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ABSTRACT
Grouting techniques used to stabilize the foundations of a factory overlying a limestone formation are described. Difficulties and solu-
tions, guided by the observational method, are presented.

RÉSUMÉ
Techniques d’injection utilisées pour la stabilization des fondations d’une fabrique situé sur un terrain karstique sont décries. Diffi-
cultés et solutions, guidés para la méthode observationel, sont présentées. 

1 GENERAL DESCRIPTION 2 PROBLEMS ENCOUNTERED 

The expansion of a cosmetics factory to a site about 30 km 
north of the city of São Paulo (Figure 1) had been decided
and the land for the project was acquired in the town of Ca-
jamar, a well known town since 1986, when a sinkhole devel-
oped right in the downtown area, located about 5 km from the 
plant site.

In January 1998 an SPT boring between the Vertical Ware-
house and the Picking buildings (Figure 2) detected a layer of
soft soil (NSPT between 0 and 2) around a depth of 40 m, 
overlying the limestone (Figure 3).

None of the previous 124 borings had detected soft soil or 
any other indication of potential problems. A new geological
study was carried out to gather more information on the lime-
stone and its impact on the site foundation. This study and
new borings — some of them rotary — led to the conclusion
that the limestone was bounded by two faults, F1 and F2
(Figure 4), and did not pose any foreseeable problem to the
building foundations. It was only much later, in 2000, that
undisturbed samples of the soft soil were extracted and tested
in the laboratory.

Given the knowledge of the threat posed by the karst for-
mation, and the fact that the plant would need a very signifi-
cant amount of fresh water for its processes, a geological
study was carried out in 1996. Based on three borings and ob-
servations of surface geology, this study concluded that the
karst encountered in two locations in the site should not be 
viewed as a matter of concern regarding either the viability of
the project or the safety of its foundations.

The Vertical Warehouse (Figure 2) is a building 30 m 
wide, 120 m long, and 30 m high, on direct foundations (cho-
sen after plate load tests that indicated adequate behavior). In-
side it, metallic shelves about 30 m high are loaded and
unloaded, essentially without direct human intervention, by
electric stacker crains that carry the pallets and require verti-
cality of the shelves for their optical positioning and safe op-
eration. All shelves are supported on a concrete raft.

Construction proceeded, as planned, with some cuts and
fills up to 15 m high being compacted to create the platforms
for the buildings. Three months after the fills had been com-
pacted, in February 1998, several ground fissures appeared 
(Figure 4). Their aspect, shallow (under 1.5 m deep) and
wider at the surface, the cross section of the fill (15 m high 
along its South crest and just about 0.5 m deep in the region 
where the fissures appeared), and their dimensional stability
over an observation period of several weeks, suggested they 
were just tension cracks caused by settlement of the soil be-
low the fill (itself an old fill, probably not very well com-
pacted).

The Picking (Figure 3) is the distribution center: a three-
store pre-cast concrete building, 54 m wide (structural axes A
through K, accommodating 30 truck docks), and 135 m deep 
(structural axes 15 through 22). Its about 100 concrete col-
umns are supported by caissons founded 8 to 10 m below the 
surface.

A couple of similar fissures were also observed in August 
1998 in the compacted fill for another structure of the plant. 
More to the North of the area, a vertical fissure was observed
along the wall of the excavated shaft of a caisson: it extended
from 1 to 4.5 m below the surface. No other fissures were ob-
served in any other caisson shaft in the site.

By the same time the shelves of the Vertical Warehouse
had been completed and rails for the pallet transportation sys-
tem were being installed. Differential settlements on the order 
of centimeters were then detected along the raft, which could
impair safe operation of the stacker crains. Despite the fact
that differential settlements of that order could still be com-
pensated during installation of the rails themselves, a program
of settlement monitoring of the Vertical Warehouse was im-
mediately initiated.

By the end of 1998 the internal area of the Picking had 
been leveled in preparation for the pouring of the concrete
floor. In the beginning of 1999, during final checking before 
execution of the floor, a differential settlement of 3 cm was 

Figure 1 – General view of factory
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observed between axes A and K. The settlement monitoring
system was then extended to the Picking.

By mid-1999 it had become clear that the observed settle-
ments did not follow a stabilizing pattern: settlement magni-
tude seemed unrelated to fill thickness, with larger settle-
ments along the east end of the Vertical Warehouse and the 

south end of the Picking. Periods of high and low settlement
velocities alternated, resulting in average settlement velocities
up to 6 cm per year in the most critical points. It became clear
that corrective measures would be necessary to guarantee 
proper operation of the plant in the long run. 

Figure 2 - Vertical Warehouse on the West side and Picking on the East
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Figure 3 – SP125 bore-hole log 
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3 DIAGNOSTICS AND CORRECTIVE MEASURES 

As all other possible causes of settlement were being logically
discarded on the basis of the available evidence, a standard pro-
cess of solution cavity collapse and/or carrying of large quanti-
ties of overlying soil through channels in the limestone progres-
sively became the most widely accepted explanation for the
observed settlements. The stop-and-go settlement pattern
seemed to support this hypothesis, as well as a piezometric de-
pletion of almost 10 m in the vicinity of SP125. Moreover, a 
few of the rotary borings had detected discontinuities of the or-
der of decimeters (meters in a few instances) in the limestone,
some of them filled with brown, fine grained soft soil, similar to
that observed by Jennings (1966).

While design teams worked on possible solutions to stabilize
the buildings, a Board of Consultants was formed to help ana-
lyze and correct the situation.

The working hypothesis adopted by the Board was not dif-
ferent from the then generally accepted idea of large cavities or
channels in the limestone, but the stabilization solution was 
somewhat different from the subsoil reinforcement alternative
that had been tentatively designed. The Board recommended
low mobility injection grouting (Byle, 1997; Byle, 2000; Henry,
1989) and treatment began in the first quarter of 2000. The pro-
ject of LMIG, undertaken then for the first time in Brazil, re-
quired quite a few test hole injections in order to adjust the
grouting equipment and the grout itself to the specifications. In-
strumentation, monitoring, and contingency plans were de-
signed and carefully implemented, since all involved recognized 
that the observational method was the only way to cope with the
uncertainties at hand. As a matter of fact, treatment was accom-
panied by an almost continuous revision of specifications ac-
cording to observed results. 

Figure 4 shows a plan view of the area with the LMIG holes 
actually executed, less than 40% of the original project for rea-
sons that shall be discussed below.

Specifications called for soil perforation by water circulation
inside a casing which had to penetrate at least 4 m in rock perfo-
rated by a downhole rotary percussive hammer. A grout with a 
compressive strength of 7 MPa and 20 mm slump had to be in-
jected in stages from the bottom up as the casing was retracted,
at a flow rate of 10 m3/h. All the equipment and the grout itself
had to be tested and adapted in the test holes in order to try to
approach these specifications and the grouting scheme in Table 
1.

Vertical Warehouse Picking

Figure 4 – Plan view of the area with executed LMIG holes 

The target and maximum volumes in Table 1 are clearly in-
dicative of the expectation of large cavities in the limestone and
immediately above it. Pumping a grout with a slump of 20 mm 
at the specified rates and pressures, at depths that frequently ex-
ceeded 30 m, reaching 70 m in some cases, proved unfeasible
for the available equipment. Likewise it was impossible, under
the subsoil conditions encountered, to penetrate 4 m into the 
rock without losing the casing. Several of those specifications
had therefore to be relaxed: more fluid grouts had to be ac-
cepted, with slumps above 50 mm, the casing was allowed to 
penetrate just a few centimeters in rock, which continued to be
perforated without a casing, and, given the unsatisfactory effects
of LMIG to the buildings, the grouting scheme had to be revised
as in Table 2.

The values in Table 2 reflect and address the difficulties and
adverse effects encountered, as well as the learning curve of the 
process which, after many holes grouted, was leading to a sig-
nificant change in the initial diagnostic.

After a few months of LMIG treatment, by mid 2000 it be-
came clear that the side-effects far exceeded its benefits. Large
cavities had seldom been reached by the injection holes, and in
an instance in which such a cavity had been reached and in-
jected, several nearby holes (less than 1 m apart) failed to inter-
cept a cavity, either void or filled with grout. Not finding large
cavities to fill and being injected under relatively high pres-
sures, the grout ended up pushing the soft soil overlying the 
limestone, at depths between 20 and 35m, triggering a consoli-
dation process that led to settlement velocities at least an order
of magnitude higher than those that had been observed before. 
Meanwhile, consolidation tests run on Shelby samples of the
soft soil gave indications that it might be under-consolidated,
hinting at a meta-stable material, the finest fraction of which 
might have been either carried away or dissolved and leached
into rock discontinuities.

Table 1 – Original injection specifications for LMIG
Depth (m) Pressures (kgf/cm²) Volumes (m³ / m) Stage length(m)

Minimum Maximum Target Maximum
From 0 to 5 7 25 0,3 1,0 0,5

10 8 25 0,4 1,0 1,0
15 10 25 0,5 1,5 1,0
30 10 25 2,0 5,0 2,0

Rock 10 25 0,7 20,0 1,0

Table 2 – Revised injection specifications for LMIG
Depth (m) Pressures (kgf/cm²) Volumes (m³ / m) Pump flow rate (m3/h)

Minimum Maximum Target Maximum
From 0 to 10 5 10,0

Intermediate range 8 1,5 10,0
20 m above bedrock 7 15 0,5 NS 10,0

Primary holes 7 15 1,0 NS 7,510 m above
bedrock Secondary holes 7 15 2,5 NS 7,5

Rock 5 10 0,7 NS 7,5
NS = not specified
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The Board then leaned towards a diagnostic of settlements
caused by compression of this soft soil, due to progressive
transport or leaching of its fines into a net of limestone cavi-
ties of relatively small dimensions, nevertheless hydraulically
effective in de-stabilizing the overlying soil. Reinforcement
of the soft soil seemed to be the best corrective measure to 
address this problem.

Consolidation with jet grouting columns began to be con-
sidered as an alternative, and in August 2000 monitored tests 
were conducted for comparison of excess pore-pressures gen-
erated around the injection hole by LMIG and by JG. Results
are summarized in Figures 5 and 6.
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Figure 5 - Excess pore pressures generated by LMIG
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Figure 6 - Excess pore pressures generated by JG column

These results encouraged the Board to recommend a pro-
ject based on CCP columns. For localized stabilization of
structures, CCP columns should extend from the bedrock to 2 
m below the foundation element, in order to avoid increasing
the settlements, and spaced so as to guarantee transmission of 
the loads to the CCP columns by means of an arching effect.
For volume treatment, JG columns were restricted to 10 m
above the bedrock, enough to cross the soft soil layer and
carry to the rock the loading that it seemed unable to support. 
JG specifications were optimized to minimize settlements
during the perforation and injection phases. 

CCP treatment was completed in September 2001, about 
one year after the initial tests: 1,050 CCP columns were exe-
cuted, for a total of 45 km of drilling and 13 km of injected
holes, requiring 121,000 bags of Portland cement.

4 PERFORMANCE AND CONCLUSIONS

Table 3 summarizes the performance of several buildings be-
fore, during, and after treatment. Some of the buildings in this
table had to be treated differently from the Vertical Ware-
house and the Picking, but due to space limitations they shall
be described in another paper.

Results obtained, were considered quite satisfactory by the
client: from September 2000 on the plant production line was 
already in operation, and subsoil treatment was carefully
planned in such a way that that operation was never dis-
rupted. Plant expansions under way have implemented a dif-
ferent recommendation by the Board: the design of the new
buildings includes stand-by jack-up niches, as a provision to

compensate for settlements such as those observed in the 
buildings referred to in this paper.

Table 3 – Observed settlement velocities
Observation

Point Settlement Velocity (mm/day)

Before treat-
ment

Maximum dur-
ing treatment

After treat-
ment

(current)
min max LMIG JG min max

Picking:
Structural

Axe I 
0.10 0.13 2.83 0.50 0.004 0.008

Picking:
Structural

Axe J 
0.13 0.16 2.94 0.80 0.005 0.010

Vertical
Warehouse:

Exterior
0.00 0.05 1.14 0.16 0.000 0.015

Vertical
Warehouse:

Floor
N/A N/A 0,30 0.07 0.000 0.012

Results obtained, were considered quite satisfactory by the
client: from September 2000 on the plant production line was 
already in operation, and subsoil treatment was carefully
planned in such a way that that operation was never dis-
rupted. Plant expansions under way have implemented a dif-
ferent recommendation by the Board: the design of the new
buildings includes stand-by jack-up niches, as a provision to
compensate for settlements such as those observed in the 
buildings referred to in this paper.
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