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Session 5/3

Grouting Piles in Soft Soil

Pieux réalisés par injection dans des sols mous

by P h i l i p  P . B r o w n ,  Soils and Pavements D ivision, Structures Research Department, U .S. Naval Civil Engineering Research 

and Evaluation Laboratory, Port Hueneme, California, U .S.A .

Summary

Experimental investigations of a method to mix portland-cement 

grout in place with soft soils to form a stabilized mass were con

ducted at the U.S. Naval Civil Engineering Research and Evaluation 

Laboratory, Port Hueneme, California, to study this method in both 

laboratory and field phases and to determine its applicability to 

water-front foundation problems.

The process consists primarily of pumping grout into the soil while 

the soil is being mixed in place. Field-scale work was accomplished 

by using a light core drill apparatus on which a blade mixing head 

was substitued for the usual bit.

Factors investigated include mixing equipment, grout composi

tion, mixing procedure, strength of resulting stabilized elements, and 

their action as piles under vertical load.

Test results indicate that the method is feasible within limits and 

is more adaptable for repair jobs and small-scale construction than 

to large-scale permanent works.

Sommaire

Des expériences visant à mettre au point un procédé pour mélan

ger sur place un coulis de ciment Portland avec des sols mous afin 

de former une masse stabilisée ont été entreprises au “ U.S. Naval 

Civil Engineering Research and Evaluation Laboratory”. Cette 

méthode a été étudiée, tant par des recherches de laboratoire que 

des expériences pratiques, pour déterminer son applicabilité aux 

problèmes des fondations.

Ce procédé consiste principalement à pomper le coulis dans le 

sol en même temps que le sol est mélangé. L’expérience pratique 

a été accomplie en utilisant une foreuse à palettes mélangeuses à la 

place de la couronne usuelle.

Les facteurs sur lesquels portaient les recherches étaient: les mala

xeurs, la composition du coulis, le procédé de mélange, la résistance 

des éléments stabilisés qui en résultent et leur action en tant que 

pieux sous charge verticale.

Les résultats des essais indiquent que le procédé n’est applicable 

que dans certaines limites, et plus aux travaux de réparation et de 

construction de petite envergure qu’aux ouvrages permanents.

Introduction

Since early times engineers have sought methods to solidify 

soils for foundation construction. Various agents have been 

forced into the soil under pressure, the most successful o f these 

being portland-cement grout and the sodium-silicate calcium- 

chloride combination (Joosten process). The greatest obstacle 

to progress along these lines has been the soil itself. Fissured 

rock, loose gravel, and som e coarse sands can be grouted effec

tively. However, the most troublesome soils from a foundation 

standpoint, the soft silts and clays, have not been and un

doubtedly will not be permeated by a grout solution under 

pressure (Riedel, 1945; Terzaghi, 1936).

The possibility o f mechanically mixing grout in place with 

soft soils has recently com e under consideration in connection  

with the mud deposits frequently encountered in water-front 

construction problems. The investigation described in this 

paper was undertaken to determine the feasibility o f such a 

mixing procedure. Although specific applications were in mind

at the outset o f  the studies, the program was scheduled to  

determine fundamental characteristics o f the method. The con

cept o f producing a pile was inherent in the method, but ex

tensions to mass soil grouting or the formation o f soil-grout 

walls could easily be visualized.

The process consists briefly o f rotating a hollow-shaft auger 

or mixing head into soft soil while portland-cement grout is 

pumped through the shaft via outlet ports into the soil. The 

quantity o f  grout and the mixing effort can be controlled by 

the rotational speed o f the head and the rate o f  descent into 

the soil.

To evaluate the factors which affect the uniformity, strength, 

continuity, and action as a structural unit o f the resulting mix, 

two phases o f  testing were conducted. These were, first, small- 

scale tests performed in disturbed soil at the U .S. N aval Civil 

Engineering Research and Evaluation Laboratory, Port Huen

eme, California, and, second, field-scale trials, conducted in
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Fig. 1 Mixing Head N o. 2 Starting In-Place Mixing Procédure

Foreuse à palettes mélangeuses au début du procédé de mélange 

sur place

Fig. 3 Soil-Grout Elements, Showing Effect o f  Increased Mixing— Cross 

Section. (Left to Right, Elements 4-9-c, 4-9-b, 4-9-a)

Pieux par injection de sol. Effet de l’intensité du mélange. Section 

transversale (de gauche à droite: pieux N os 4-9-c, 4-9-A, 4-9-a)

natural tidal-mud deposits at the San Francisco Naval Ship

yard. This research represents trials to point up over-all 

feasibility. Practical application has not been made; and, as 

noted in the final section, certain limitations are evident for 

specific applications. The experiments are described primarily 

to stimulate the interest o f those who may be confronted with 

foundation problems for which the method appears to offer 

a solution. M ore detailed descriptions o f  the research are made 

by Lamberton and Liver (1951, 1952) and Brown (1953).

Small-Scale Tests

The first phase o f  testing was accomplished by mixing in 

place soil-grout elements in several test boxes filled with dis

turbed soil. After hardening, the sides o f the boxes were re

moved, excess soil was washed away, and the soil-grout ele

ments were inspected visually and cut for testing. Compres

sion tests were performed on 2-in. by 2-in. cubes cut from 

various sections o f the elements and also on full cross-sectional 

cuts o f  the elements. Comparison was made with strengths 

obtained on control cubes o f soil and grout mixed and cast in 

the laboratory.

Figs. 1, 2, and 3 briefly illustrate this procedure and depict 

representative soil-grout elements obtained in both organic silt 

and clean beach sand. In Fig. 1, the mixing head is starting 

its path into the soft soil. In these small-scale tests, grout was 

pumped only during the first pass o f  the mixing head into the 

soil. Subsequent passes were made in the same location to 

obtain additional mixing effort. For practical applications, the 

same result could be obtained by controlling rotational speed 

and, if necessary, adding more blades to the head. The blade- 

type mixing head shown here is typical o f  the design which 

produced optimum mixing or uniformity o f mix. Other types 

were tried, notable among which was the continuous-flight, 

post-hole auger type, which filled completely with soil and pro

duced very poor mixing.

Figs. 2 and 3 show the effect o f various mixing efforts for 

elements grouted in organic silt. N ote the increased uniformity 

from right to left o f the elements and their cross sections. 

Table 1 gives pertinent data on the com position, mixing pro

cedures, and equipment for these and other soil-grout elements.

Fig. 4 depicts similar results for tests with clean beach sand. 

Fig. 5 shows the results o f a trial to produce a continuous cut

off wall in beach sand. Weakened plane joints were apparent 

in this wall between individual elements, but it is believed

Fig. 2 Soil-Grout Elements, Showing Effect o f  Increased Mixing. (Left 

to Right. Elements N os. 4-9-c, 4-9-6, 4-9-a. See Table 1 for 

Description)

Pieux par injection de sols mous. Effet de l’intensité du mélange. 

(D e gauche à droite: pieux N os 4-9-c, 4-9-b, 4-9-a. Voir Table 1 

pour description)
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Table 1 Small-Scale Tests, Equipment, Grout Composition, and Mixing Data

Box

No.

Element

No.
Soil Type Equipment Used

Grout 

Composition ')

Ratio o f  

Water to 

Cement (pi. 

Additives)

Approx. % 

Grout by 

Volume

Mixing 

Revolutions 

per Lineal 

Foot

28-day Full 

Section 

Compress. 

Strenglh:psi

3-27 _ Mugu mud Mixing head N o. 4, Moyno pump, 4 -1 -0 0.37 _

Electric motor

3-28 — Mugu mud Mixing head N o. 1, Moyno pump, 1 T o 0.45 — — —

Electric motor

3-30 — Mugu mud Mixing head N o. 2, Moyno pump, T o 0.45 — — —

Electric motor

4-2 — Mugu mud Mixing head N o. 2, Simplex pump, 3-1-0 0.45 — — —

Air motor

4-9 a Mugu mud Mixing head N o. 2, Simplex pump, 3 -1-0 0.45 35 8 —

b Electric motor 35 23 108

c 35 38 165

d- 50 11 92

e 50 34 318

f 50 56 4 54

g 60 45 732

h 50 45 563

4-11 a (not

reliable) Mugu mud Mix head N o. 2, Simplex pump, — — — — —

b Electric motor 2-1-3 0.40 40 8 93

c 40 23 138

d 40 38 338

e 47 11 185

f 47 34 129

g 47 56 200

h 52 45 323

4-13 — Mugu mud Mix head No. 2, Simplex pump, 3-1-3 0.40 40 27 —

Electric motor

4-19 a Mugu mud Mix head N o. 2, Simplex pump, 3-1 -0 0.40 25 53 —

b Electric motor 3-1 -0 0.40 25 53 402

c 3-0-0 0.60 40 68 —

d 3-0-0 0.60 40 68 397

e 3-1-2 0.40 40 65 —

f 3-1-2 0.40 40 65 756

g 3-1-0 0.40 40 63 —

h 3-1 -0 0.40 40 63 503

5-1 a | Clean sand Mix head N o. 2, Simplex pump, 3 -1 -0 0.40 22 19 1240

b Air motor 3-1 -0 0.40 35 39 2750

c 1 3 -1 -0 0.40 55 60 3230

d  ) 3-1 -0 0.40 45 14 2340

e 1
Mix head N o. 4, Simplex pump, 3 -1 -0 0.40 unreliable 22 2110

A Air motor 3-1 -0 0.40 unreliable 43 3430

g { 3-1 -0 0.40 unreliable 43 2990

h i 3-1 -0 0.40 unreliable 22 4042

5-3 a Silty sand Mix head N o. 2, Simplex pump, 3-1 -0 0.40 unreliable unreliable —

b Air motor 3-1-0 0.40 unreliable unreliable —

c 3-1 -0 0.40 unreliable unreliable —

d 3-1 -0 0.40 unreliable unreliable —

5-9
a  1

Clean sand Mix head N o. 3 3-1-0 0.40 — — —

b \ 3-1-0 0.40 45 43 —

c Mix head N o. 2, Simplex pump 3-1-0 0.40 40 21 2450

d Air motor 3 -1-0 0.40 40 31 3460

e 3-1-2 0.40 40 21 1280

f 3-1-2 0.40 40 31 3140

g 3-0-0 0.60 40 24 1315

h 3-0-0 0.60 40 35 1980

5-10
a \

Silty sand Mix head N o. 3 3 -1-0 0.40 25 37 —

b 1 3 -1-0 0.40 30 54 —

c Mix head N o. 2, Simplex pomp, 3 -1-0 0.40 30 38 465

d Air motor 3 -1-0 0.40 — 38 —

e 3-1-2 0.40 40 38 660

f 3-1-2 0.40 40 38 850

g 3-0-0 0.60 40 38 —

h 3-0-0 0.60 40 38 443

5-21 — Clean sand Mix head N o. 2, M oyno pump, 3 -1-0 0.40 40 18 —

Air motor
5-23 8 Clean sand Mix head N o. 2, Moyno pump, 3 -1-0 0.40 50 21 —

Alike Air motor

■) In order-Cement, Alfesil, Sand. Parts by bulk volume.
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Fig. 4 Elements Grouted in Clean Beach Sand. (Left to Right: 5-9-c, 

5-9-d)

Pieux par injection avec sable de plage. (De gauche a droite: 

N os 5-9-c, 5-9-d)

possible to overcome this weakness by additional overlapping 

o f mixing-head positions.

Several relations o f importance resulted from this series o f  

small-scale tests. First, it was determined that the uniformity 

o f grout distribution in cross-section is a function o f (a) the 

quantity o f grout introduced; (b) the type o f mixing head; 

and (c) the mixing effort, or the number o f revolutions per 

lineal foot. Uniformity increases as the amount o f grout and 

the number o f revolutions are increased. In general, the central 

portion o f  the element is richer in grout than the outside por

tion. The grout does not permeate appreciably beyond the 

diameter o f the mixing head.

The compressive strength o f mixed-in-place elements follows 

a similar pattern, being proportional to the uniformity o f mix

ing and dependent upon the type o f mixing head, the mixing 

effort, and the quantity o f grout, as well as the composition  

o f the grout and the type of soil. Strength o f field mixes is 

erratic and cannot be predicted accurately from laboratory 

mixes using the same materials. In general, from a strength 

standpoint, it does not appear feasible to use less than 35 per 

cent grout in field mixes. Sand can be added to the grout in 

moderate amounts without appreciably affecting the strength. 

As might be expected, tensile strength of soil-grout mixes is 

very low.

The type o f soil materially affects the strength o f the grouted 

elements (see Table 2) and limits the effectiveness o f the method. 

Reasonably uniform soil-grout elements can be produced in 

soft mud with a shear strength o f 240 psf. or less and in satur

ated uniform sand. Trials with silty sand were unsuccessful 

because o f  balling o f the soil. Possibly satisfactory results can 

be obtained in other soils with more powerful equipment.

Table 2 Small-Scale Tests, Typical Compressive Strengths Ob

tained by the In-Place Mixing of Grouts of Various 

Compositions

Ratio o f  Water 

to Cement 

plus Additives

Compressive Strength (psi)

Grout
Composition

2"x 2" Compression Cubes
Full Section 

o f  Pile

7 Days 28 Days 28 Days

(a) Soft, organic silt; App. % grout by volume 

App. mixing—60 revolutions per foot
= 40%,

3-1-0 0.40 670 806 503
3-0-0 0.60 140 538 397
3-1-2 0.40 257 814 756

2-1-3 0.40 — 323 338

3-1-3 0.40 — 713 —

(6) Clean beach sand; App. % grout by volume 

App. mixing—32 revolutions per foot
= 40%,

3-1-0 0.40 3290 4638 3460
3-1-2 0.40 1402 2365 3140

3-0-0 0.60 923 2173 1980

(c) Silty sand; App. % grout by volume = 40%, App. 

mixing—38 revolutions per foot

3-1-0 0.40 232 719 465
3-1-2 0.40 381 831 850
3-0-0 0.60 305 643 443

F ield -Scale  Tests

To investigate the feasibility o f the soil-grouting method at 

depths which might be required in foundation work, four 

mixed-in-place piles were placed to a depth o f 30 ft. and one 

to a depth o f  40 ft. in natural tidal-mud deposits at the San 

Francisco N aval Shipyard. The soil at this site consists o f  50 

to 60 ft. o f  plastic grey clay o f high water content and very 

low shear strength. Thin layers o f  oyster shell occur at fre

quent depth intervals.

The program here was to load test the soil-grout piles in a 

normal manner and to compare the results with those o f a load  

test on a driven timber o f  equivalent diameter and length. 

Provision was also made to pull one o f these test piles for 

inspection and testing.

Fig. 5 Continuous Cut-Off Wall Grouted in Clean Beach Sand

Parafouille de pieux jointifs exécutés par injection de sable de 

plage
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Field-scale grouting was accomplished by modifying a rotary 

core-drill rig to turn a mixing head similar to the individual 

blade type described above. Grout was pumped through a 

swivel head into the drill rod from a central grout-batching 

plant. Mixing effort was controlled by the speed o f the rotary 

drill and the rate o f descent into the soil.

Fig. 6 Results o f Load Tests Performed on four Soil-Grout Piles and 

a Driven Timber Pile

Résultats d’essais de charge sur quatre pieux de sol injecté et un 

pilotés

Fig. 6 shows results obtained in the various load tests. A  

summary o f the distinctive features o f each pile follows:

Pile N o. 11 : Fourteen-in. diameter pile grouted to a depth 

o f 30 ft. using 36 per cent grout by volume.

Pile N o. 15 : Fourteen-in. diameter pile grouted to a depth 

o f 30 ft. using 40 per cent grout, with an additional 4 cu.ft. o f  

grout pumped into the soil at the tip o f the pile while the mix

ing head was turned at the bottom  o f the pile. The purpose 

o f this additional grout was to form a pedestal at the tip o f the 

pile. The existence o f such a pedestal is not conclusive since 

it was not feasible to excavate 30 ft. o f soil.

Pile N o. 16: Fourteen-in. diameter pile grouted to a depth 

o f 40 ft. using 30 per cent grout.

Pile N o. 17: Seven-in. diameter pile grouted to a depth o f 

30 ft. using 33 per cent grout. A  load test on this pile is not 

included because o f  a failure, noted below.

Pile N o. 10: Fourteen-in. diameter pile grouted to a depth 

o f 30 ft. using 36 per cent grout. The upper 20 ft. o f this pile 

was extracted for inspection and testing by means o f a rein

forcing bar placed to that depth. Pull-test data is included in 

Fig. 6.

Pile N o. 18: Thirty-ft. timber pile having an average dia

meter o f 12 in. (butt: 14 in.; tip: 10 in.) driven to a depth o f

27 ft.

Table 3 Field-Scale Tests, Yield Point and Maximum Load Values 

for Test Piles

Yield-point values for the test piles and loads causing .01-in. 

settlement per ton o f  test load (New York Building Code, 1949) 

are noted in Table 3. The N ew  York Building Code criterion

for pile performance is believed to provide a more reliable 

comparison than yield-point values, in this case, because of 

fluctuations in the load-settlement curves caused by tide flood

ing during test periods. Using the driven timber pile as a basis 

for comparison, the following relations are apparent:—

(а) Pile N o. 11, o f equivalent diameter to, and slightly longer 

than, the timber pile, sustained an equal load during testing.

(б) Pile N o. 15, o f equivalent diameter to, and slightly longer 

than, the timber pile, but with additional grout pumped at the 

tip, sustained over 100-per cent greater load based on maximum  

values.

(c) Pile N o. 16, o f equivalent diameter to, but 33 per cent 

longer than, the timber pile, sustained approximately 40 per 

cent greater load, but deformed much more throughout the 

test.

(d ) Pile N o. 17 (not recorded), o f 7-in. diameter, would take 

no load whatsoever. Subsequent excavation revealed a com 

plete void (4 in. in extent) in the pile at 2-ft. 6-in. depth below  

the ground surface. The presence o f this void was attributed 

to a lifting o f the soil and grout mix during the extraction of  

the mixing head. It is believed that the blades on this mixing 

head were too wide for proper action.

A  comparison o f the action o f piles 11 and 16 indicates that 

the load is carried primarily by friction. The increase in maxi

mum load for pile 16 over pile 11 is approximately proportional 

to the increase in length. Load tests on these two piles indicate 

an average frictional supporting power o f 410 lbs. per lineal 

foot o f pile. Utilizing the average shear strength o f  soil ob

tained in the laboratory (156 psf. and assuming this shear 

strength is fully mobilized along the perimeter o f the pile, we 

would obtain 570 pounds per lineal foot. It is likely, however, 

that disturbance during mixing in place materially remolds the 

adjacent soils and reduces the shear strength. It is significant 

to note that the soil-grout piles appear to utilize the shear 

strength o f  the soil equally as well as does the driven timber 

pile.

Additional grout pumped at the tip o f pile N o. 15 effectively 

increases its supporting power. Whether or not this additional 

grout takes the form o f a pedestal is in doubt. Previous small- 

scale tests indicated that the grout simply seeks out weak zones 

in the soil. Regardless o f the form taken by this grout, the 

increased carrying capacity o f pile N o. 15 over that o f pile 

N o. 11 and the timber pile (N o. 18) can be attributed only to  

its action.

Over-All Feasibility and Application

The process o f mixing grout in place with soft soils to form  

structural elements is feasible within limits. By exercising 

proper control over the mixing procedure and the grout type 

and quantity and by making shallow trial units, a pile o f satis

factorily uniform cross section can be produced to a depth of 

at least 40 ft. in very soft soils. D epth is limited by the power 

o f the equipment available and by the soil, which must have 

a very low shear strength and be saturated.

Advantages o f the method lie in the low overhead clearance 

required for placing and in the relatively light equipment used 

in the operation, as compared with conventional pile-driving 

equipment. Pumping excess grout at the tip o f the pile to in

crease bearing capacity provides an additional advantage.

The method has one serious disadvantage in that the piles 

cannot be inspected for continuity or soundness. Load-carry- 

ing capacity can be determined only by actual performance or 

performance under test load.

P ile  N o.
Y ie ld  P oin t 

(  tons)

M ax im u m  L o a d 1) 

(  tons)

11 4.0 6.0

15 8.5 12.5

16 6.0 8.5

18 5.5 6.0

■) Taken as load which causes .01 inch o f  settlement per ton o f  total 

load (New York City Building Code, 1949).
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A s noted previously, application o f this method has not been 

made, but several possibilities have been contemplated. Ori

ginally, the process was considered in connection with the for

m ation o f  relieving platforms in bulkhead backfills for the 

purpose o f reducing lateral pressure. It is believed that lateral 

pressures caused by surcharge loads can be reduced by this 

m ethod, but it is doubtful if any appreciable lateral-pressure 

reduction would be effected by confining action on the backfill 

m aterial itself because o f the low tensile and flexural strength 

o f the soil-grout units. These properties also make the use of 

such elements in excavation work, i.e., in the support o f vertical 

cuts, ineffective.

On the passive side of bulkheads, or cofferdam, it is possible 

that soil grouting could be employed in a concentrated area to 

prevent incipient movement. Such an application would ne

cessarily be in the nature o f mass grouting, and as such could  

be applied m ost effectively and economically in repair work 

and not on a large scale.

Because o f their effectiveness as piles and their advantages 

over conventional piling in the matters o f equipment weight 

and overhead clearance, soil grout piles feasibly could be used 

in very soft areas to support distributed vertical loads. Ex

amples o f this use would be in the support or repair o f ware

house floors or highway fills.

One additional promosing application is in the formation of 

shallow cut-off walls to stop water flow. This possibility was 

only touched upon in the research program, and the advantages 

not fully studied.

In general, it appears that the process o f mixing grout in 

place with soft soils is particularly adaptable to repair work 

or temporary construction on a small scale. The high per

centage o f  grout required and the possibility o f discontinuity 

limit application in permanent large-scale construction.
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