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ABSTRACT. The article presents a method for earning soil shear modules from the results of micropile
loading tests. The micropile is first loaded with a push force and then with a pull force. The shear
modules are derived from two graphs of the dependence of micropile displacements on the loading
forces. One represents a push and the other a pull test. Three values of soil shear moduli are obtained,
namely for elastic deformation, plastic hardening and the last one after soil failure at a slip plane on

micropile shaft.
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1. INTRODUCTION

The stiffness of soil is typically determined by its
strain, with its behaviour being considered elastoplas-
tic. Numerous authors have investigated this depen-
dency through laboratory tests, including Duncan and
Chang [1], Burland [2], and LoPresti et al. [3]. The
shear modulus G has been determined by measuring
the propagation velocity of the shear wave in loaded
soil samples. This dependency results in an uneven
decrease of the soil’s shear stiffness during deforma-
tion, as noted by Atkinson and Sallfors [4]. Hardin
and Drnevich [5], as well as Fahey and Carter [6], have
proposed an analytical expression for the decrease in
shear soil stiffness due to deformation, utilizing a hy-
perbolic dependency that associates shear modulus
with shear deformation. The elastoplastic behaviour
of soil can be described in three phases: first, at the
consolidated state of the soil, the behaviour is elastic
for a small strain with a high shear modulus G.. This
is followed by a plastic phase during hardening of
the soil, with a noticeably lower shear modulus G},
and a wider range of deformation involving rotational
and laminar rearrangement of soil particles. The final
phase involves a continuation strain and represents the
existence of a shear plane in the soil with a residual
shear modulus G,..

2. FUNCTION AND LOAD TESTS OF
MICROPILE

Micropiles that are installed solely in soil and not
leaning on hard subgrade serve to transfer axial force
into the soil through shear stress on the micropile shaft.
Due to its significantly higher stiffness compared to
soil, the micropile displacement only results from the
shear strain of the soil at the interface. The loaded
micropile slides uniformly in the soil, inducing uniform
shear stress at the interface along the entire shaft
length and perimeter. The micropile’s function in soil

FIGURE 1. Micropile from hollow steel rod type R32.

establishes a relationship between displacement and
load force, which inherently includes all design and soil
parameters. This relationship can be experimentally
determined through push and pull force loading and
analysed through dependence curves from measured
displacements and forces for each type of loading.

Four identical micropiles were installed on
monotonous soil consisting only of loess clays. The
micropile consists of a hollow steel rod with a corru-
gated surface, type R32 (see Figure |1]). The rod is
3m long and at the toe, it is equipped with a drill
bit of 45 mm diameter. The micropile was manually
installed by rotary percussion drilling and grouted
with epoxy resin from the toe.

The four micropiles were installed on the same
ground profile. The topsoil of 0.8 m from anthro-
pogenic sediments and soil with organic content was
replaced with compacted clayey sand and the rest of
the profile consisted of loess clay to a depth of ap-
proximately 5.5 m, the parameters of which are given
in Table The micropile is first pushed until the
transmitted push force significantly drops at large
displacements. Thereafter the micropile is pulled out
while the transmitted pulling force increases until it
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Depth [m] 2 2.7
Density [gem ™3] 19.8  20.7
Porosity [%)] 40 39
Water content [%)] 19.8  20.7
Liquid limit [%)] 31.5 36.9
Plastic limit [%)] 16.5 16.0
Saturation degree 0.8 087
Effective cohesion [kPa] 8 8

Effective angle of friction [°] 25 25
E modulus [kPa] - 6900

TABLE 1. Loess clay parameters.

stabilizes. The pull test is finished at a displacement of
25 mm. Between the two tests, there is a time delay of
about a week, which is needed to remove the concrete
cube foot from the micropile head. The dimensions of
the concrete cubic foot are 400 x 400 x 300 mm. Its
role consists of several functions. The chief one is to
eliminate the effect of eccentricity from applied push
force because this could bring about deflection of the
upper section of the micropile rod and in this way sig-
nificantly distort the value of displacements. The next
one is to enable the installation of a hydraulic press
and so to create a base for four transducers placed at
each corner of the foot to read the displacements.

The dependence curve of displacement on force ob-
tained for the micropile with concrete cube foot incor-
porates an effect of the concrete cube foot also. Elim-
ination of the influence from the dependence curve
is accomplished simply by subtracting a dependence
curve of displacement on force for a concrete cube
foot without micropile from the dependence curve
of displacement on force with a concrete cube foot.
Therefore, a compressive load test was carried out
for the concrete cube foot at the same soil ground
profile. The micropile loading in both tests progressed
in loading steps with a force increase of 10kN in the
push test and 5kN in the pull test. Each increase in
loading force was followed by a waiting period until
the micropile movement was stopped. During the
micropile moving in waiting time, the force increment
dropped a bit as the hydraulic press did not maintain
a respective force. Once a micropile movement ceased,
displacement and force values were recorded. In the
respective loading steps, a 10-minute waiting time
was sufficient to stop the movement of the micropiles.
The load tests were always terminated when the total
displacement of the micropile exceeded 25 mm in both
tests. After the pull test, the micropile was removed
from the soil, measured its diameter and evaluated
the state of the column surface of the micropile (see
Figure . The steel rods of all four micropiles were
surrounded along their entire length by a ring of in-
jected soil, which was glued to the steel rods. The
diameters of the micropiles columns extracted from
the soil along their length ranged from 60 to 75 mm.
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FIGURE 2. Micropile after extraction from the ground
after test.

3. ANALYSIS
The method is based on the following assumptions:
o elastic-plastic behaviour of soil,

o there is considered only deformation of the softest
compound represented here by the thin soil layer
on the perimeter of the micropile shaft,

o the displacement of the micropile u is equated with
shear strain v(u — v),

e uniform distribution of shear stress on the perimeter
and along the micropile shaft,

e volumetric strain on the soil on the perimeter of
the micropile shaft is not included in the analysis,

e shear strain modules are the secant lines of the
dependence curve of displacement on shear stress,

e known design parameters of the micropile (length,
diameter of the shaft),

e analysis is performed on two shear stress displace-
ment curves, one for the push test and the other for
the pull test, both of which generalize the behaviour
of four real micropiles and their shear stress dis-
placement curves obtained by measurement. Their
derivation is not included in this article, and it is
documented in detail in the research reports "Voj-
tasik [7, 8]’ and supplementary materials.

The shear stress values at the micropile shaft 7 are
calculated according to the formula.

T=F/A, (1)

where F' — micropile load force [kN], A — area of the
micropile shaft [m?].

A=m-D-I, (2)

where D — diameter of micropile shaft [m], I — micropile
length [m].
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FIGURE 3. Graphs of dependence of shear stress on
deformation extracted from push and pull tests.

Figure [3| shows the dependence curves of the dis-
placement w on shear stress 7 at micropile shaft from
the push and pull tests for the micropiles, which have
a length of [ = 3m and a diameter of the micropile
shaft considered of D = 75 mm (see Figure [2)).

The modulus of deformation of an elastic-plastic
material depends on the deformation and so does the
shear modulus of the soil in proximity to the micropile
shaft. The shear strain behaviour during the push test
will be elastic at the beginning. After some deforma-
tion, the elastic behaviour becomes plastic with the
maximum value of 7,,,, at the respective micropile
displacement ;4. Then, with further micropile dis-
placement the shear stress drops. The maximum shear
stress Tmae splits the course of the plastic straining
into two soil states. The first stands for elastoplastic
deformation, and the second stands for the initiali-
sation of the formation of a slip plane with its full
development at the residual shear stress 7,..s. Thus,
on the curve for the push test in Figure 3| we can differ-
entiate three stretches representing each of them with
a particular shear strain modulus. The first elastic
modulus is G, the second strain hardening modulus
G, and the third residual modulus G, for the result-
ing slip plane. The shear strain modules G, and G},
are derived from the courses of dependence curves
of displacement u on shear stress 7 of both types of
tests under the application of two presumptions. It is
assumed that the courses of plastic behaviour during
strain hardening are identical for both types of tests.
Thus, the increase in plastic strain for hardening A~y
in both curves will be of the same magnitude, and
therefore the shear strain modules for hardening G},
derived from the curves of dependence of displacement
u on shear stress 7 must be of the same magnitude
also (see Figure. The other expects that the elastic
modulus G, has the same magnitude as in both depen-
dency curves but the magnitudes of elastic strain of
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Fi1cURE 4. Graphical representations of modules G,
Gy, and G.

push test Av.. and pull test Av,, are different. This
difference is due to sequence of push and pull tests.
The push test was performed first on consolidated soil
while the next pull test after on soil already in a plas-
tic state. The effect of elastic strain is minimal in the
pull test, whereas the hardening effect manifests itself
in the same range of strain as in the push test because
the micropile has moved in the opposite direction in
the pull test as that in the push test. Under the above-
mentioned assumptions, it is possible experimentally
to assign unambiguously sections on both curves to
the relevant shear deformation modules.

A practical implementation for meeting the above
assumptions consists of searching for the position of
Ye, Te, O the strain-stress graph of the compressive
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test until these assumptions are met. The magnitudes
of the respective shear modules are given by formulas.

T
G, = =, 3
Vec 3

(Tmaw - Tec) _ A7-h

Gp = (4)

(’Yfmam - '7ec) - A’Yh .

The shear modulus G, is derived using the same as-
sumption as for G, and that the respective increment
of strain A+, to calculate this modulus must be of the
same magnitude in the curves of dependence of the
displacement u on shear stress 7 of both types of tests.
The strain increment A+, is equal to

A’YT = Yrres — Vrmax- (5)

The scheme for enumeration of the strain modulus G,
is derived from the curve of dependence of displace-
ment u on shear stress 7 for pull test as is documented
in Figure bl The magnitude of the shear strain mod-
ule for softening G, is given by formula.

Tres — (Tep - ATh) ATT
G, = ==
(’77'7‘65 - ’Y’rma:r) A’YT

(6)

4. CALCULATION OF MODULES

The values of input parameters 7,4, and U,q,qz for cal-
culation of modules G, and G}, given by formulae (3))
and are read out from the respective strain-stress
graphs in Figure [3]

Tmaz = 33 kPa
Yrmaz = 0.008

The values of 4., 7. on the strain-stress curve for
the push test are determined by random selection
until secants for Gj, on the both strain-stress curves
attained the identical value and while the strain-stress
curve for the pull test gets through v, 7.

Yee = 0.0028
Tee = D7 kPa
G, = o7 ~ 20400 kPa

©0.0028

The modulus G}, is calculated by formulae (4)

AV = Yrmaz — Yee = 0.008 — 0.0028 = 0.0052
ATh = Tmas — Tee = 83 — 57 = 26 kPa

26
©0.0052

h = 5000 kPa

The values of parameters Tep, Yrres and 7.5 for
calculation of modulus G, given by formulae @ are
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FIGURE 5. The values of the modules G., Gp, and G,
relative to the displacement of the micropile wu.

taken from the respective strain-stress graphs in Fig-
ures [3l and [

Tep = 14 kPa

Yrres = 0.0168

Tres = 47kPa
ATy = Tres — (Tep + A7p) = 47 — (14 + 26) = TkPa

AYr = Yrres — Yrmas = 0.0168 — 0.008 = 0.0088

~ 800 kPa

Gr = 50088

Figure[5]shows the dependence of the modulus value
on the displacement of the micropile.

5. DISCUSSION

The derivation of the modules G}, and G, comes from
the the assumption that the range values of A~ or
A, is independent on tests to establish them either by
the push test or the pull test. The assumption about
A~y allows us to find out its magnitude from the shear
stress displacement curves for the push and pull tests
because on both curves there can be found sections
with nearly identical deformational development (see
Figure @

The apparent four-fold difference in the magnitudes
of the elastic strain in the push test (2.8 mm) and
the pull test (0.7mm) is the consequence that the
pull test was performed with a predisposition of the
slip plane in the soil near the micropile shaft. After
a short elastic deformation, the strain hardening fol-
lowed due to the opposite direction of the micropile
movement during the pull test. The determined mag-
nitudes of the shear strain modules G., G, and G, at
micropile shaft do not contradict the generally known
fact that the magnitudes of the strain modulus are
dependent on the strain and decrease with increasing
strain. The G}, value of 5000 kPa determined by this
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FIGURE 6. The graphs of the stress-strain dependence
in the soil hardening stage.

presented method is approximately twice the G value
of 2654 kPa, which is derived from the modulus E of
6900 kPa (see Table [I) and the Poisson number of
0.3 was chosen to convert the value of F to G. The
reasons for the different modules can be seen in the
testing boundary conditions. In the micropile test,
they are implicitly present here. In the laboratory, the
test conditions are set, and the setting may not fully
correspond to those in the real site. In a laboratory
test, the structure of a soil sample is usually disturbed
during sample collection and handling. These circum-
stances can explain the difference in the module values.
Therefore, the module from the micropile tests can
be more dependable than the one from the laboratory
test. From another point of view, none of the given
Gy, or G values is outside the range of common values
for soils.

6. CONCLUSIONS

The presented methodology shows a way to deter-
mine the dependence of the shear modules on soil
deformation using a simple force approach from the
dependence curves of displacement u on shear stress 7.

The methodology does not include the usual disturb-
ing circumstances that accompany the preparation
and performance of laboratory tests on collected soil
samples and that distort the results.

The advantage of the methodology is that it im-
plicitly and comprehensively includes intrinsic soil

ground phenomena in the tested area, which cannot
be generally implemented in laboratory tests.

The known shear modules G, and G}, enable one
to assess the bearing capacity of the micropile from
its settlement, which is a decisive parameter of its
application in practical tasks and is required by stan-
dards and regulations for their application. The value
of moduli G, completes the range of values of shear
deformation soil modules and can be used to evaluate
for task of soils large deformations.
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