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Engineering behaviour of a pulverized fly ash grout 

Comportement d’un coulis de cendre volante pulveris^e

I.N . M a rkou  &  D. K. A tm a tz id is  -  D epa rtm e nt o f C ivil Engineering, U niversity o f Patras, G reece

ABSTRACT: The potential o f using a pulverized hydraulic Greek fly ash in permeation grouting is investigated. Suspension properties 

were evaluated by performing sedimentation tests, viscosity measurements, Vicat needle tests and pocket penetrometer tests. The 

pulverized fly ash suspensions with appropriate additives present comparable properties with ordinary and microfine cement suspensions 

and, therefore, can be used in permeation grouting. Injections o f selected pulverized fly ash suspensions in sand columns were performed by 

using a specially constucted apparatus in order to evaluate the penetrability and effectiveness o f the suspensions. Available groutability 

ratios were found to overestimate the penetration capacity o f the grouts. Grouting with pulverized fly ash suspensions results in a reduction 

of the permeability o f the sands tested in the range o f 1 to 4 orders o f magnitude. The unconfined compression strength of the grouted 

sands can exceed 2000 kPa.

RESUME: On etudie le potentiel d’ utilisation d ’ une cendre volante hydraulique pulverisee d’ origine Grecque, aux injections d’ 

impermeabilisation. Les proprietes des coulis ont ete evaluees par des essais de sedimentation, des mesures de viscosite, des essais Vicat et 

de penetrometre de poche. Les coulis de cendres volantes pulverisees enrichis des additifs appropries presentent des proprietes comparables 

aux coulis de ciment ordinaire tre fin. Par concequent ils peurent etre utilises aux injections d’ impermeabilisation. Des injections des coulis 

selectionnes a travers de colonnes de sable ont ete effectuees a 1’ aide d’ un appareil special construit a cette fin et dans le but d’ evaluer la 

penetrabilite et 1’ efficacite des coulis. On a observe que les criteres d’ injectabilite disponibles dans la litterature surestiment la capacite de 

penetration des coulis utilises. Les sables injectees ont subis un reduction de leur permeabilite qui varie entree 1 a 4 ordres de grandeur et 

ieur compression uniaxiale depassait les 2000 kPa.

1 INTRODUCTION

The safe construction and operation of many structures frequently 

demands the improvement o f the mechanical properties and 

behavior o f soils by permeation grouting using either suspensions 

or chemical solutions. The former have lower cost and are 

harmless to the environment but can not be injected into soils with 

gradations finer than coarse sands. The latter can be injected in fine 

sands or coarse silts but are more expensive and, some of them, 

pose a health and environmental hazard (Karol 1982, 1985). 

Efforts have been made to extend the injectability range of 

suspension grouts by developing materials with very fine 

gradations (i.e. Shimoda and Ohmori 1982, Legendre et al. 1987).

Millions of tones o f fly ash are produced annually as a by

product of coal burning in electric power plants but only a small 

percentage of this quantity is utilized productively, primarily by the 

cement and concrete industries (Mehta 1989). Cement-fly ash 

mixtures are used in permeation grouting and pure fly ash 

suspensions are used as cheap, low strength, grouts for filling of 

large underground cavities. Suspensions of pozzolanic fly ashes 

can not be used effectively in permeation grouting because they are 

not able to develop significant strength. However, “cementitious” 

fly ash contains enough calcium to be self-cementing (Mehta 1983) 

and can be used without cement in the production of suspensions 

for permeation grouting.

Presented in this paper are some o f the basic results obtained 

and observations made during an extensive laboratory investi

gation conducted in order to investigate the suitability o f a Greek 

cementitious fly ash for use in permeation grouting. The behavior 

and properties o f the fly ash suspensions with and without 

additives were first established. Next, the penetrability o f the 

grouts was evaluated by performing injections o f the suspensions 

into sand columns using a special laboratory assembly. The 

effectiveness o f grouting with these suspensions was evaluated 

using unconfined compression and permeability tests performed on 

specimens produced by cutting the grouted sand columns.

2 MATERIALS

For the purposes o f this investigation, a lignite fly ash produced at 

the Ptolemaida, Greece, power plant was selected because its 

composition and properties were considered superior to those of 

other fly ashes produced in Greece. This fly ash is an excellent 

pozzolanic material with hydraulic properties which are improved 

by pulverization. Mortar and concrete samples prepared with Pto

lemaida fly ash develop strengths equal to about 65% and 40%, 

respectively, o f similar samples prepared with ordinary Portland 

cement and exhibit satisfactory durability (Papayianni 1986, 1987).

The Ptolemaida fly ash contains the same oxides as Portland 

cement but at different concentrations. However, the amount of 

CaO in the fly ash (32%) is high compared to other simply 

pozzolanic fly ashes. The hydraulic activity of this fly ash is 

related to the presence of free lime and active silica which react 

and produce C-S-H gel which is responsible for the observed 

strength increase (Papayianni 1987). The Ptolemaida fly ash has a 

Blaine specific surface equal to 4300 cm2/gr and the typical grain 

size distribution shown in Figure 1. Pulverization o f the fly ash was 

considered necessary in order to improve suspension injectability 

and to increase hydraulic activity. After pulverization the fly ash 

had a Blaine specific surface greater than 8300 cm /gr and the 

grain size distribution shown in Figure 1.

All suspensions were prepared using potable water since it is 

considered appropriate for preparing cement-based suspension 

grouts (Littlejohn 1982). A superplasticizer based on water-soluble 

sulphonated polymers o f different molecular weights was used for 

viscosity reduction and improvement o f the rheological properties 

of the suspensions. For the reduction of setting times, an activator 

(accelerator) was added to the suspensions. Sodium hydroxide 

(NaOH) was used as activator because it has performed 

successfully with other pozzolans used in grouting (Schwarz and 

Krizek 1992, Weaver et al. 1990). Injected suspensions of 

pulverized fly ash had water/solids ratios o f 1.5:1 and 2:1 by 

weight and contained 6 It o f superplasticizer and 2.5 kg or 5 kg of
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Figure 1. Grain size distributions.

activator per 100 kg o f solids.

For comparison purposes, cement suspensions without additives 

were also used. The cement used was type 11/35, according to 

Greek specifications It is a Portland cement with pozzolan and 

covers the largest part of the Greek market. The grouted soils 

were clean sands from river deposits with subrounded grains. 

Three different sands were used with grain size distributions 

limited between ASTM sieve sizes #4 and #10, #10 and #16 and 

#16 and #20.

3 EXPERIMENTAL PROCEDURES

Suspension preparation procedures were kept constant during this 

investigation. A total mixing time of 10 minutes in a high speed 

mixer (10000 rpm at no load) was required for suspension 

preparation. Bleeding rates and bleed capacities were investigated 

by placing the suspensions in transparent cylinders and recording 

the volume o f sediment as a function of time for a period of up to

24 hours. The viscosity o f the suspensions was measured using a 

digital viscometer with concentric cylinders or appropriate 

spindles. Apparent viscosity was measured at time intervals o f 0, 

15, 30, 60, 90 and 120 min from the end of suspension preparation 

using spindle speeds o f 3, 6, 12, 30 and 60 rpm. The initial and 

final setting times of the suspensions were determined using Vicat 

needle tests, according to ASTM standard C191-92 and were 

measured from the end of suspension preparation. The strength

time relationship was also obtained by performing pocket 

penetrometer tests. Measurements were made for a period of up to 

four days. All suspension properties testing was conducted at room 

temperatures in the range of 20 ± 2° C.

The special apparatus shown in Figure 2 was constructed and 

used for injecting sand columns with fly ash suspensions. It allows 

for adequate laboratory simulation of the injection process,

investigation of the influence of the distance from injection point 

on the properties of grouted soil and evaluation of grout pene

trability. The grouting column is made of PVC tube with an inter

nal diameter o f 10.5 cm and a height of about 144 cm. The ends of 

the grouting column were formed as shown in the detail o f Figure

2. The grout was continuously agitated in its container during 

injection. The rate o f discharge o f the pump was regulated to be 

constant and equal to 60 lt/hr. After injection, the grouted column 

remained on its base for 48 hours, then its ends were sealed with 

plastic and it was stored in a vertical position in a room with 

temperature 2 7 ± 2 °C . After curing for 28 days, the grouted 

columns were cut in alternating lengths of 22 cm and 13 cm. The 

four specimens with a height o f 22 cm were tested in unconfined 

compression (L/D = 2) and the other three specimens were utilized 

for permeability testing. Prior to unconfined compression testing, 

the two loading surfaces of the specimens were capped using a 

cement-water mixture. When the capping material developed 

satisfactory strength, the PVC tube was removed by cutting and 

the specimens were tested at a displacement rate equal to 0.1 

mm/min. Permeability tests were performed using a special 

apparatus which allowed for testing of the grouted specimens 

without removing the PVC tube. The required hydraulic head was 

produced using compressed air. The coefficient o f permeability 

was obtained using the constant and the falling head methods and 

its value was reduced to water temperature equal to 20°C.

4 SUSPENSION PROPERTIES

Typical values for the properties of pulverized fly ash suspensions 

without additives are presented in Table 1. It can be observed that 

suspensions with water/solids (w/s) ratios 1.5:1 and 2:1 are stable 

(bleed capacities equal to 0.7% and 1.6%, respectively). 

Suspensions with w/s ratios ranging from 1.5:1 to 3:1 have an 

initial apparent viscosity in the range of 523 cP to 78 cP for 

viscometer rotation speed equal to 60 rpm. The apparent viscosity 

of these suspensions increases by approximately 40% (mean 

value) after 120 min of testing. Suspensions without additives have 

initial and final setting times greater than 96 hours and develop 

insignificant strength with the exception of the suspension with w/s 

ratio o f 1.5:1 which had an initial setting time equal to 30 hours

Table 1. Suspension properties for pulverized fly ash, 
Portland cement 11/35 and ultra fine cements.

Material w/s

Apparent

viscosity*

(cP)

Bleed

capacity

Set times 

(hours)

Initial Final

P.F.A. 1.5:1 523 0.007 30 >96

without 2:1 330 0.016 >96 >96

additives 3:1 78 0.2 >96 >96

P.F.A. 1.5:1 69 0.01 17 22

with 2:1 10 0.02 16 96

additives 3:1 2 0.39 19 66

Portland 1.5:1 51 0.38 11 19

11/35 2:1 21 0.47 12 20

3:1 11 0.58 15 40

1:1 35 0.08 18 21

MC-100 2:1 4 0.12 56 -

3:1 2 0.06 - >56

1:1 140 0.01 6 9

MC-300 2:1 40 0.03 13 27

3:1 30 0.16 23 96

1:1 175 0.02 15 26

MC-500 2:1 6 0.15 24 49

3:1 3 0.20
l ___T i P  A

26 43

11/35 cement and at t = 10 min for the other materials. 

Microfine cement suspension preparation: mixing for 1 min 

in a Colcrete muter (mixing speed = 1500rpm).

O-ring

Grouting U -------  ------- k L ----- Caps

column I ____ ____

Ca.Ps ' Relief

Agitator

Base

. . Suspension

Figure 2. Apparatus for grouting sand columns.
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and a strength equal to 365 kPa after 4 days. These results indicate 

that the addition of the superplasticizer and the accelerator is 

necessary for the pulverized fly ash suspensions to be suitable for 

permeation grouting. Presented in Table 1 are also typical values o f 

the properties o f pulverized fly ash suspensions with additives (6 It 

of superplasticizer and 5 kg of accelerator per 100 kg o f solids). It 

can be stated that there is a significant (more than one order of 

magnitude) decrease in viscosity and setting times are definitely 

improved.
The properties o f pulverized fly ash, Portland 11/35 cement and 

microfine cement suspensions are compared in Table 1. The data 

for microfine cement suspensions were obtained from available 

literature (Schwarz and Krizek 1992). Although mixing conditions 

(duration, mixer type) were different, it is observed that the 

pulverized fly ash suspension properties are comparable to the 

microfine cements suspension properties. Compared to Portland 

11/35 cement suspensions, the pulverized fly ash suspensions have 

similar viscosity, significantly lower bleed capacity and comparable 

setting times. This comparison shows that the pulverized fly ash 

suspensions enhanced with additives can be used in permeation 

grouting for soil improvement.

5 PENETRABILITY

The term “injectability” describes the ability o f a specific 

suspension to penetrate into the voids of a specific soil under a 

given injection pressure. The term “penetrability” describes the 

maximum distance from the injection point which a specific 

suspension can reach in a given soil under a definite maximum 

injection pressure. The injectability o f pulverized fly ash 

suspensions was quantified and the results are presented elsewhere 

(Markou and Atmatzidis 1996). The penetrability o f pulverized fly 

ash suspensions was evaluated by performing injections in sand 

columns and the results are presented herein.

The injection process was stopped, either when the volume of 

the injected grout was equal to two void volumes of the sand in the 

column, or when the injection pressure reached the value o f 700 

kPa According to this criterion, penetrability is characterized as 

“very good” when the whole predetermined quantity o f grout was 

injected, as “moderate” when the volume o f injected grout was 

approximately equal to the void volume of the sand column and as 

“poor” when the quantity o f the injected grout was very small. It 

was observed that the penetrability o f the two suspensions used 

(w/s ratio 1.5:1 and 2:1) was very good in dense or loose sand 

with gradation limited by sieves #4 and #10. The penetrability in 

the #10 to #16 sieve sand was moderate except for the suspension 

with w/s ratio o f 1.5:1 and dense sand where penetrability was 

poor. Finally, in the #16 to #20 sieve sand, injections with 

pulverized fly ash suspensions had negligible penetration.

A preliminary evaluation of the injectability and penetrability o f 

suspension grouts in soils can be performed using as criteria the 

following “groutability ratios” (Mitchell 1981, Verfel 1989):

N = 0-^ 15 )̂ soil

( 0 * 5 ) :

_  ( P 10 ) soil

grout (D9S)grout

Grouting is considered possible for N > 25 or Nc > 11 and not 

possible for N < 11 or Nc < 6. A value of N > 20 is considered the 

minimum condition necessary for penetration and, if N > 50, very 

good permeation should be achieved. According to these criteria 

and the grain size distributions of pulverized fly ash and sands 

tested, grouting with pulverized fly ash suspensions would be 

expected to have very good permeation in sands with gradations 

limited by sieves #4 and #10, and #10 and #16. However, a 

comparison between this prediction and the above mentioned 

laboratory observations indicates that conventional criteria, such as 

the groutability ratios, may yield relatively optimistic predictions. 

This can be attributed to the fact that fly ash tends to agglomerate 

and that groutability ratios do not take into consideration factors, 

such as the w/s ratio o f the suspension and the relative density of 

the sand, which appear to have a significant effect on penetrability.

6 EFFECTIVENESS

As shown in Figure 3, the coefficient o f permeability increases as 

the distance from the injection point increases. This relationship 

has also been observed for microfine cement suspensions 

(Legendre et al. 1987, Zebovitz et al. 1989). It can also be 

observed that, generally, the permeability o f grouted sand (a) 

decreases as the w/s ratio o f the suspension decreases and (b) is 

lower when the soil is initially saturated than when it is dry. The 

relationship between permeability and w/s ratio is in agreement 

with observations from other similar laboratory investigations 

(Zebovitz et al. 1989, De Paoli et al. 1992) and can be attributed 

to the fact that as the w/s ratio decreases, the quantity o f solids 

captured by the sand increases (the filling o f the sand voids with 

solids increases) leading to decreased permeability. A comparison 

between grouted and ungrouted sands shows that the decrease of 

the coefficient o f permeability o f the sand with grain sizes between 

sieves #4 and #10 is about 3 to 4 orders o f magnitude at the 

injection point and about 1 to 2 orders o f magnitude far from the 

injection point. The coefficient o f permeability o f the sand with 

grain sizes between sieves #10 and #16 decreases by about 2 

orders o f magnitude irrespective o f the distance from the injection 

point. These effects are considered satisfactory and they show that 

even for relatively long distances from the injection point, the 

influence o f injection with pulverized fly ash suspensions is 

significant for permeability improvement o f the grouted soil.

The data presented in Figure 4 indicate that the strength o f the 

grouted sand at a distance o f 120 cm from the injection point is 

equal to 38% (mean value) o f the strength at a distance o f 10 cm
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Figure 3. Permeability o f grouted sand.
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from the injection point. Furthermore, strength decrease is higher 

when the soil is initially dry and when the w/s ratio o f the 

suspension is equal to 1.5:1. A similar observation for the strength- 

distance relationship has been made for microfine cement MC-500 

and is attributed mostly to the retention of the suspension solids by 

the sand (Zebovitz et al. 1989). The decrease of the w/s ratio of 

the suspension from 2:1 to 1.5:1 results in a strength increase of 

about 3 to 5 times near the injection point and o f about 2 times at a 

distance of 110 cm from the injection point (Figure 4). A similar 

influence has been observed for microfine cement suspensions 

(Zebovitz et al. 1989, De Paoli et al. 1992). The injection o f 

suspensions in initially dry sands seems (Figure 4) to result in 

lower values o f unconfined compression strength. The difference is 

more obvious when the w/s ratio is equal to 1.5:1. In this case, the 

strength of initially dry specimens is equal to about 50% to 70% of 

the strength of initially saturated specimens. When the w/s ratio is 

equal to 2:1, similar differences appear only at relatively long 

distances from the injection point. Finally, the values of unconfined 

compression strength obtained for the suspension with a w/s ratio 

o f 1.5:1 and for relatively short distances from the injection point 

(Figure 4) can be considered as satisfactory because they are equal 

to or even greater than the value of 2000 kPa.

The results obtained, further indicate that the unconfined 

compression strength is high at the same positions where the 

coefficient o f permeability o f the grouted sand is low. Therefore, it 

seems that there is a direct relationship between these two 

properties o f grouted sand which is justified by the fact that their 

improvement is directly related to the satisfactory filling o f soil 

voids by the grout. The linear relationship presented in Figure 5 is 

a very good first order approximation. This relationship depends 

on factors such as the degree of saturation o f the sand and the w/s 

ratio o f the suspension. These results are in fair agreement with the 

results obtained by Zebovitz et al. (1989), where one straight line 

fits satisfactorily all the data, irrespective o f the composition o f the 

specimens. This difference reflects the difference in behavior 

between pulverized fly ash and MC-500 microfine cement.

7 CONCLUSIONS

Based on the results obtained and the observations made during 

this investigation, the following conclusions may be advanced:

1. The pulverized fly ash suspensions with additives have 

comparable properties with ordinary and microfine cement 

suspensions. Therefore, these suspensions can be used in per

meation grouting for soil improvement.

2. The distance of penetration of the pulverized fly ash grouts is 

greater than 130 cm in sands with a gradation between sieves #4 

and #10 or coarser, is somewhat lower than 130 cm in sands with a 

gradation between sieves #10 and #16 and is very low in sands 

with a gradation between sieves #16 and #20 or finer. Available 

groutability criteria were found to overstimate the penetration

Figure 5. Permeability vs unconfined compression strength of 
grouted sand.

capacity o f the grouts.

3. The increased distance from the injection point leads to a 

decrease o f the unconfined compression strength and an increase 

o f the coefficient o f permeability o f the grouted sand.

4. Grouting with pulverized fly ash suspensions reduces the 

permeability o f the sands tested by 2 to 4 orders o f magnitude at 

the injection point and by 1 to 2 orders o f magnitude at a distance 

o f about 1 m from the injection point. This effect is considered 
satisfactory.

5. The unconfined compression strength obtained after grouting 

with a suspension having a w/s ratio o f 1.5:1, for relatively short 

distances from the injection point, can be considered satisfactory 

since it can exceed a value o f 2000 kPa.
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