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Case History Evaluation of Axial Behavior of Micropiles
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Abstract

This paper examines the results of full-scale field tests on micropiles and side resistance is evaluated with respect
to axial displacements and soil properties. Both cohesive and cohesionless soils are included in this evaluation. For all
practical purposes, the developed load-displacement relationship and the geotechnical soil properties for each micropile
and soil type can be used to represent the available data well through normalized average values and empirical
correlations. There is a significant difference in load-carrying capacity between micropiles and drilled shafts that results
primarily from the micropile pressure-grouting installation effects on the state of stress in the ground. The results show
that micropiles can have a significant increase of capacity over larger-diameter drilled shafts at shallower depths with
D/B < 100 or so. In cohesive soils, the typical increase is on the order of 1.5 with values as high as 2.5. For cohesionless

soils, the typical increases are in the range of 1.5 to 2.5 with values as high as 6.
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1. Introduction work of Lizzi in Italy during the 1950s (Lizzi, 1982).
Specific analysis and design methodologies for

Micropiles have a high ratio of the circumference to micropiles are limited and largely empirical. Often,

the cross-section area, and therefore their load capacity
rely essentially on side resistance considering the load
transfer mechanism. Tip resistance may be negligible in
most cases. Micropiles have been used widely for
foundations, under-pinning, slide stabilization, etc. Their

development generally is attributed to the pioneering

empirical rules and procedures developed for larger-
diameter drilled shafts have been used for micropile
design. However, micropile load tests have shown that
this approach generally results in conservative designs.

In this paper, the behavior of micropiles is examined

in both cohesive and cohesionless soils under axial

1 Member, Chief Researcher, Korea Highway & Transportation Technology, Korea Highway Corporation (ssj3@freeway.co.kr)

Case History Evaluation of Axial Behavior of Micropiles 25



compression loading. Case histories are examined, and a
detailed evaluation is made of the load test results,
focusing primarily on the prediction of side resistance
and the load-displacement response using conventional

geotechnical parameters and analyses (Jeon, 2004).

2. Classification of Micropiles and Database

Micropiles often are classified into Types A-D, pri-
marily on the basis of grouting type and pressure (e.g.,
Bruce and Juran, 1997). Type A is where the cement
grout is placed under gravity head only, much like a
drilled shaft. In Type B, neat cement grout is injected
into the drilled hole as the temporary drill casing is
withdrawn. Grout pressures typically are in the range of
0.3 to 1 MN/m’ and are limited by the need to maintain
a tight grout “seal” around the casing and to avoid
hydrofracturing and/or excessive grout consumptions.
Types C and D employ initial gravity placement of
grout followed by secondary “global” pressure grouting
in single (C) or multiple applications (D). Type C is
common only in France.

The database developed for this study included the
case histories from three sites with eight field load tests
conducted in cohesive soils and from seven sites with
thirteen field load tests conducted in cohesionless soils.
The site, micropile, and geotechnical data for each load
test are summarized in Table 1. These data are obtained
from published and unpublished sources, which are
indicated in the table footnotes. There are two sites
located in the United Kingdom, one in Hong Kong, one
in Germany, one in Japan, and five in the United States.
In all cases, general descriptions of the soil profiles for
cohesionless soils and the undrained shear strength for
cohesive soils are reported. However, in most of the case
histories, further details are not given. Since the actual
soil properties are limited, the average values of effective
stress friction angle and overconsolidation ratio (OCR)
were estimated to obtain the design soil parameters, as
described later. The micropile types are B and probably
D, although the references did not contain details on

whether the latter were C or D.

26 Jour. of the KGS, Vol. 20, No. 7, September 2004

3. Axial Behavior of Load Tests

3.1 Initial Linear Behavior of Loading Response

The initial load-displacement behavior of micropiles is
influenced by several factors such as the elastic modulus
of soil surrounding them, the cross sectional area of
them, and the relative soil-pile interface shear displac-
ement, which is controlled by the interface properties,
the initial state of stress in the ground, and the changes
that occur with pile installation and time. The elastic slope
stands for the elastic pile response if it is assumed to be
a free-standing column with a Young's modulus of com-
posite pile (E), pile depth (D), and cross-sectional area
(A). The elastic slope (ES) of the composite tubular cased
reinforced micropile is EA/D. Especially for micropile
type B, the displacement response of a micropile tran-
sferring the applied compression load P to a competent
bearing stratum is assumed to correspond to the elastic
shortening A of its portion in the unbonded weak/soil
layers overlying the competent stratum.

The initial slope (ISy) computed from the hyperbolic
model is derived. The ratios of the elastic slope (ES) to
each of the initial slope (ISu) for cohesive and
cohesionless soils are calculated, and the results are
plotted in Figs. 1 and 2, respectively. As shown in the
figure, Dy and B; indicate the base depth and the shaft
diameter of micropile, respectively. The mean and
standard deviation of slope ratio (ES/ISy) in cohesive
soils are 0.30 and 0.11. Those in cohesionless soils are
0.37 and 0.25, respectively. The results indicate that the
slope ratio does not exceed 1 in high depth ratio (Dy/Bs),
indicating the initial linear load-displacement behavior is
close to elastic. Therefore, the initial slope can be
estimated by the elastic slope for micropiles subjected to
axial compression loading, However, since the data is too
limited, further investigations based on more sufficient

data may be required.

3.2 Interpretation of Load Test Results

The “failure load”is difficult to determine, and there

have been dozens of methods proposed to evaluate this



Table 1. Site and geotechnical information

il Shaft | Shaft | Load Soil Parameter
ol , .
Case® Test Site Soil Description G(m D|an|;eter Del:r))th ?_er?g?hg TF;LZ Lst 7 $tcd K. s
m | m | m (kN) | (NM)| (gogy | | tkN/m)

1-1 | Westbourne, UK | London Clay (Sitty Clay) | - 0.15 9.0 90 |CorD| 329 | 194 - - 119
1-2 | Westbourne, UK | London Clay (Silty Clay) | — 0.15 9.0 90 |CorD| 463 | 19.4 - - 119
1-3 | Westbourne, UK | London Clay (Silty Clay) | - 0.15 120 | 120 |CorD| 454 | 194 - - 138
1-4 | Westbourne, UK | London Clay (Silty Clay) | - 0.15 19.0 | 19.0 [CorD| 338 | 194 - - 158
1-5 | Westbourne, UK | London Clay (Silty Clay) | - 0.15 19.0 | 19.0 [CorD| 463 | 194 - - 158
1-6 | Westbourne, UK | London Clay (Silty Clay) | - 017 | 19.0| 190 [CorD| 423 | 194 - - 158

2 Herney Bay, UK | London Clay (Silty Clay) | - 0.15 135 | 135 |CorD| 35 | 194 - - 97

3 Shal’;’ngo”g Marine Deposits ~ | 015 | 300! 300 |[corD| 601 | 208 | - | - | 166
4-1 Germany Fill, Sand and Gravel 3.9 0.18 8.0 80 (CorD| 578 | 179 | 30.8 | 1.18 -
4-2 Germany Fill, Sand and Gravel 3.9 0.18 10.0 | 10.0 [CorD| 476 | 18.2 | 32.4 | 1.30 -
4-3 Germany Fill, Sand and Gravel 4.7 0.15 16.0 50 |CorD| 979 | 19.2 | 385 {1.73 -
5-1 Augusta, GA Clay, Dense and Sand 0.18 10.9 3.3 B 667 | 191 | 41.5 | 2.03 =
5-2 Augusta, GA Clay, Dense and Sand 0.18 10.9 33 [CorD| 730 | 191 | 415 |2.03 -

6 Boston, MA Medium to Dense Sand h 0.14 6.1 4.6 B 667 | 17.3 | 35.0 | 1.25 -
7-1 |Coney Island, NY| Fine to Medium Sand 1.2 017 10.7 3.0 B 463 | 17.3 | 33.0 | 1.15 -
7-2 |Coney Island, NY| Fine to Medium Sand 1.2 017 | 10.7 3.0 B 231 | 17.3 | 33.0 [ 1.15 -
7-3 |Coney lIsland, NY| Fine to Medium Sand 1.2 0.19 13.7 6.1 B 472 | 17.3 | 33.0 | 1.15 -

8 Mobile, AL Ednse Sand and Gravel | 10.0| 0.18 | 25.0 9.4 B 961 | 19.2 | 41.5 | 2.03 -

9 MclLean, VA Loose to Dense Sand 9.1 0.15 1.4 7.0 B 502 | 18.8 | 35.0 | 1.25 -
10-1 Japan Fine and Silty Sand h 0.18 21.8 52 B 1245 | 188 | 35.0 | 1.25 -
10-2 Japan Fine and Silty Sand h 0.18 17.6 1.1 B 658 | 18.8 | 35.0 | 1.25

a — Sources: Case 1: Jones & Turner (1980); Case 2: Bruce, et al. (1985); Case 3: Bruce & Yeung (1984); Case 4: Koreck (1978);
Case 5: Bruce (1990); Case 6: Bruce (1988); Case 7: Bruce (1987, 1988); Case 8: Bruce, et al. (1992); Case 9: Singh & Heine
(1984); Case 10: Ichimura & Oshita (2000)

b — GWT = ground water table

¢ — y = total unit weight of soil (estimated)

d - b« = effective stress friction angle in triaxial compression (estimated)

e — Ko = coefficient of horizontal soil stress (estimated)

f — sy = undrained shear strength

g — water table is below the pile tip

h — water table is not reported; assumed to be 1m from the ground surface
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Fig. 1. Effect of foundation diameter on initial slope-displacement
curve in cohesive soils for micropiles in compression
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Fig. 2. Effect of foundation diameter on initial slope-displacement
curve in cohesionless for micropiles in compression
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Fig. 3. Hustration of modification and extrapolation of original
load versus displacement curve

value. However, Hirany and Kulhawy (1988, 1989) have
shown that, from observation of load-displacement curves
for drilled foundations, it is reasonable to interpret the
“failure load” at L,, which is the failure threshold that
follows the nonlinear load-displacement response, at
which point essentially linear response occurs. This point
is illustrated in Fig. 3. Unfortunately, most of the test
data did not contain sufficient data to use the L, method
directly. Alternatively, the slope tangent method could be
used for interpretation (Davisson, 1972). The slope
tangent value (Lst) falls in the nonlinear region below
L,, which really is too low to consider as “failure”.
However, this method is convenient because most test
data can be interpreted using it.

Since most of the load tests are terminated before
achieving true geotechnical capacity, it is not possible to
interpret the failure threshold (L) directly from the test
results. Alternatively, it has been shown that, on average,
there is a consistent relationship between Lst and L, for
drilled shafts (Hirany and Kulhawy, 1988), augered
cast-in-place piles (Chen, 1998), and pressure-injected
footings (Chen, 1998). These studies showed that LST
is approximately 0.85 L,, so therefore L, can be

estimated at 1.18 Lgr for the analyses discussed herein.

3.3 Load-Displacement Behavior

The load-displacement curves can be modeled well by

the hyperbolic curve below:
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P= a +AmA M)
in which P = applied load, A= butt displacement, and
both a and m = curve fitting parameters. This hyperbolic
curve is very close to the actual load test data points,
as shown in Fig. 3 for Case 1-2.

After establishing the hyperbolic curve, a straight line
elastic slope is drawn through the initial points of the
load-displacement curve, and a second line is drawn
parallel to the first at an offset equal to 0.15 inch + B
(inch)/120 (Davisson, 1972). The load corresponding to
the intersection of the load-displacement curve and this
offset line is the slope tangent load (Lst). These proce-
dures are applied to the twenty-one load tests reported in
Table 1, and the L, values are given by 1.18 Lgr.

The twenty-one load-displacement curves are norma-
lized by dividing the applied load by Lsr. These results
are given in Fig. 4, which shows the normalized load
versus the normalized displacement, in which the mean
is plotted as well as plus and minus one standard
deviation of the normalized load. To incorporate shaft
diameter effects, the normalized applied load is plotted
against the normalized displacement. As can be seen, the
slope tangent load (Lsr), on average, corresponds to a
displacement of approximately 5.5% and 6.5% of the
shaft diameter for cohesive and cohesionless soils,

respectively. Also, the average load-displacement curves
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Fig. 4. Normalized load - displacement in cohesive and cohe-
sionless soils



are very similar for both soil groupings.

4. Side Resistance in Cohesive and Cohe—
sionless Soils

4.1 Geotechnical Analysis Parameters

The values of the geotechnical parameters are
necessary for each site in the load test database to
evaluate the micropile behavior. In general, the required
parameters are the undrained shear strength (su) for
cohesive soils and the effective stress friction angle ( ¢),
overconsolidation ratio (OCR), and in-situ coefficient of
horizontal soil stress (Ko) for cohesionless soils. Some
of the case histories had the necessary parameters
(cohesive soils), but many lacked these geotechnical
parameters {cohesionless soils). Therefore, it is necessary
to use theoretical and empirical correlations between the
necessary parameters and those that are available, as
described below (Kulhawy and Mayne, 1990).

4.2 Side Resistance in Cohesive Soils by Alpha
Method

The undrained side resistance in cohesive soils
commonly is evaluated by the method, which is given
as (e.g., Kulhawy, 1991):
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Fig. 5. Comparison of unit side resistance in cohesive soils
predicted by drilled shaft (DS) calculations and back-
calculated field averages

D
QszirBarfO s.(z)dz 2

in which o = empirical correlation factor, B = shaft
diameter, D = shaft depth, s, = undrained shear strength,
and z = depth. The axial compression capacity is given
by the L, method, and the value of ¢ is back-calculated

from the load test results as follows:

L
-

in which Q4L.) = interpreted side resistance using the
L, method, and s, = mean undrained shear strength over
depth D.

The side resistance also can be predicted from Eq. 2
using available correlations. For example, Chen and
Kulhawy (1994) developed an CIUC (consolidated-
isotropically undrained triaxial compression) for drilled
shafts that links specifically to the soil undrained shear
strength determined by CIUC triaxial tests. However, it
must be remembered that the factor is a lumped constant
that relies on many factors, such as construction
technique, drilling disturbance on the soil, roughness of
the soil-concrete interface, pore water pressure changes
during loading, geotechnical soil properties, and method
used to assess sy. Fig. 5 shows the back-calculated field
average unit side resistance versus depth ratio, as well

as the values computed using CIUC for drilled shafts.

Normalized Unit Side Resistance,
(Field Average/ DS Prediction)

0 1 2 3 4 5 6
0 T T T T T 7T
f [ETeecorp] |
| ]
1
] ! ]
50 F ! ]
o 3 \ A A 1
1
& :A A
£ - '
S 100 ; i
5 i
Foop o
1
[ i
150 | ' -
I 1
1
i
i
200 A' 1 1 1 1

Fig. 6. Normalized unit side resistance in cohesive soils vs.
depth ratio
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The subscipts on the symbols refer to the number of
overlapping tests. Fig. 6 shows the normalized unit side
resistance versus depth ratio. These figures show that, for
D/B > 100, micropiles and drilled shafts are essentially
the same. However, at shallower depths, there is an
apparent increase for micropiles over larger-diameter
drilled shafts, by a typical factor on the order of 1.5 with
values as high as 2.5. This increase results from the

grouting during installation.

4.3 Side Resistance in Cohesionless Soils by
Beta Method

The side resistance evaluated by the beta method is
given by the interface friction of the soil-pile interface
over the entire shaft depth. To account for the variation
of the soil properties with depth, the soil profile was
divided into different soil layers. The average geo-
technical parameters are estimated at the mid-depth of
cach layer, assuming the effective stress friction angle
and overconsolidation ratio (OCR) based on the general
description of soil consistency.

The drained side resistance is given by the beta
method as (e.g., Kulhawy, 1991):

QB = ﬂB(K/Ko)fOD_O(z) tan[ ¢ - &/ ¢ldz
=7zB foDB “o.(2)dz 4

=B fODf(Z)dz

in which K/K, = factor that represents the change in the

in-situ stress by construction method, 8/ ¢ = interface
roughness factor (= 1 for a rough soil-concrete interface),

"o = vertical effective stress, B= K tan$, and f(z) = unit
side resistance. Since the case histories did not report the
effective stress friction angle and OCR, the typical values
in Table 2 for effective stress friction angle and OCR as
a function of soil consistency are used to calculate K,

as given below (Kulhawy and Mayne, 1990):

K,= (1—sin $.)OCR ™ * Q)
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The K/K, value has not been calibrated for micropiles,
so a value of 1.0 that is based on good quality
construction for drilled shafts is used for a first-order
estimation.

The field average beta (Bn) can be computed from the

following:

Bm = 7BD 6m

in which Q«(L,) = interpreted side resistance from the L,
method and ¢ ,,,= mean vertical effective stréss. As the

depth ratio increases, p may decrease and approach the

normally consolidated (NC) range, given by:
Bnc =K tand~(1—sin ¢)tan ¢ @))

assuming K/K, = 1 and 8/¢ = 1.
The predicted beta (B,) can be computed from the

following:
By=K(K/Ko)tan[ ¢- 6/ ¢] ®)

To evaluate P, the soil profile along the shaft depth
is divided into different soil layers, and the average K,
and ¢ values are estimated at mid-depth of each layer
to calculate P for that layer. The value of &/ ¢ for
cast-in-place shafts is taken as 1.0. Since the value of
K/K, depends on the construction method, local vari-
ations in K,, cementation, and soil characteristics, it is
very difficult to define a unique relationship for  versus
depth ratio. Fig. 7 shows the back-calculated field aver-
age unit side resistance versus depth ratio, along with the
predicted values assuming K/K, = 1 (for drilled shafts)
and the lower and upper bound of unit side resistance
computed from the values in Table 2. Fig. 8 shows the
normalized unit side resistance versus depth ratio. These
figures show that, for D/B > 100 or so, micropiles and
drilled shafts are approximately the same, although this
pattern is not as clear as for cohesive soils. However, at
shallower depths, there is an apparent increase for micro-
piles over larger-diameter drilled shafts, by typical factors
in the range of 1.5 to 2.5 with values as high as 6. No
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Table 2. Typical values of effective stress friction angle ( “¢) and
overconsolidation ratio (OCR)

Soil Type "4 (deg) OCR
Loose Sand 28 ~32 1~3
Medium Dense Sand 32~83 3~10
Dense Sand 38~45 10~20

differentiation by micropile type is evident. Again, this

increase results from the grouting during installation.

5. Summary

A database is developed with case histories of
micropiles from ten sites with twenty-one axial compre-
ssion Joad test results. The database is used to examine
the load-displacement behavior as well as to estimate the
axial compression capacity.

The initial slope of the load-displacement curve
associated with high depth ratio for micropiles is less
than the elastic slope. Therefore, the initial slope can be
estimated by elastic slope for micropiles subjected to
axial compression loading.

There is a significant difference in load-carrying
capacity between micropiles and drilled shafts that resuits
primarily from the micropile pressure-grouting install-

ation effects on the state of stress in the ground. An
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Fig. 8. Normalized unit side resistance in cohesionless soils vs.
depth ratio

increase in “effective diameter” also is likely for
micropiles, but this effect could not be evaluated from
the data. The results show that micropiles can have a
significant increase of capacity over larger-diameter
drilled shafis at shallower depths with D/B < 100 or so.
In cohesive soils, the typical increase is on the order of
1.5 with values as high as 2.5. For cohesionless soils,
the typical increases are in the range of 1.5 to 2.5 with
values as high as 6. No micropile type difference is
evident. At greater depths with D/B > 100 or so, micro-
piles and drilled shafts appear to have similar capacity.

The factors noted above should be investigated
carefully when extrapolating design values from larger-
diameter drilled shafts into micropile design practice.
These values will need to be re-evaluated and refined as

more and better quality data become available.
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