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Enhancement of side resistance in bored piles with lime 
Amélioration de la résistance de la surface latéral des pieux forés avec la chaux
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M.W.O’Neill -  University of Houston, Texas, USA
G.Baykal -  Boÿaziçi University, Istanbul, Turkey

ABSTRACT: A study was undertaken to investigate the effect of exposure to lime of pile boreholes in clay-rich soils on side load 
transfer. The study consisted of direct interface shear tests, full-scale field load tests, small-scale laboratory pullout tests and electron 
microscopy investigation. These inquiries suggested that the vertical sedimentation path of particulate lime in a vertical borehole does 
not permit it to invade the lateral surface of the clay in high enough concentration to affect granularization of the interface, whereas 
such an effect occurred clearly when the clay surface was horizontal (in laboratory direct shear studies), where lime particles collected 
on that surface. The presence of sand seams within the clay, however, allowed the lime from slurry to penetrate the clay and to stabilize 
it, suggesting that lime enhancement can produce substantial improvement of bored pile capacity in such stratigraphy.

RÉSUMÉ: Une étude comprehensive en laboratoire et in-situ pour examiner les conditions sous lesquelles l’exposition des côtés des 
forages des pieux à la chaux dans les sols riches en argile augmente le frottement latéral maximum. L’étude comprenait des essais en 
laboratoire de cisaillement direct à l’interface, des essais in-situ de chargement en vraie grandeur, des essais en laboratoire de tirage 
à échelle réduite et des investigations avec microscope électronique. La conclusion logique qui peut être retirée de ce groupe des 
investigations est que le parcours de sédimentation verticale des particules de la chaux dans un forage vertical ne leur permet pas 
d’approcher de la surface latérale de l’argile avec une concentration suffisante pour affecter l’interface, pourtant cet effet a apparu 
clair quand la surface de l’argile était horizontale dans les études de cisaillement direct en laboratoire. Cependant, la présence des 
filons de sable dans les forages, a permis à la chaux existant dans la boue de forage ou dans le béton de pénetrer dans l’argile et de 
le stabiliser. Ce procédé peut produire une amélioation substantielle de la capacité des pieux forés dans une stratigraphie pareille.

1 INTRODUCTION

A bored pile provides much of its resistance to axial load from 
perimeter shear between the hardened concrete and the 
geomaterial surrounding the pile. It is particularly effective in 
transferring load through side shearing resistance in 

overconsolidated clays. The evaluation of this side shear 
resistance involves quantifying the changes in the geomaterial 
properties associated with the construction method. Drilling will 
generally cause disturbance and stress relief, resulting in a 
reduction of the clay's shear strength at the wall of the borehole. 
When fluid concrete is cast against clay, water not needed for 
hydration of the cement can migrate into the clay, further 
softening it.

Past technological developments to increase the side 
resistance of bored piles have involved the use of post-grouting 
and expansive concrete in the initial construction of the pile. 
Post grouting can be very effective in increasing end-bearing 
resistance; however, it is expensive. Expansive concrete is 
effective in increasing side resistance, but it sets rapidly and 
consequently is very hard to handle and is consequently 
impractical in many circumstances.

A third alternative, the subject of this paper, is the 
conditioning of the soil along the face of the borehole prior to 
placing or during placement of the concrete to strengthen the 
interface in a predictable manner. The conditioning material 
that is proposed is hydrated lime [Ca(OH)2] in the form of a 
slurry, which can be pumped into the borehole or sprayed on 
the borehole walls after the borehole is excavated, or as an 
additive to the concrete, either directly or in the form of fly ash.

2 BACKGROUND OF LIME STABILIZATION

Lime is readily available throughout the world and is 
inexpensive. The application of lime to soil to improve its

strength and other properties is a well-known process, and the 
physiochemical mechanisms involved in increasing soil strength 
are equally well-known. Several types of reactions take place at 
the same time during lime stabilization. Some of these reactions 
have been identified and understood (Herrin and Mitchell, 
1961), namely Pozzolanic action, carbonation, aggregation and 
reduction of the thickness of diffuse double layers of clay 
minerals. These actions modify clay soil to a less cohesive and 
more frictional material. Lime stabilization does not always 
work well in all soils. Thompson (1966) pointed out that soils 
that react with lime to provide substantial strength increase may 
be regarded as reactive, while those soils with lesser strength 
increase are non-reactive. This paper is applicable only to 
reactive soils.

3 SOIL PROPERTIES

The research phases were limited to investigating the effects of 
quicklime and hydrated lime and to Beaumont clay, a soil 
found at the National Geotechnical Experimentation Site - 
University of Houston (NGES-UH). The full-scale pile tests 
were performed at the NGES-UH. Laboratory direct shear 
tests on undisturbed samples extracted from the same site were 
performed at Bogazici University in Turkey. The soil profile 
at the NGES-UH site consisted of an upper layer of stiff, dark 
gray, sandy clay of low plasticity (denoted CL1) to a depth of
2.0 m containing calcareous nodules that increased in 
frequency with depth. Between depths of 2.0 and 4.6 m the 
color of the clay changed to light gray to olive with increasing 
sand seams (tan color) (denoted CL2).
The sand seams were water bearing, and the piezometric surface 
was 2.15 m below the ground surface. The lowest layer was a 
very stiff red clay of high plasticity with slickensides, classified 
and denoted as CH, and extended from a depth of
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approximately 4.6 m to the end of the borings (below the 
bottoms of the full-scale test piles).

The average liquid limit of the clay in the Beaumont 
formation is 61 and the average plasticity index is 42 (O’Neill 
and Yoon, 1995).

4 LABORATORY DIRECT SHEAR TESTS

Samples of soil were recovered from the NGES-UH, sealed, 
packed and transported by air to Bogazici University (BU) in 
Istanbul, Turkey, for laboratory testing. The laboratory tests 
included direct interface shear experiments on the two basic 
types of soil sampled: CL and CH. The soil-concrete interfaces 
were exposed to lime slurries under a head of about 300 mm 
with varying concentrations of Ca(OH)2 for varying periods of 
time (1 hour to 3 days) to allow for diffusion of the lime into 
soil. The slaked lime used in the laboratory tests was obtained 
from the Nuh Lime Factory in Hereke, Turkey. The percentage 
of active lime was 64.16 and its Ca(OH)2 percentage was 84.69. 
The lime used in the field and laboratory investigations at the 
NGES-UH site had more than 90 per cent active calcium 
hydroxide. The lime slurry was then removed from the interface, 
and cement mortar was cast against the interface and cured for 
28 days before applying normal stress and testing the interface 
under direct shear conditions with constant normal stress.
To determine the shear strength parameters, three samples of 
each soil type (CL1, CL2, and CH) were sheared under three 
normal stresses (98.07 kPa, 196.13 kPa, and 294.20 kPa). The 
results were used to determine the average interface shear 
strength parameters c and <(>. Results from the direct shear tests 
are summarized in Table 1 for the soil (only), for the soil- 
concrete interface samples (without lime conditioning) and for 
interfaces with 3 and 7 percent lime conditioning for 1 and 72 
hours exposure.
Figure 1 presents failure envelopes for the CL1 soil for various 
conditions. In all samples the interface cohesion (adhesion) is 
less than the soil cohesion. Compared to soil-concrete interface 
adhesion in unconditioned soil, the adhesion decreases by 12- 
70% when soil is conditioned with 3% lime slurry.

However, raising the lime content of the slurry to 7% from 
3%, increases adhesion by 40-271% relative to the value 
obtained with 3% lime slurry. The adhesion values in most 
samples conditioned with 7% lime slurry were only about as 
large as the adhesion values obtained for the untreated soil- 
concrete interface samples.

Although it had a negative effect on interface adhesion, lime 
conditioning increased the angle of soil-to-concrete interface 
friction. The soil friction angle for the cohesive soil alone 
ranged between 3 and 15 degrees.

The interface friction angle for the unconditioned soil was 17-

Table 1. Shear strength parameters from the interface 
shear tests (after Sahtiyanci and Baykal, 1998).

31 degrees. The interface friction angle, <|>, for CL1 and CL2 
exposed to lime slurry for 1 hour was 32-39 degrees, while 
exposure for 72 hours reduced <|> by about 15% relative to (j) for
1 hour exposure. On the other hand, for CH, when the exposure 
period was increased to 72 hours, the interface friction angle 
increased by 12% when 3% lime slurry was used and by an 
additional 17% when 7% lime slurry was used.

The mechanism of interface modification by the lime slurry 
was not studied. However, since the laboratory interfaces had 
minimal exposure to air between removal of the conditioning 
lime slurry and placement of the wet mortar against the 
interface, it is not likely to be cementation by CaCOj. Instead, 
granularization of the clay at the interface and development of 
some pozzolans may have occurred. These are the mechanisms 
that are expected in drilled shafts constructed in borehole 
conditioned with lime slurry.

5 FULL-SCALE FIELD TESTS

Full-scale tests were conducted on six bored piles at the NGES- 
UH to determine the improvement in side resistance produced by 
lime conditioning at the site. Two different concentrations of lime 
slurry (3 and 7 per cent) were used, and three different types of 
concrete were used, including one enriched by adding lime.

5.1 Installation Procedures

Each of the six 508-mm-diameter test piles had a total penetration 
of 5.49 m. Excavation was performed using rotary drilling. Piles 
SI, S2, and S3 were drilled dry, and lime slurry was immediately 
added, while piles S4, S5, and S6 were drilled under totally dry 
conditions. The bottoms of the boreholes were not cleaned after 
drilling. The test piles are described in Table 2.

Table 2. Description of test piles (Ata et al. 1998)

Curing CL1 CL2 CH

Condition c,
kPa

♦° c,
kPa

<t>° c,
kPa

<t>°

Soil only 104 3 107 6 84 15
Interface - 
no lime

53 17 78 28 33 31

3% lime, 1 
tir.

34 38 26 40 29 32

3% lime, 72 
hrs.

42 34 24 36 26 35

7% lime, 1 
(ir.

60 38 46 32 47 32

7% lime, 72 
tes.

59 28 87 28 11 42

Pile Description

SI 7% Lime Slurry -  Standard Concrete / 
Borehole Exposed to Slurry for 120 min. 
before Concreting.

S2 3.5% Lime Slurry -  Standard Concrete / 
Borehole Exposed to Slurry for 80 min. 
before Concreting.

S3 7% Lime Slurry -  Fly Ash Mixed with 
Standard Concrete / Borehole Exposed to 
Slurry for 260 min. before Concreting.

S4 Fly Ash Mixed with Standard Concrete

S5 Standard Concrete

S6 Lime [Ca(OH)2] Mixed with Standard 

Concrete

Osoilcnly 

•  soil/ocncrete (s/c) 

A s/c-3%lims(lhr) 

I s/o7% lims ( lhr)

-----O

0 50 100 150 200 250 300 350 

Nxmal stress (kfia)

Figure 1. Failure envelopes from interface shear tests on CL1
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The lime slurry was originally produced at a nominal 
concentration of 40% by weight of dry solids [Ca(OH2)]. The 
lime did not stay in suspension in its containers and had to be re
mixed before adding it to the mixing tank at the site. The 40% 
slurry was then added to a large tank that was filled with a 
calculated amount of potable water to obtain dilute 3.5% and 
7% lime slurries. The slurry was mixed manually in the tank.

During the period that the lime slurry was exposed to the soil 
in the boreholes some sedimentation of the lime occurred. No 
attempt was made to agitate the slurry in the borehole. This 
rendered the effective lime concentration to be considerably 
lower than the targeted values of 3.5% and 7%.

A 343-mm-O.D. cage was designed for all test piles with a 
standard percentage of steel. Two 35-mm steel threaded bars 
(‘Dywidag’ Grade 150 high-tensile steel) were installed in each 
pile to be used for the application of the load. Embedment strain 
transducers (sister bars) were mounted on the reinforcing cage at 
selected levels to measure the transfer of load to the soil. Sister 
bars were attached at selected levels.

Concrete was placed in the test piles by pumping the concrete 
to the bottom of the hole through a watertight tremie.

5.2 Capacity Evaluation Procedure

Perimeter load transfer was evaluated by extracting the test 
piles using a hydraulic jack that was attached to the two 
Dywidag bars embedded in each pile. The loads were measured 
by means of the sister bars and by means of an electronic load 
cell at the pile head. Local shearing resistance between two 
elevations was computed from the change in measured load 
between those levels and dividing that change in load by the 
nominal perimeter area between the elevations.

5.3 Load Test Results

Load tests were performed 58 days after casting. Generally, 
all lime-conditioned piles, regardless of the lime delivery 
method, showed a higher ultimate capacity than the reference 
pile that was drilled under dry conditions and concreted using 
the standard concrete mix. The 7% lime slurry pile (SI) had the 
highest ultimate capacity, which was approximately 20% higher 
than that of the reference pile.

Figure 2 shows a comparison of maximum developed unit 
side shear resistance fs for three cases (Piles SI, S5 and S6). The 
relative patterns in Figure 2 suggest that the lime conditioning 

was not effective in the top 2.0 m. This may be due to low lime 
concentration in the upper part of the slurry column due to the 
rapid sedimentation of the lime particles. Piles SI and S5 
exhibited the same trend, with the maximum developed side shear 
resistance at a depth of 4.3 m, at which depth the calculated value 
for the pile conditioned with 7% lime slurry (SI) was 60% higher 
than that for the reference pile (S5 with no lime slurry). Pile S6 
(with lime added only to the concrete mix) exhibited the same 
side shear resistance down to the depth of 4.3 m and then 
exhibited a 200% increase in the unit side resistance at a depth of
5.3 m. The load transfer for pile SI near the bottom was quite 
high because of the existence of thin sand seams in the soil at that 
level. These seams apparently allowed for excellent penetration of 
both lime slurry and cement mortar from the fluid concrete at an 
elevation near the bottom of the borehole where the lime 
concentration in the unagitated lime slurry columns was the 
highest.

6. LABORATORY MODEL TESTS

6.1 Test Description

Small-scale model tests were conducted at the University of 
Houston Geotechnical Laboratory to investigate indirectly the 
effect of soil suction on the uptake of lime slurry by conditioning

boreholes drilled in clay compacted both wet of optimum 
moisture content (low suction) and dry of optimum moisture 
content (high suction). Soil was compacted in plastic cylinder 
molds 152.4 mm in diameter by 304.8 mm high using a standard 
Proctor compactive effort. After drilling 25-mm-diameter 
boreholes and conditioning them for varying amounts of time the 
slurry was displaced with cement grout, which was allowed to 
cure prior to conducting pullout tests to measure the side 
resistance. Comparative tests were also performed for lime 
slurries that were agitated to keep the lime in suspension and 
increase exposure time between individual lime particles and soil 
and lime slurries that were not agitated. These effects were not 
studied in the direct shear tests described above nor did resources 
permit such study in the field tests.

In addition to the concentration of lime in the slurry, implied 
suction in the soil, and agitation of the slurry, three other 
variables were considered in the laboratory small-scale program:

1. Time of exposure of the soil to the lime slurry column,
2. Length of time of exposure of the soil to air before adding 

the slurry, and
3. Grout Curing time.

6.2 Results

The side shearing resistance for samples cured for 28 days 
increased as the lime percentage increased up to 7%. On the 
other hand, samples cured for 7 days did not show any positive 
effect of the lime slurry. Apparently, 7 days was not long 
enough for the stabilizing effects described above to occur.

At a lime slurry concentration of 7%, fs for the dry-side 
compaction increased by 65% when compared to fs for wet-side 
compaction, with one-hour exposure and 28 days curing. A 
further small increase was observed when the lime concentration 
was increased to 10%. When the lime percentage was decreased 
to 3%, dry-side compaction produced only about a 15% increase 
in fs relative to fs for soil compacted on the wet side.

Agitation of the lime slurry during exposure (by bubbling air 
through the lime slurry) showed that after 7 days curing time fs 
increased by 22% when the 7% lime slurry was agitated; at 28 
days curing time the increase was about 25%. There are two 
apparent reasons why agitation was effective. First, the agitation 
apparently kept the solids in suspension and allowed slurry with 
a large lime concentration to be in contact with the soil at a 
given depth longer than if the slurry had not been agitated, 
which is generally consistent with the exposure conditions for 
the interface shear tests. Second, the use of air to agitate the lime 
made C 02 available to the lime, which could have produced a 
carbonation reaction, precipitating CaC03 at the interface and

fsfkPa)

0 50 100 150 200

841



producing short-term cementation. It there was a carbonation 
reaction, later pozzolanic reactions would likely be reduced.

Finally, in order to investigate the upper limit for short-term 
improvement in the side resistance of bored piles in lime- 
conditioned boreholes with soil of CL1 type, tests were 
performed on a model pile that was constructed using a method 
that would include all of the positive attributes noted in the 
previous tests. These included: soil dry of optimum, air-agitated 
slurry column with 7% lime; 2-hr slurry exposure, then 3-hr air 
exposure; 28-day curing. The increase in fs with respect to a 
pile in similar soil that was not exposed to slurry or air [for more 
than the time required to drill and grout the hole (20 min.)] was 
70%, which suggests that lime conditioning can have a 
significant effect, under certain conditions, on side load transfer, 
even if permeable seams are not present.

Electron probe microanalysis was performed to investigate 
the extent of lime penetration in clay samples without sand 
seams that were exposed to lime slurry. CL1 samples were 
compacted dry of optimum and exposed to lime slurry for 1 
hour with continuous agitation. Thin sections were then cut 
across the interface and prepared for EPMA. Measurements of 
the weight of Ca(OH)2 as percentages of oxygen at several 
distances from the interface did not reveal a clear pattern of 
variability of Ca(OH)2 from the interface inwards. Visual 
images were also acquired during the EPMA tests through 
backscattered electron photography but did not provide a clear 
indication of lime penetration past a few microns from the 
interface. There is a possibility that thin-section preparation 
could have dissolved and removed calcium by its grinding 
process. The EPMA tests were therefore inconclusive.

laboratory work at Bogazici University, and Mr. T-K Kim 
performed the small-scale model tests at the University of 
Houston.
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7. CONCLUSIONS

From the various phases of the investigation the following 
conclusions can be reached:

1. Lime slurry caused a decrease in cohesion and an increase in 
friction angle at the concrete-soil interface.

2. From the full-scale field loading tests, conditioning a bored 
pile with 7 % lime slurry, unagitated, increased the average 
value of unit side resistance by 20 % compared to a reference 
shaft constructed without lime slurry conditioning. Addition 
of hydrated lime directly to the concrete was also effective in 
increasing the side resistance by about 14 %. However, 
these increases were correlated with the presence of sand 
seams in the clay formation.

3. From laboratory model tests, use of a conditioning slurry 
with 7 % lime by weight, agitation of the slurry during 
exposure to the borehole, partial saturation of the soil into 
which the borehole was drilled and exposure of the borehole 
to air after exposure to slurry all increased the unit side 
resistance along the model shafts in a CL soil.

Despite observations that lime conditioning improved side 
resistance, no direct evidence of lime penetration could be 
found in electron microscopy analysis on samples recovered 
from lime-conditioned boreholes in dry-side-compacted CL 
soil without sand seams. From a practical perspective it 
appears that until further studies are made of the microscopic 
character of clay-lime interfaces, some conductor such as 
sand seams should be present to make lime conditioning 
effective in increasing the unit side resistance. Alternatively, 
other methods of delivery of the lime to the interface can be 
sought.
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