the column broke the 
surface of the water. 

This method permitted a much 
wider column to be formed. The 
resulting mass had a height of 51 
inches and was 3 ft across at the top. 
The angle of repose was 39 deg.rees, 
and the 28 day compressive strength 
was 558 psi. The benefits of this 
method of column construction were 
very notable. Grout dispersion was 
strictly curtailed, and the rate of 
column formation was incre·ased. 

The siXth test concentrated on 
using the previous technique to 
actually build the column up to a roof 
and provide a substantial area of· 
contact. A grout flow rate of 13.1 
gpm was used, and the test required 
6.2 ydl of material. 

The resulting column had an 
average angle of repose of 45 degrees, 
and there was a 4-ft-diameter area of 
roof contact. Contact at the roof was 
even and level and the platform was 
well supported along the interface. 
Final compressive strength at 28 days 
was 713 psi. 

Test seven ,was condUcted in water 
that had been adjusted to a pH value 
of 2.7 with sulfuric acid (95%). The 
standard grout formula was pumped into 
the pool following the same procedure 
as test 5. The grout flow rate was 
11.6 gpm, and the grout to silicate 
ratio was 6.9:1 by volume. A total of 
6.2.ydl of grout was pumped during 
this test. 

The reduced pH value of the pool 
water seemed to have no.effect on the 
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grout mix or the rate and shape of 
column formation. Column height 
reached 42 inches, and the average 
angle of repose was 35 degrees. After 
24 hours, the poo~ water was tested 
for pH value before draining and was 
found to have increased to a value of 
2. 9. - This slight increase indicates 
that the silicate barrier was 
protecting the grout from 
deterioration by the acid otherwise 
the pH value would have increased to a 
much higher level due to the alkaline 
nature of the grout components. Final 
compressive strength was also high 
(787 psi at 28 days) also indicating 
that the acid did not affect the 
grout. 

The final test was run in a dry 
environment following the procedure 
used in test 2. Grout and silicate 
were pumped through the nozzle at 
rates of 11.6 and 1.7 gpm, 
respectively, and the nozzle was 
suspended 3 ft from the pool bottom. 
The nozzle tip was buried within 20 
minutes of the start of the experiment 
and once buried the grout was found to 
follow the path of least resistance, 
flowing out of fissures in the growing 
pile and forming uniformly around the 
nozzle. The absence of water made 
observation of the ·column formation 
easier. 

A total of 3.7 yd 3 of grout was 
used to form a column 52 inches high 
with an average angle of repose of 36 
degrees. Final compressive strength 
at 28 days was 842 psi. 

CONCLUSIONS 

The results of the tests 
performed in this study demonstrate 
the dramatic effect sodium silicate 
has on the construction of grout 
columns in water. During this study 
we found that the 9ontrol column, 
built using 6.2 yd of grout without 
silicate present, attained a height of 
only 18 inches and had an average 
angle of repose of 5 degrees. In the 
other trials, with silicate being 
introduced at the nozzle, the grout 
was able to be formed into columns 
h"aving a high angle of repose, 
maximizing structure height while 
minimizing raw material usage. The 
average angle of repose of the 
silicate-enhanced columns was at least 
5.5 times greate-r than the control, 
and all columns achieved a height of 
36 inches or more. This is double the 
height found in the control. The 
inclusion of Silicate into the 
grouting operation also was found to 
enhance the stability of fresh grout 
placed underwater, preventing 
separation of the grout components 
while improving its stiffness and 
self-supporting qualities. In 
addition, silicate was found to 



improve the rate of grout setting and 
the final compressive strength of the 
hardened material. All of the factors 
combine to eliminate most of the 
problems associated with building 
support structures in a flooded 
environment. 

Throughout these trials, the 
average angle of repose of the 
constructed columns was used as the 
key criterion of grout performance. 
using this measurement, the total 
volume of grout needed to build a 
support column of any specific height 
can be calculated. One problem with 
using this value is that final column 
height can significantly affect the 
average angle of repose measured. 
Figure 3 shows the final shape of the 
column built in test 6 and illustrates 
how the average angle of repose 
relates to actual column geometry. 
Columns formed using the 
silicate/grout process all display 
this same general configuration. 
During column construction, a wide 
base is established at a fairly low 
angle of repose until the grout mix 
has gained enough strength to support 
its own weight. Once the base has 
stabilized, a column can be built of 
fresh grout without slippage or 
collapsing of the structure. Since 
silicate accelerates the set time of 
the grout, the amount of material 
pumped before a stable base is 
established is reduced. The average 
base height for the columns 
constructed with silicate present were 
1 ft or less. Since the average 
angle of repose is calculated using 
base width and total column height, 
the concave nature of the structure is 
not taken into consideration. The 
greater the height of the column, the 
greater the discrepancy will be in 
calculating grout volume needed using 
average angle of repose. 

This type of column configuration 
was only noted when silicate was used 
during grouting. In the control test, 
there was no deviation in actual 
column geometry from the average angle 

.· of repose measured. Without the 

lmpllcattons of Average 
Angle of Repose 
at Greater Celling Heights 

Figure l. -- Averaqe anqle of repote for column 6 at related to 
actual c:olumi qto•ttry. 
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benefit of silicate, the mix was 
unable to form a firm base quickly due 
to dilution of the grout by the 
surrounding water. This caused the 
grout to settle into a low slope pile 
to achieve stability. There was no 
concavity noted in this formation. 

This difference in column 
formation is due to the gel barrier 
formed around the grout stream during 
pumping. Columns built with silicate 
all had a thin layer of gel on the 
outside surface when the pools were 
drained. The presence of this gel 
could also be seen inside the columns 
when they were sectioned to obtain 
samples for the compressive strength 
measurements. The formation of this 
~arrier not only limited dilution of 
the grout by the surrounding-water, 
but prevented the separation of the 
fly ash and cement components. When 
using silicate, the pool water 
remained relatively clear for the 
duration of the pumping. In the 
control test, ·the water immediately 
became turbid enough so that column 
formation could not be monitored 
visually. Examinations of the final 
columns after the water had been 
drained also corroborated the fact 
that the silicate prevented separation 
of the grout components. In the 
control test, the column formed was 
solid only at the center of the grout 
mass. Fly ash was noted to have 
settled all along the bottom of the 
pool in a layer a few inches deep, and 
the surface of the grout pile was tan 
indicating that the majority of the 
material there was fly ash. The 
columns formed using silicate were 
found to be uniform in color and in 
strength throughout the entire mass. 
There was also an absence of the fly 
ash layer noted on the pool bottom in 
the control. 

Other than the presence or 
absence of silicate, no other variable 
tested had an effect on column slope 
or angle of repose except for the 
solids content of ·the grout mix. In 
test 3, the solids content of 60% by 
weight resulted in a very low slump 
mix (11.75 inches). This grout was 
sufficiently thin enough to reduce the 
positive effects of the silicate and 
resulted in an angle of repose of only 
7 degrees for the column formed. 
Therefore, this mix would not be 
recommended for field use. Other 
variables did not affect column 
geometry. Differences in grout flow 
rates, grout to silicate ratio, nozzle 
location, water temperatur~, or pH 
value of the water did not contribute 
to final column shape. 

Not only was silicate found to be 
beneficial in column formation, it 
also enhanced the ultimate strength of 
the set grout. Sased on a statistical 
analysis of the data generated, it can 



be· inferrEid;-Wlt.h 90% cOnfidence, that 
in all tests the silicate improved the 
final compressive strength of the 
columns. Based on the data, silicate 
has the greatest impact on· the seven 
day strengths of the grout. Columns 
formed with silicate were able to 
support a man's weight immediately 
while the control required two days 
to attain any appreciable amount of 
load bearing capacit_y. The benefit of 
this is that columns formed using this 
technique would immediately serve to 
stabilize the mine overburden and 
limit subsidence. 

The flow rates of the grout 
during pumping did seem to have an 
effect on column strength. As flow 
rates increased, the residence time of 
the grout in the pump and the lines 
was reduced. This limited the 
formation of early bonds within the 
grout that would be broken during 
pumping and placement. In some cases, 
these bonds may not be reformed once 
broken which could theoretically 
reduce final strengths. More 
importantly, the higher flow rates 
improved the mixing of the grout and 
silicate during placement. Silicate 
is known to have a positive benefit on 
the final strengths of cements, and by 
increasing the amount o"f silicate 
incorporated into the column matrix, 
the resulting strength was improved. 
This should improve the durability of 
columns formed in a mine water 
environment especially since the 
silicate improves the acid resistance 
of the grout. 

The results of this study 
indicate that the use of silicate will 
have a substantial impact on the 
economics associated with stabilizing 
a flooded mine. When silicate is used 
the volume of raW materials needed to 
support the overburden are 
significantly reduced. Table 4 
outlines the cost for building a 
6-ft-high column with and without 
silicate. For this analysis an 
average angle of repose taken from the 
seven tests using silicate is compared 
with the angle of repose measured for 
the control column. we assume no 
concavity for the silicate-formed 
columns and also include the results 
from test 3 w_hich reduces the angle of 
repose value to 27.5 degrees, well 

Table·4. -- Raw material costs for column construction. 

AVERAGE OF AtL 
~ SILICATE 'l'ESTS 

Average Angle of Repose s: 21 .5° 

Column Height ' ft 'ft 

Column Base Diameter 243.2 ft 29.l f~ 

Column Frustum Diameter ' ft ' ft 
Column Volume 1244.4 yd• 61.5 ydl 

Cost of Grout, $/yd• $32.92 $63.57 

Total Raw Material cost, 
$/Column $40,965.65 $3,909.52 
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below that measured for all the 
columns formed using the 72% solids 
.gr9ut mix. 

As can be seen from these data, 
it would take 1244.4 yd 3 of grout to 
obtain a column 6 ft high without 
using silicate. At a cost of 
$32.92/ydl of grout, it would take 
almost $41,000 in raw materials alone 
to build one support column. With 
silicate, at an average angle of 
repose of 27.5 degrees, the volume of 
grout needed to attain 6 ft in height 
is reduced to 61.5 yd 3 • Even with the 
increased cost associated with 
including the silicate, the total cost 
in raw materials is less than $4,000. 
Based on this conservative estimate, a 
silicate-enhanced grout appears to 
reduce raw material costs by a factor 
of ten. 

Other cost savings should be 
realized because silicate will reduce 
the total time and labor costs 
associated with any one job. By 
reducing the total volume of grout 
placed to form a column, the time it 
takes to complete the stabilization is 
reduced. Labor costs would then be 
reduced as well as the equipment 
rental costs for the total job. 
Silicate also will allow for columns 
with adequate roof contact to be built 
more reliably. This would decrease 
the need for repeat treatments and 
should eliminate the loss of raw 
materials to inadequate columns. 

The addition of silicate to the 
grouting process was found to be 
simple and required little as far as 
additional equipment is concerned. 
The nozzle used for introducing the 
silicate into the process is 
relatively straightforward and easy to 
construct at minimal expense. An 
additional pump is needed for the 
silicate delivery, but the cost of 
this piece of equipment is 
inconsequential compared to the cost 
savings realized by using this 
technology. Specific equipment costs 
are available from the authors. 

SUMMARY 

A series of columns were built 
underwater with and without silicate. 
The control column formed without 
silicate· had an average angle of 
repose of 5 degrees and displayed poor 
compressive strength throughout the 
structure due to segregation of the 
grout components. Columns formed when 
silicate is used in the process were 
on average 5.5 times greater in angle 
of repose than the control and were 
48% higher in compressive strength. 
An economic analysis comparing the 
costs for building a 6-ft-high column 
with and without silicate shows that 
the raw material costs alone are 
reduced by a factor of ten when this 
technology is used. 
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