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Abstract . "

Compaction grouting has been adopted in contracts CH218 and CH221 as a method for building
protection. This paper reports the results of trials performed and discusses factors affecting its
performance. Data indicate that, in soft clays although compaction grouting was able to heave up
the ground during the operation, the subsequent dlSSlp&thIl of porewater pressures led to settlement
which was equal to or even greater than the heave In sands a large amount of grout was required
_for the heave to be sxgmﬁcant

%@E’Jﬁ @%Gﬁ%

wILEE - SALTBUTHEEEEE TERE S TRE |
BAE - GILNBAEERHE LR —IHAIE
MR - SIhMBAEEREELRERE= I?%PITEE
BESL - DFTREEMATEgE

ERE - E‘é%ﬁlﬁ@?ﬁ"’?kﬂlﬁ%%‘%@ﬁ( )ém%’iﬁi

Woow

W@E”ﬁmwﬁzﬁ%ﬁﬁzﬁlﬁ :It%@%?ﬁfﬁ}g?&?,wﬁ&%l ,‘ﬁﬁﬁﬁ%@
THEUEBRBIIREZ X - EAl 3 SRS RE LA BT B A3 - Kﬁ?fﬁ&ﬂi&ﬁ%iﬁ.
4047 ~ TERBEERRZ AR - BRER - FREH T BT e Tk
WEEAE - BREILBKEY BRATERERE —ENENEATR - EDTEHAE
FEAREREM T ZEEEZHA - '



1. Intrdduction

Compaction grouting is a very new techmque w1th very little experience to guide the design and
operation.  This 1s partlcularly true in Taiwan where 1o case histories have been reported. The
principle of compaction grouting is very simple - -‘inject a certain amount of sohd into the ground to
heave up the desired portions of a structure so the stresses induced in the structural members as a
result of ground movements can be relieved. It can be used in other ways, such as underpinning,
ground improvement, etc. as well. However, in the opinion of the authors, these applications are not
the principal functions of compaction grouting and there are other techniques, such as micropiling, jet
grouting, chemical injection, etc., which can-do a better job.

- IL Trial Grouting for CH218 Contract
Trials were carried out in four grouting holes (GH), namely, GH- A, B, C and D. As shown in
Figs. 1 and 2, GH-A and B were inclined holes with an angle of 15 degrees from the vertlcal and

GH-C and D were vertical. GH-D was located at a distance of 3m from an excavation to see the
effects of grouting on struts while all other three were located in free fields with level ground.

A. Grout and Grouting
The composition of the grout was as follpvvs (per cubic meter) :

Gravel (2 to 10 mm in size) 30 kg"‘

Silt & Sand (2 mm or less in 31ze) 1040 kg
Portland Cement 160 kg
Water 426 kg

The grout, with an average slump of 25 mm was injected into the ground by pressures up to 40 bars.
In each hole, 20 bulbs were formed at 0.5 m intervals with a volume of grout of, roughly, 134 liters
in’ each bulb For a few bulbs the volume of the grout was shghtly less because the grout pressure
exceeded the pre-set 11m1t of 40 bars and/or the heave exceeded the pre—set limit of 5 mm per bulb.
The total volume injected in each hole was about 2.5 CUblC meters. '



B. The Results

The measured ground heaves for all the four holes are shown in' Figs. 1 and 2. The recorded
maximum heaves were 15 to 30 mm and the influence extended to a distance of 4 to S m from the
locations of the holes. The heaves were smaller for the case of GH-D, conceivably, due to'the lateral
movement of the diaphragm wall.

The heaves measured at a point which is 1m away from ‘GH-Care shown versus. the progress of
grouting in F1g 3a.- As can be noted fthati a) the heave was un-noticeable when grouting was carried
out in sands, and b) the heave was much larger when grouting was carried out in the clays. - This
might give a false impression that it is more effective to grout in clays than in sands. More discussion
will be given in Section IV.A. B

For the case of GH-D, the increments in strut loads-were 7 tons for the second level strut and:7.7
tons for the third level strut. These values are insignificant in comparison with the design loads of the
struts. As shown in Fig. 2, at the time GH-D was grouted, the bottom of excavation was at a depth
of 10 m and three levels of struts were in place. Adopting the idea of apparent pressures, awvalue of
0.4 t/m2 was bac‘:k—‘calculatedfrom the above-mentioned load increments in struts. It should be noted
that grouting was camed out at’a distance of 3m away and the influence would have been greater if
the distance were smaller. '

M. Trial Grouting for CH221 Contract

Grouting was carried out in three holes, namely, GH-1, GH-2 and GH-3. GH-1 and GH-2 were
vertical holes and GH-3 had an inclination of 25 degrees from the vertical. All the three holes were
sunk in free fields.

A. Grout and Grouting -

For GH-1 and GH-2, the grout used was similar to thatused in the trials:-in CH218. . Grouting
started at a depth of 18 m and continued to a depth of 2 m. There were a total of 32 bulbs with a
volume of grout of 134 liters each, giving a total quantity of grout of 4.3 cubic meters.

For GH-3, the slump was increased to an average of 60 mm by adding bentonite and more water
so more grout can be injected. Grouting. was carried. out in a pressure-control mode. . Instead of
keeping a constant volume for each bulb,. casing was lifted only when the pressure exceeded 60 bars



regardless of the amount injected. Between the depth of 13 m and 8 m, a total volume of 7.cubic
meters was injected, giving an average intake of 1400 liters per meter which is 5 times greater than
the intake (134 liters x 2) for all.other holes.
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B.. The Results

The heaves of a point which is 1m away from GH-1 is shown versus the progress of grouting in
Fig. 3b. Similar to the case for GH- C, heaves were msxgmﬁcant when grouting was carried out in
sands. In fact; the patterns of the two curves shown in F1g 3 are almost identical. The proﬁle of the
heave shown in Flg 4 ig-also similar to that for GH-C shown in Fig. 1 /

The lateral displacements of an inclinometer installed 2m away from GH-1 are shown in Fig. 4.
The maximum displacement exceeded 40 mm, much greater than the maximum heave recorded at
surface. This might be due to the amsotropy of the clays Sédimental deposits usually are weaker
against horizontal loading. ‘ ' ' -

- The heaves for GH-2, as shown in Fig. 5, were smaller in comparison with all other cases for
~ unknown reasons. The péak was only 6 mm. The lateral displacements of an inclinometer installed
at a distance of 1m away, however, were greater than those obtained for GH-1, cohéeivably, due to
smaller distance to the grouting hole. ) ’

For GH-3, grouting stopped below the clay/sand interface and the heaves were only a few mm
despite the larger quantity of grout injected.

IV. Factors Affecting Performance

As mentioned previously, the purpose of compaction grouting is to jack up the portion of the
structure where the settlements are the most severe so the stresses in the structural members can be
relieved. The two basic requirements for this to be achieved are: a) the heave must be significant
and permanent, and b) the heave must have a smooth profile to avoid localized stress concentration.
The various factors affecting the performance of compactlon grouting and measures for improvement
are discussed in the following sections.. : ‘ .

A. Soil Type

It is apparent that compaction grouting ‘works better in incompressible media. -For short-term

loadings, clays are incompressible because of their low permeability disallowing volume changes and



in the.-two trials-mentioned above, more heaves; in comparison with:grouting in-sands, were indeed
obtained during.the operation which lasted for only a day for each.hole. However, -the subsequent
dissipation of excess porewater pressures will result in settlements:which-can even exceed the heaves
and defeat the purpose entirely. . Fig. 6 shows: the rates of reductions of heaves and strut loads,
expressed in terms of percentages of their values at the completion of grouting. As can be noted that
within a week (168 hours) after the completion of grouting in GH-2, Marker SP9 settled back to its
original level, ie., 100 % reduction. Strut loads induced by grouting reduced at an even faster ‘rate.
As shown in the figure, the load increment in the 3rd level for the case of GH-D dropped to zero in
18 hours. : ‘

- The high permeability of sands allows quick dissipation of porewater pressures and, therefore; the
grout injected only densified the sands and contributed very little to.heave. It is hypothesized that if
sufficient quantity of grout is injected, sooner or later the surrounding -sands will reach the densest
state and any subsequent quantity will cause the ground to-heave. . The heaves, in this case, will be
permanent because all the -LporeWate‘r pressures have dissipated during the operation.

B. Pattern of Grouting .

It then follows that the effectiveness of grouting, expressed as the . ratio of the volume of the heave
to the volume of the grout injected; will increase as more grout enters the ground. . Therefore, it will
be more effective to form a large ball, refer to Fig. 7, instead of a series:of bulbs. The latter has
been proved to be ineffective as discussed above. Furthermore, in normal cases, grouting holes will
be inclined as shown in Fig. 7. The trials indicate that the influence lines form an angle of 45
degrees from the vertical. It is thus reasonable to conclude this to be the optimum angle because all
the heave will contribute to the lifting up of the structure. It is also desirable to grout at locations
far below the bottom of the foundatlon so the zone of 1nﬂuence will be wider and the heave profile
will be smoother The deeper it is, the farther w111 it be away from the retammg walls and the less
influence on strut loads. To match the settlement proﬁle of foundatlon it may be necessary to grout

in several holes with different inclinations as shown in Fig. 8

C. Grouting Pressure

Grouting pressure is a limiting factor. The facilities used have a system capacity of 140 bars,
however, in normal operation the pressure is limited to 40 to 60 bars. High pressure can suddenly
occur without warning and it is thus important to have an automatic: pressure cutoff device to .avoid

damage to the facilities.

It is often stipulated in specifications on grouting -that the pressure shall be limited to: the:



overburden pressure. This restriction is to prevent excessive ground heave from damaging structures
and is not applicable to compaction grouting of which the purpose is to jack up the structure.  The
amount of heave is governed by the quantity of the grout injected, not the pressure.” So long as the
rate of intake is under control, the restriction on pressure can be lifted. ' ‘

D. Characteristics of Grout -

Thick grout is usually used for two reasons - to avoid the grout from spreading too far and“to
reduce subsequent settlement as the grout consolidates. It is often mentioned in literatures that the
thicker the grout is, ‘the more effective it will be. ‘This principle, however; is unsuitable for Taipei
Basin. “As mentioned above, the clay layer at the top-is too soft for the compéctibn grouting to be
effective and it is preferred to grout the underlying sands. The great overburden pressures due to the
great depths of the sands call for higher nozzle pressures. It has been experienced that increasing the
slump drastically reduces friction in the pipe and makes it much easier for the grout to enter the
ground. Adding bentonite will also help. It is thus suggested to apply grout with a very high slump,
say, 200 mm or even greater, at first to break the ground and create a balloon-like soft ball. As the
size of this ball increases, it will become easier for the subsequent grout to enter. Drier grout can be
used -at the later stage if so desired. In other words, the composition of the grout should be adjusted
as the work proceeds. The initial grout should have much water, much bentonite and no cement, and
the final grout should have a low slump and more cement. '

V. Summary

~ Compaction groutmg is effect1ve in mcompres51ble media such as st1ff clays and dense sands. In
soft clays high pressure groutmg is able to heave up the ground 1n1t1a11y, however, within a week or
two, the ground will settle back to its ongmal position. In loose sands a large quantlty of grout is
necessary for ground heave to be significant. o
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Figure 2. Ground Heaves for GH- D



30

g

£ 20

) ) -

5 10 . ,

T, 07T>—Sm = 10m Distance , m
....GL.-2m —

GL.-18m O L 1 L ]

] L.
0 20 40 60
Lateral Displacement , mm

Figure 5 Results for GH- 2

0
R 50 °©
=
S | -
é o GH-1,SP15, Settlement '
2 1004—X GH-2, SP9, Settlement
O GH-D, 2nd Strut Load
® GH-D , 3rd Strut Load X
150 = ! — 1 N
0 2 5 : 20 50 100 200
Time After Completion of Grouting , hrs /
//

Figure 6 Post - Operational Reductions of Heaves and Strut Load



< '6'-“‘\

Ocr

e o¥ ge
-

OO0.0 »

\ Clay
\

N
N

AN
N Sand

Inﬂuence/\ Large in Volume
Line '

£3

o 0
ob o

Deep

RN

0200

s Qe

{ Away from Wall
|

Figure 7 Optimum Pattern of Grouting

/

Settlement Profile

Figure 8 Arrangement for Settlement Correction



