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Abstract

This paper presents a field study on the axial behavior of new configuration of steel pipe micropiles in tropical lateritic soil.
The micropiles were installed following a two-step grouting process with high injection pressures at a new experimental site
located at the University of Campinas (Unicamp). The main innovation of the micropiles relies on the use of high-strength
steel pipes as a drilling tool, casing protection, structural component and injection device. Full-scale pile loading tests were
performed under compression and tension loads to investigate the axial behavior of the micropiles. The micropiles were
instrumented along the shaft with electrical extensometers, and they were monitored during the progress of the loading tests.
The load—movement responses, elastic moduli, axial load transfer mechanism, and unit bond stress relating to the micropiles
and their interactions with the tropical soil were measured and evaluated. The bearing capacity of the post-grouted micropiles
was considerably improved by the proposed post-grouting technique. The ultimate load capacity of the grouted steel pipe
micropile under a compression load is approximately the same under a tension load. The average ultimate bond strength
was 99 kPa and 100 kPa for the micropile under compression and tension, respectively. The distribution of unit bond stress
along the shaft of the micropile under compressive and tensile load presented a post-peak softening behavior. The average
ultimate grout-to-ground strength at the soil-micropile interface was 2.4 and 1.7 times greater than other nongrouted and
non-injected piles installed in the same soil conditions at Unicamp.

Keywords Post-grouted micropiles - Tropical lateritic soil - Axial bearing capacity - Field test - Load—-movement response -
Grout-to-ground bond strength

Introduction

Micropiles are drilled and grouted deep foundation ele-
ments, heavily reinforced with a nominal diameter less than
300 mm [1]. They were conceived in Italy in the 1950s by
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the Italian civil engineer, Prof. Eng. Fernando Lizzi [2].
The technology was a breakthrough in the deep founda-
tion market and quickly spread around the world [3]. Their
first applications were for the direct structural underpin-
ning of old structures as an innovative solution to rebuild
and reinforce old buildings affected by the post-war etfects
[4]. With the micropiles technology outbreak in the global
market after the 1980s, there was also an increase in the
number of construction methodologies regarding them [5].
They basically vary from the type of grouting methodology
to be performed and their design application [1]. According
to this code, there are at least four types of grouting meth-
odologies: type A, in which grout is placed by gravity with
no injection pressure; type B, in which grout is placed by
gravity and the injection pressure (between 0.5 and 1 MPa)
is applied at the top of the micropile while the case is with-
drawn; type C, in which grout is placed by gravity and, after
its hardening, a similar grout is injected under the pressure
of about 1 MPa through a sleeved grout pipe; and type D,
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similar to type C, but with one or more additional phases of
grout injection (higher than 2 MPa) using a double packer
in the desired depths. Types C and D are also called post-
grouting techniques. The design application of micropiles
in the current scenario includes solutions to a diverse range
of engineering problems such as underpinning existing
foundations [6—11], seismic retrofitting [12—15] and in situ
reinforcement [16-20]. In terms of geotechnical capac-
ity, it is widely assumed that the geotechnical capacity of
micropiles under axial loading is mainly governed by the
grout-to-ground bond strength along the shaft, especially
for workload conditions [5]. Moreover, longer duration of
grouting injection, i.e., higher cement consumption, can lead
to higher values of bearing capacity [21] as well as the use of
post-grouting techniques [22-26]. Field tests such as those
conducted by Gémez et al. [27], Seo et al. [28] and Jang
and Han [29] suggest that even when micropiles are embed-
ded in a competent stratum, the load transfer mechanism
is governed by the grout-to-ground bond resistance. Thus,
tip resistance is usually neglected because of the relatively
small cross-sectional area of the pile and the uncertainties
regarding the presence of loose soil immediately below
the pile tip after the drilling process [5]. The FHWA [1]
provides guidance on the ultimate grout-to-ground bond
strength values (a,,4) for preliminary designs for each type
of micropile (A, B, C and D) and soil profile. These values
were developed based on the experience of several authors
and published information on drilled shafts, soil nails and
tiebacks. This method considers that the shaft resistance of
micropiles under compression or tension loads is of the same
magnitude, even though field studies prove that the compres-
sion shaft resistance is usually greater than the tension shaft
resistance [30-32]. Although the bearing capacity and the
load transfer characteristics of micropiles embedded in cohe-
sive and cohesionless soils have been extensively studied by
means of experimental tests in the last two decades [27, 28,
30, 32-36], there are little published data on the behavior of
micropiles submitted to axial load in tropical lateritic soils
[37, 38]. Furthermore, the majority of field tests cover the
type A [27, 28, 39], the type B [8. 21, 29, 36] and the type C
[31, 32, 39] grouting classifications according to FHWA [1]
which leads to a lack of field studies on the axial behavior of
type D micropiles. It is well known that instrumented load
tests are the most effective alternative to obtain more reli-
able project parameters, especially in the case of micropiles,
since the parameters suggested by FHWA [1] could result
in an underestimation of the actual micropile geotechnical
capacity [35, 36, 40]. Cadden et al. [5] emphasized that the
lack of detailed measurements of the limit bond strength
of types C and D micropiles has resulted in conservatives
values and, in order to overcome this issue, development of
a more complete database on ultimate geotechnical bond
strength obtained by instrumented static load tests installed

@ Springer

in different geological site conditions is necessary. Hence,
the aim of this paper is to investigate the load—movement
responses and the grout-to-ground bond strength of a new
configuration of post-grouted (type D) steel pipe micropiles
under axial loads and embedded in a tropical lateritic soil.
Aspects such as the load-transfer mechanisms, the differ-
ence between compressive and tensile loads on post-grouted
micropiles are evaluated and discussed. The ultimate bond
strength measured in the field was compared with the range
of values proposed by the FHWA [1] to verify whether this
methodology offers proper results for preliminary design
in tropical soils. Finally, the influence of the post-grouting
treatment on the grout-to-ground bond strength enhancement
was evaluated and discussed.

Geotechnical site conditions

A specific testing site was created in University of Campi-
nas—Unicamp, solely for this research. The Unicamp is in
the State of Sdo Paulo, in the city of Campinas—Brazil. It
is noteworthy that Unicamp has already two other experi-
mental sites where research has been carried out into the
soil—pile behavior of various types of foundation performed
in a typical soil of the region (tropical diabase soil). As a
result, several papers were published in international jour-
nals [41-44], recognized international conferences [45-49]
and book chapters [50]. All of them contributed signifi-
cantly to the overall understanding of the geotechnical and
geological characteristics of the inherent tropical soil of
the region. Figure | presents the location of each experi-
mental site at Unicamp according to a Google Earth aerial
photograph.

Regarding the new experimental site, a campaign of two
Piezocone Penetration Tests (CPTu) and five Standard Pen-
etration Tests (SPT) was performed to characterize the site
conditions. The soil stratigraphy interpreted from the SPT
and CPTu results is given in Fig. 2. A top layer of reddish
clayey silt (colluvium soil) of about 5 m thick overlays a
large deposit of a mixed clay material (diabase residual
soil) horizon down to 20 m. Lenses of lateritic concretions
were observed in the form of peak values of cone resistance
throughout the CPTu test. These lenses were also found in
the studies conducted by Albuquerque et al. [41]. The und-
rained shear resistance (Su) was obtained directly from the
CPTu tests according to Eq. (1), proposed by Robertson [51].

Ny )

where g, is the corrected cone tip resistance, o, is the effec-
tive stress and Ny, is a cone factor with an average value of
14. The N values of the Standard Penetration Tests (Ngpr ¢9)
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Fig.2 Physical and mechanical properties of the layered soil at the new experimental site

remain approximately constant (Ngpr=4) up to 5 m below  plasticity index (PI) varying from 50 to 58% and 11% and
the ground level and rises to a value between 10 and 30 15%, respectively. Therefore, according to the Unified Soil
at higher depths. The Atterberg limits tests, from the SPT  Classification System [52], the in situ soil can be classified
soil samples, presented a value of liquid limit (LL) and as a high-plasticity silt (MH). The groundwater table (GW)
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was found at a depth of 18 m below the surtace. Finally, 2.

the in situ test results revealed that the new site has simi-
lar geological conditions when compared to the two other
experimental fields at Unicamp.

Micropile installation and materials

The new configuration of micropiles object of this study may
be classified as a type D according to the micropile classifi-
cation method suggested by the FHWA [1]. They were per-
formed with a total length of 17 m and a nominal diameter
of 0.30 m. Furthermore, the steps regarding the micropiles
installation are summarized as follows:

1. Soil drilling was performed by rotary equipment con-

nected to steel pipes with internal water circulation. The 3.

casing tube has a structural function, and it is composed
of several 8”-diameter (200 mm) N-80 steel pipe sec-
tions with a length of 2.5 m each and threads at their
ends for connection between male and female joints.
They also contain a special Manchette system along
its length for grout injection purposes. The Manchette
valves are spaced 0.5 m apart in each steel pipe sec-
tion, and their structure is composed of an aluminum
body and a packer rubber that opens with an injection
pressure of approximately 2.0 MPa and automatically
closes after the pressure is removed, avoiding the neat
cement grout and/or loose soil to flow back into the pile.

Finally, the first section of the pipe has a crown for drill- 4.

ing, and, in case of resistant bearing stratum, eccentric
bits with Widia components can be inserted inside the
steel pipe in order to decompose the resistant soil layer
with the aid of water percolation. The present study used
this device in order to overcome the lenses of lateritic
concretions and the resistant ground stratum at deep soil

Once the target depth had been reached, a single packer
was placed inside the steel pipe, at the bottom of the
excavation, to start the preliminary treatment. The
packer was then inflated by the support of a hydrau-
lic pump with the objective to seal the tip of the pile.
Afterward, the neat cement grout was injected (injection
pressure from 1.8 to 2.0 MPa) by a PVC tube internally
connected to the single packer until it started to overflow
at the top of the micropile with a clean aspect, i.e., with-
out any apparent loose soil particle. The grout used had
a water cement ratio (W/C) of 0.5 supplied by a grout
plant. The main purpose of this treatment is to wash
loose material out of the soil/pile interface and inject
cement grout from bottom to top in order to fulfill the
annulus space between the out diameter of the micropile
and the surrounding soil (annulus grout);

The post-grouting phase was performed at least 12 h
after the first phase. A double packer was inserted at the
last Manchette of the micropile, located near the tip and
then inflated to seal the region which was intended to be
treated. Neat cement grout (W/C=0.5) was then injected
by the same system described in the last phase at a pres-
sure of 2.1-2.6 MPa. When the grouting was completed
or if the Manchette valve could not be open, the double
packer would be moved to the next upper valve to repeat
the process. All Manchette valves underwent the post-
grouting phase. Some of them were able to open, while
others could not. Details about the grouting operation
are presented in Table 1;

Lastly, the interior of the tube was filled with grout from
bottom to top. Figure 3 presents the main features used
during the micropiles installation, and Fig. 4 summa-
rizes all phases aforementioned.

As the MT micropile was submitted to a tensile static

layers; loading test, it had an additional installation phase between

Table 1 Main aspects of the grouting operation

Pile  Pile segment (m) N.V.°  Soil description PT.¢ (kg/MPa) F.P°(kg) V.OE" SPp¢ (kg) V.0S" AILGP!' ARPG!
(MPa) (MPa)

McC* 0-5 8 Silty clay 1200/2.0 — - - - - -
5-11.6 15 Clay—silty clay to clay 950 11 - - 2.5 1.7
11.6-17 11 Clay—silty clay to clay 700 4 — - 2.1 1.7
MT® 0-5 8 Silty clay 1200/1.8 — - - — - -
5-11.6 15 Clay—silty clay to clay 600 7 - - 24 1.8
11.6-17 11 Clay—silty clay to clay 900 8 950 ) 2.6 1.9

*MC = micropile under compression loads; bMT=micropile under tension loads; ¢ N.V.=number of valves of the pile segment; dP.'T.:pre-
liminary treatment cement consumption (kg)/average injection pressure (MPa); °F.P.=first post-grouting treatment cement consumption;
'V.O.F.=number of valves which opened in the first post-grouting treatment; 2S.P.=second post-grouting treatment cement consumption;
"V.0.S.=number of valves which opened in the second post-grouting treatment; 'A.LG.P.=average grout pressure required to open the Man-
chette valves; /A R.P.G.=average residual grout pressure to maintain the Manchette valve open
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Fig.3 Main features used during the micropiles installation
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Fig.4 Micropile installation phases

the previously mentioned steps III and IV. To make the test
possible, ten 2-m-long INCO 100D threaded bars with a
nominal diameter of 69 mm were inserted centrally into the
casing steel tube. It is worth noting that instrumented “sis-
ter” bars were also installed between steps III and IV in both
micropiles. The average section of both types of micropiles
and their main components are shown in Fig. 5.

Samples of the neat cement grout were collected during
the installation of each micropile. The samples’ mold had a

chrome-extension://dagcmkpagjlhakfdhnbomgmjdpkdklff/enhanced-reader.

diameter of 5 cm and 10 cm in height, and all of them were
immersed in water. The cylinders were tested after 28 days
under compression and splitting tensile strength. Some
of them were instrumented with strain gauges in order to
obtain the grout elastic modulus. The average unconfined
compressive and splitting strength was 15 MPa and 2.3 MPa,
respectively, while the average secant elastic modulus was
equal to 6 GPa. All specimens presented a high degree of
shrinkage (total contraction of 20% of the mold’s height).
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Fig.5 Average section and main components for a compression
micropile—MC and b tension micropile—MT

It should be pointed out that no admixtures were used such
as superplasticizer or anti-shrinkage. Details regarding the
average values of the cross-section area, drilling diameter
and strength characteristics of the components of the micro-
pile are summarized in Table 2.

Instrumentation, test setup and methods

The micropiles instrumentation was performed from a set of
CA-50 steel bars, usually called “sister” bars, with a diam-
eter of 12.5 mm and 0.6 m in length, on which surface elec-
tric strain gauges were installed. At the experimental site, the
“sister” bars were connected to others of the same material
with varying lengths as they were placed inside the steel cas-
ing pipe. The connections between the bars were performed
with a threaded system at the end of each bar alongside steel
gloves. To ensure the centricity of the instrumentations in
the piles, steel centralizers were used at the tip of the pile.
The preset total length of the instrumentation setup of the
MC micropile had to be changed due to the presence of a
stiff material near the tip level so that the reference section
(first instrumented bar) was not placed outside of the steel
pipe micropile. This material was likely to be related to the
neat cement grout of the preliminary treatment that some-
how flowed back into the steel pipe during the second phase
of the installation process and consolidated in this region.
Hence, the last “sister” bar was placed above the tip of the
pile, at a depth of 15.8 m. In this instance, the axial load
transfer diagram was extrapolated to a depth of 17 m. It is
worth mentioning that as the micropile under tension loads
does not develop tip resistance, tip instrumentation is not

Table 2 Geometrical and

e Characteristics Values

strength characteristics of the

micropile components Borehole drilling diameter® (cm) 30
Borehole drilling cross-section area® (cm?) 706.9
Outside diameter of the steel casing pipe® (cm) 21.91
Inside diameter of the steel casing pipe” (cm) 20.27
Cross-section area of the steel casing pipcb (cm?) 54.33
Yielding strength of the steel casing pipe in compression” (MPa) 655
Yielding strength of the steel casing pipe in tension® (MPa) 689
Yielding strength of the INCO 100D threaded bars in tension® (MPa) 521
Cross-section area of the INCO 100D threaded bars” (cm?) 37
Young’s modulus of the steel casing pipe’ (GPa) 205
Inside cross-section area of the neat cement grout® (cm?) 322.7
Annulus grout thickness® (cm) 4
Neat cement grout cross-section area with annulus grout® (cm?) 652.5
Average unconfined compressive strength in 28 days® (MPa) 15
Average flexural tensile strength in 28 days® (MPa) 23
Average secant grout modulus in 28 days® (GPa) 6

aDimensions measured in the experimental site; Pdimensions provided by the manufacturer company;

‘tested samples
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mandatory for the load transfer analysis. The resulting stress
at the tip of a tension micropile for each load increment is
considered irrelevant as observed by Misra and Chen [53],
Misra et al. [54] and Han and Ye [30]. As a result, the load
distribution from a depth of 11.6 to 17 m was estimated
considering a stress level at the tip of the pile equal to zero.
Figure 6 shows the final position of each instrumentation
level of the micropiles studied in this paper and the regions
where the Manchette valves were opened in the post-grout-
ing phase.

A proper reaction system was designed to ensure safety
during the static loading tests since high loading conditions
were expected. It was basically composed of: (1) a set of
reaction steel beams with allowable structural capacity up
to 3000 kN; (2) a set of four micropiles to respond to the
compression test load requirements; (3) a set of two micro-
piles which were used as support for the uplift test load
requirements; and (4) auxiliary items such as steel plates
and threads which were used to ensure the level of the reac-
tion system and the connection between the threaded bars,
respectively. Figure 7 illustrates a plan view of the reaction
arrangement, while Fig. 8 presents a typical setup of the
micropiles under compression and tension.

Compression and tension static load tests were per-
formed on the micropiles according to the Brazilian Stand-
ard [55] to investigate the axial behavior of the micro-
piles. The slow maintained load test (SMLT) method was
adopted, which is the standard procedure in Brazil. In sum-
mary, it consists of the following processes: (1) the load
shall be applied at successive stages with a value lesser
than 20% of the predicted pile workload and maintained

AN
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| 1st segment

=
= E
= =
TP
g
G,
R4

2nd segment

Clay - silty clay to clay
. (Diabase residual soil) ~ 0

‘ 3rd segment

~“material

Fig.6 Instrumentation levels for a compression micropile—MC and
b tension micropile—MT

2,40 ) 2,40 )
I~ i i
e
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Q} Tension micropile

(D Reaction micropile

s

Fig.7 Plan view of the reaction arrangement

until the stabilization of the pile head movement, with a
minimum duration of 30 min; (2) the total movement in
each stage must be measured and noted after 2, 4, 8, 15
and 30 min (mandatory) or until stabilization is achieved;
(3) settlement stabilization may be considered set when the
difference between two consecutive readings is equal to or
less than 5% of the total movement of the corresponding
stage; (4) at the end of the last loading stage, the maxi-
mum load must be maintained for at least 12 h before the
unloading phase begins; (5) unloading shall be carried out
in a minimum of four stages associated with their stabi-
lization in the same manner of the loading phase. For the
unloading phase, the total movement in each stage must
be measured and noted after 2, 4, 8 and 15 min (manda-
tory) or until stabilization is achieved; and (6) displace-
ment measures should be maintained until stabilization
even after full pile unloading.

The loading stages carried out in the present paper were
performed with increments of 100 kN. Additionally, all
measurements such as the applied load, movements at
the top of the pile and the instrumentation data from the
instrumented bars were obtained through HBM’s Quan-
tumX Assistant 840 data acquisition system alongside
a read transduction software named Catman Easy. The
micropiles’ head movement was monitored by four linear
variable differential transformer (LVDT’s), with 100 mm
linear stroke and 0.01 mm accuracy, coupled in two par-
allel steel beams used as a support structure. They were
installed at the edges of the pile cap during the SMLT.
Two devices were used for the loading-level readings: a
high-pressure electric hydraulic pump and a 3000 kN load
cell. Figure 9 presents a schematic view of the main fea-
tures used in the loading tests.
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Fig.8 Typical test setup for a
compression micropile—MC
and b tension micropile—MT
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Fig.9 Main features used in the SMLT for a compression micropile—MC and b tension micropile—MT

Axial design considerations

The micropile allowable geotechnical capacity (PG,;,,) was
calculated using Eq. (2), as suggested by the FHWA [1]:

_ Dpond
alw FS

PG XX Dy XLy

@
where a4 18 the grout-to-ground ultimate bond strength
(under compression or tension loads), FS is the factor of
safety, D, is the diameter of the drill hole and L, is the bond
length. The pile bond length of both micropiles was consid-
ered equal to the total length of the micropile, i.e., around
17 m, and their diameter equals the diameter of the drill
hole (D, =30 cm). The a,,,, adopted in this paper was the
average value among the range of 50-145 kPa suggested
by the FHWA [1] for silt and clay mixtures with soft to
medium consistency for both representative soil layers.

@ Springer

Therefore, the micropile allowable geotechnical capacity
under compression or tension was estimated as being equal
to 781 kN at a length of 17 m considering a safety factor of
2.0. The ultimate structural compression and tension loads
of the micropiles were calculated to examine the structural
stability during the load test. FHWA [1] suggests that the
maximum load in a static load test should not exceed 80%
of the ultimate structural capacity of the micropile. Thus,
the ultimate capacities for compression (PSC ;) and tension
(PST,;) load were calculated using Egs. (3) and (4), as sug-
gested by FHWA [1]:

PSCult = 0'85fc.gr0utAgroul +fy,casingAcasing (3)

PSTu][ = f;i,sleel (Acasing + Abar) (4)

where f, yrou 15 the unconfined compressive strength of the
grout (28-day strength). A, is the cross-sectional area of
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the grout in micropile cross section (inside casing only, dis- 2000 . —
count grout outside the casing), f, c,n, is the yield stress of Histplunging [ S g
the steel pipe casing, Ay, is the cross-sectional area of ‘
steel pipe casing, f, . is the minimum yield stress between -
the threaded bar and casing, A, is the cross-sectional area z
of steel threaded bar (centrally placed). The values regarding :§’ N
the strength and the geometric parameters used in Egs. (3) ;! 1o &
and (4) can be seen in Table 2. Finally, a summary of the ;& \\
micropile axial design considerations is presented in Table 3. e } ™S ?
/
) I
0 j) . ’ sy =y j
Load test results and analysis 0 10 20 30 0 50 50 70

Movement (mm)

Load-movement responses
Fig. 10 Load-movement response for both compression and tension

n . ; static load test
The load—-movement responses of the micropile under

compression and tension are shown in Fig. 10. The micro-
pile under compression load presented a slightly higher  Instrumentation data and axial load transfer

load capacity than the micropile under tension load. This

is probably because of the development of tip resistance  Figure 11 presents the stress—strain responses of the micro-
for the micropile under compression loads. Similar experi-  piles cross-section area as recorded by the strain gauges at
ence was evidenced by Carvalho et al. [37] and Han and the four instrumented levels. What is striking about Fig. 11
Ye [8] for type B micropiles and by Quian and Lu [31]
and Wen et al. [32] for type C micropiles. The ultimate
capacity of the MC micropile was 1700 kN with a total
head movement of 20 mm, according to the first plung-
ing failure. Two more attempts of load stage increment
were made. However, whenever the load reached a value
of approximately 1.350 kN, the pile developed a sudden
new failure associated with significant deformations. After
the third plunging failure, the micropile was progressively
discharged to a zero-load level and the test was declared
finished. The ultimate capacity of the MT micropile was
1600 kN with a total head movement of the same mag-
nitude of the micropile under compression loads, based 0 y y " y
on the first plunging failure. It is noteworthy that the pile : e = 20 fe
failed abruptly lifting the pile cap under this loading stage 25
(pullout failure). When the reaction system was stabilized, (b)
there was one more attempt to increase the load level. In
this instance, a new sudden failure happened at the load
stage of 1300 kN with considerable deformations. To
ensure the safety on the site, the micropile was progres-
sively discharged to a zero-load level and the test was
declared concluded.

Pile Compressive Strength (MPa)

Microstrain (pe)

20

Pile Tensile Strength (MPa)

—o— RS
5t —o— 4.1m
—&— 11.6m

Table 3 Micropile axial design considerations 0
0 200 400 600 800 1000 1200 1400 1600 1800

Micropile PG, (kN) PG, (kN) -

Microstrain (pe)

MC 781 1562 3970
MT 781 1562 4758 Fig. 11 Stres-s—str‘ain responses from “sister” bars for a MC micropile
and b MT micropile
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is that the load test interval that corresponds to a pile com-
pressive stress between 10 to 18 MPa has a total deformation
of about 2300 pe in the reference section. Additionally, a
deformation equal to 940 pe was caused during the load-
holding periods. In other words, 40% of the total deforma-
tion developed during the loading interval was related to
the micropile cross-section creep response of the reference
level. It is likely that that the severe creep mechanism at the
RS indicated a localized neat cement grout plastification at
the micropile’s head since the samples of neat cement grout
tested in the laboratory presented low compressive strength
and deformation modulus (fo3=15 MPa; E,,,=6 GPa) as
well as intense shrinkage. Indeed, the unconfined compres-
sive strength of the grout material at 28 days was below the
values recommended by FHWA [1], NBR 6122 [56] and
EN 14,199 [57] (20 MPa, 28 MPa, 25 MPa, respectively).
The MT micropile presented an atypical behavior at the first
instrumentation level after a pile uplift stress of 6 MPa at the
top of the micropile as shown in Fig. 11. From this value, the
strain induced by the applied loads tended to decrease dur-
ing the load-holding periods rather than increase or stabilize
indicating a strain gauge malfunction at this level.

The axial load transfer was obtained by the procedure
described by Fellenius [38] also called the tangent/secant
methodology. This method is suitable for composite piles
since it considers the inherently nonlinear and inelastic
stress—strain response of the grout material [9, 59-62].
The nonlinearity behavior of the MC and MT micropiles
is indicated in Fig. 1 1. In other words, composite piles pre-
sent a degradation in their deformation modulus over large
stress imposed in a static load test. Fellenius [38] derived
the secant pile modulus from the tangent modulus line in
order to determine the stress for a particular induced strain
in a specific “sister” bar section. The tangent modulus line
represents the rate of decay of the pile deformation modulus,
as a composite structure, under an increased stress—strain,
when the shaft resistance above the gage location has been
fully mobilized. It is obtained by plotting the load increment
divided by the strain increment versus strain. Based on Fel-
lenius [58], the lines and curves are expressed as follows in
Eq. (5):

de
— =Ae+B
i 2 5

B =
where E| is the tangent modulus, o is the applied stress;
do=(s,,,_0,) is the change of stress from one load incre-
ment to the next, € is the induced strain (microstrain, pe),
de=(¢g,,,_¢,) 1s the change of strain from one load incre-
ment to the next, A is the slope of the tangent modulus line
(modulus degradation or rate of decay) and B is the initial
tangent modulus.

Equation (6) is obtained by integrating Eq. (5) for the
composite pile behavior, which results in:

@ Springer

6 = 0.54¢> + Be (6)

The stress in a specific micropile cross-section level for
an induced strain is shown in Eq. (7), where E is the secant
pile modulus, given by Eq. (8).

c=Ec¢t

(N

Eg=054c +B (8)

Figure 12 presents the tangent modulus versus strain
diagram of the studied micropiles. Figure 12a shows that
the three uppermost instrumented sections of the micropile
under compression load (SR, 4.1 m and 11.6 m) converged
to a straight line after a deformation of 500 pe. At this point,
all shaft resistance from the reference section to a depth of
11.6 m has been fully mobilized. In other words, this line
represents the tangent modulus of a free column with the
same properties of the composite pile without the effects
of the surrounding soil. Linear regression of the slope of
the MC micropile tangent-modulus line (Best Fit Line)
provides the A and B coefficients of Eq. (5). The average
initial tangent modulus of the micropile under compression

200

(a) ——o— RS
——o-— 41m
150 ¥ ——a—— 116m
E i‘ o3 15.8m
O o me
= -Ig Best fit line
2 ‘|Ii
S il
3 100
= g
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A
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Fig. 12 Tangent modulus for a MC micropile and b MT micropile
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was 14.2 GPa, and the slope of the tangent line (rate of
decay) was —0.005 GPa per microstrain. Closer inspec-
tion in Fig. 12a shows that the last gauge level (15.8) also
mobilized a significant shaft resistance and tended to step
into the Best Fit Line. Therefore, it can be inferred that all
shaft resistance of the MC micropile was close to being fully
mobilized. Figure 12b indicates that all instrumented sec-
tions of the MT micropile converged to a straight line after
a deformation of 250 pe. As a result, all shaft resistance
above the third gauge level was fully mobilized (first and
second pile segment). Besides, the first “sister” bar indicated
an unconventional behavior after this deformation level,
probably related to strain gauge malfunction. The average
initial tangent modulus for MT was equal to 19.3 GPa and
the rate of decay was —0.0061 GPa per microstrain. The
highest value of the initial tangent modulus regarding the
MT micropile was already expected due to the presence of
the additional threaded mono bars centrally installed for the
load test conduction purpose, which increased the overall
stiftness of the micropile.

By inserting the values of A and B into Eq. (8) and then
using Eq. (7), it is possible to compute the average stress in
the pile over the length. Furthermore, by multiplying Eq. (7)
by the pile’s cross-section area, it gives the load distribution
of the instrumented pile subjected to a static loading test as
it can be seen in Fig. 13.

Figure 13a shows that all load applied at the top of the
pile is mainly dissipated through lateral resistance. Further
analysis shows that after the load stage of 1400 kN, the load
transfer diagram has its shape modified, especially at the
third pile segment, indicating the beginning of tip mobi-
lization due to the eminent saturation of the lateral resist-
ance. Indeed, the load—movement response also presented
a substantial increase in the slope after this loading stage
(Fig. 10), which indicates the threshold between the full
mobilization of the shaft resistance and the development
of tip resistance. Just before the first plunging failure, tip
resistance assumes a value of 7% of the applied load at the

Applied Load (kN) (b)

1800 0

(a)

0 200 400 600 800 1000 1200 1400 1600

Silty clay
(Colluvium)

PILE

10 Clay -silty | 10
clay to clay
(Diabase
residual soil)

Depth below ground surface (m)

pile’s head (P, =119 kN) considering a tip diameter equal
to the drilled hole (Db=0.3 m). Thus, the evaluation of
the tip resistance throughout the loading stages in a static
load test evidenced to be an effective method for determin-
ing the ultimate ground-to-grout capacity of a micropile as
emphasized by Han and Ye [30]. Additionally, the prelimi-
nary design for the axial geotechnical capacity proposed
by the FHWA [1]. presented a good fit for the new micro-
pile and tropical soil conditions since the calculated value
(PG, = 1560 kN) was near the ultimate load capacity of the
micropile (Pgyp .= 1581 kN), excluding the tip resistance.

From Fig. 13b, after the loading stage of 300 kN, the
load transfer mechanism did not occur properly to a depth
of 4 m, approximately. As the neat cement grout presented
low mechanical properties, the effective interface contact
between the annulus grout and the surrounding soil was
probably lost due to excessive cracking under tension/shear
stresses at the upper region of the pile, which reduced the
axial load transfer efficiency at the soil—pile interface. As a
result, after the load stage of 600 kN, all applied load at the
top of the pile was absorbed by its structural cross section
instead of transferring part of it to the surrounding soil, i.e.,
the pile segment from the ground level to a depth of 4 m
behaved as a free-length section. This phenomenon is also
called debonding of micropile as stated by Gémez et al. [27],
and it happens when the soil—pile interface is not able to
retain significant shear strength after a post-peak behavior,
i.e.. it behaves in a brittle manner (shear resistance decreases
after failure). The remaining bond length (4—17 m) pre-
sented a nonlinear behavior of axial load distribution until
a load stage of 1400 kN. After that point, the load-transfer
response changes to a nearly linear behavior which indi-
cates the development of a constant bond unit stress on the
bond zone. According to Holman and Barkauskas [9], this
phenomenon can be an indicative of the micropile’s failure.
Indeed, a pullout failure occurred at 1600 kN. Finally, con-
sidering that the MT micropile developed its entire resist-
ance through grout-to-ground bond resistance, the method
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g.13 Load distribution along depth for a MC micropile and b MT micropile
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suggested by the FHWA [1] also presented a good fit since
the calculated ultimate geotechnical capacity was notably
close to that experienced in the field test (Pgyy = 1600 kN).

It is apparent that the micropiles under compression and
tension loads behave similarly in terms of shatt load capacity
even though previous studies found otherwise [30-32, 37].
They experienced shaft tension load capacities to be lesser
than the compression load capacity. Hence, the explanation
for the MT micropile to reach a value of the same magnitude
of the compression micropile relies on (1) the number of
post-grouting phases, (2) the number of valves opened in
deep higher resistant soil stratum and (3) the higher cement
consumption during pile installation. The MT micropile
had two phases of post-grouting treatment at the third pile
segment instead of one as the MC micropile and a cement
consumption of 2.6 times greater in this region than the
micropile under compression which probably strengthened
the surrounding ground stratum and improved the grout-to-
ground interface under tension loads (see Table 1).

Fig. 14 Distribution of unit
bond stress of the micropile
along depth a MC micropile;
and b MT micropile

Depth below ground surface (m)

Grout-to-ground bond unit stress

The grout-to-ground bond unit stress (z) along the shaft
of the micropile between two levels of strain gages can be
computed as follows in Eq. (9):

_ AP

Y -

where AP is the load difference between two consecutive
gauge levels, [ is the distance between two consecutive gauge
levels and D is the diameter of the friction interface, which
in this study was considered equal to the diameter of the drill
hole (D, =0.3 m). Figure 14 illustrates the distribution of the
grout-to-ground bond unit stress along the shaft for the MT
and MC micropiles. It also presents the ultimate skin friction
(f,) obtained by the traditional @ method. The ultimate skin
friction through this method is computed based on Eq. (10)
as follows:
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T =ac, (10)

where ¢, is the undrained shear resistance of the soil (aver-
age values calculated by Eq. | for each instrumented sec-
tion), and a is the empirical coefficient according to API
[63]. which are:

a=1-%2 if 25kPa<c, <70kPa:
a=1,1if ¢, <25kPa;
a=05,if ¢, > 70kPa.

Figure 14a shows that in general the unit bond stress
increased at each load stage increment at the SMLT. How-
ever, there was an unconventional behavior in the MC micro-
pile at higher loads. When changing the load stage from
1400 to 1500 kN, the unit bond stress of the first (0—4.1 m)
and the second (4.1-11.6 m) segments decreased instead of
increasing or stabilizing, indicating a soft-strain behavior
at the soil-pile interface. Additionally, the unit bond stress
almost doubled in the last section (from 48 kPa at a load
stage of 1400 kN to 80 kPa at a load stage of 1500 kN),
showing a considerable increase in the load transfer mech-
anism in this region due to the post-peak behavior of the
upper layers. The post-peak softening of the mobilized bond
strength for soil-grout interfaces has also been observed by
Gomez et al. [27]. Wen et al. [32]. Chu and Yin [64], Hos-
sain and Yin [65].

The micropile under tension loads also developed a post-
peak reduction of the mobilized bond stress as it can be
noted in Fig. 14b. It firstly occurred in the first pile segment
(0—4.1 m) under the load stage of 300 kN as previously men-
tioned. This phenomenon directly affected the load-transfer
mechanism in the upper segment of the pile since the unit
bond stress decreased from 13 kPa to O after the load stage of
600 kN. After this load step, the first pile segment behaved
as a free-length section. The second post-peak event hap-
pened during the change of the loading stage from 1300
to 1400 kN at the second pile segment (4.1-11.6 m). The
mobilized unit bond stress was reduced from 131 to 123 kPa.
Additionally, the unit shaft resistance had a considerable
increase in the last section (from 73 kPa at a load stage of
1300 kN to 104 kPa at a load stage of 1400 kN) due to the
post-peak behavior of the upper layer.

The aforementioned post-peak softening behavior on the
soil-pile interface of both micropiles is better visualized in
the plot of mobilized unit bond stress versus shaft relative
movement presented in Fig. 15. The relative shaft movement
at each pile segment was approximately estimated by Eqgs.
(11) to (14) as follows:

5nl=p0_Afl (11)

(a)

Unit Bond Stress (kPa)
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Fig. 15 Unit bond stress versus relative movement for a MC micro-
pile and b MT micropile

A,
b= 00— A= " (12)
5 A AzZ AE’3
=P~ Ra T T (13)
_ P+P
! (14)

e2 —
2“Ese(:‘tlpi]e

where 3,,, d,, and 3,5 are the relative shaft movement of the
first, second and third pile segments, respectively, p, is the
pile head movement, A,;, A, A is the elastic shortening
of the first, second and third pile segments, respectively, P;
is the load at the top of a pile segment, P; is the load at the
bottom of a pile segment, E_. is the average secant modulus
of pile segment obtained by Eq. (8), A is the pile cross-
section area assuming a diameter equal to the drilled hole
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(Db=0.3 m) and 1 is the distance between two consecutive
gauge levels from Eq. (9).

Figure 15 shows a particular behavior of the relation-
ship between the unit bond stress and micropile—soil rela-
tive displacement for each soil layer under a specific type
of loading. Regarding the first pile segment, the unit bond
stress under compression presented two brittle failures (at
44 kPa and at 82 kPa), and after the second one, it presented
a hardening behavior. Meanwhile, for the same pile seg-
ment, the unit bond stress under tension showed that after a
maximum value of 13 kPa, it gradually decreased to a zero
residual value. Figure 15a shows that the unit bond stress
of the second segment presented a considerable post-peak
softening of the unit bond stress (from 115 to 82 kPa), while
Fig. 15b shows that the post-peak reduction of the unit bond
stress under tension was smoother. Finally, the unit bond
stress of the third pile segment under compression indicates
a tendency to a elastoplastic behavior with an ultimate value
close to 120 kPa, while the unit bond stress under tension for
the last segment shows a hardening behavior after 100 kPa
with a maximum value of 132.5 kPa before the first plunging
failure of the MT micropile.

These results are likely to be related to the sudden failure
of both micropiles during the SMLT as they also presented a
post-peak reduction in the load—movement response after the
first plunging failure, indicating a residual value of 1350 kN
for the micropile under compression and 1300 kN for that
under tension (see Fig. 10). It can be suggested that the post-
peak softening behavior of the unit bond stress in micro-
piles under high loading conditions may cause abrupt and
unexpected failure mechanisms at the top of post-grouted
micropiles. A possible explanation for this might be that the
samples of neat cement grout presented intense shrinkage
which could have triggered the instabilities in the soil-grout
interface. Therefore, the use of anti-shrinkage additives is
recommended for this type of micropile, especially at the
annulus grout-steel pipe interface, to reduce or even avoid
a brittle response.

The ultimate bond strength of both soil layers is com-
puted and presented in Table 4. It can be noted that the
ultimate bond strength under tension is higher than that

under compression for the diabase residual soil layer. To
this extent, the average ultimate bond strength under tension
load for this layer is approximately 1.12 times that under
compression load. Furthermore, the ratio of the ultimate
bond strength under compression to that under tension,
considering the entire bond length of the pile (Lb=17 m),
is close to 1.0. Han and Ye [30] observed a ratio of 1.75
for type B micropiles and Wen et al. [32] a ratio of 1.71 for
type C micropiles. Both studies were performed in cohe-
sion soils with an average undrained soil strength throughout
the pile’s shaft of 29 kPa for the first study and 50 kPa for
the second one. The higher ultimate bond strength under
tension load and, consequently, the lower ratio of Itu/t ul
may be explained by the post-grouting methodology used
in the present study (type D according to FHWA [1]). As
the micropile under tension loads was performed with more
than one post-grouting phase and with higher cement con-
sumption and injection pressure in the deep resistant stra-
tum (average cu of 95 kPa), the soil-pile bond resistance
under tension was enhanced. Therefore, it can be stated the
ultimate grout-to-ground bond strength under tension loads
can be improved with the grouting technology presented in
this study.

The average value of ultimate bond strength of the micro-
pile under compression is in the range of the values obtained
by Jeon and Kulhawy [33] for type C and D micropiles.
These authors found a range of 77.5 —109 kPa for silty clay
soils with an average undrained shear strength of 170 kPa
(London Clay). On the other hand, the average value of the
ultimate bond strength under tension is close to the range
obtained by Misra et al. [66, 67] for type D micropiles under
uplift loads. According to these studies, the average ultimate
bond strength was between 113 and 151 kPa for medium
to dense silty clay of medium to high plasticity. Therefore,
the values of ultimate bond strength obtained in the present
study are close to the values of other experimental studies of
post-grouted micropiles embedded in silty clay soils.

It can be observed that the recommended values by the
FHWA [1] are close to the test result with an estimated/
measured ratio of 0.98 indicating a good fit for prelimi-
nary design conditions for the new micropile embedded in

Table 4 Ultimate bond strength

. _ Soil types UNICAMP results Recommended values
of each soil layer (kPa)

Ultimate bond strength (kPa) FHWA [1] API [63]
MC (z,) MT (') MC/MT (z,/7',)

Silty clay (colluvium) 100 - - 50-145 75

Silty clay to clay (diabase 118 132 0.89 50-145 91

residual soil)
Average value 99 100 0.99 97.5 83

Average value is the ultimate average unit bond stress along the entire bond length (Lb=17 m)
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tropical lateritic soil. Moreover, the values recommended
by the API [63] for conventional nongrouted piles are lower
than values measured in the field test. These results sug-
gest that the post-grouting technique probably enhanced
the grout-to-ground bond strength along the pile shaft. To
this extent, the ultimate bond stress of the silty clay (col-
luvium) is improved by 33%, while the diabase residual soil
layer is improved by 29%, both under compression load.
Moreover, the ultimate bond stress of the diabase residual
soil is improved by 45% under tension load. These results
reflect those of Wen et al. [32] who also found that post-
grouting techniques played an important role in improving
the soil—pile interface of micropiles embedded in marine
soft clay.

Finally, the ultimate grout-to-ground bond strength under
compression and under tension is higher than the average
values of lateral resistance obtained by Albugquerque et al.
[41] for other types of nondisplacement piles embedded in
tropical lateritic soil (Experimental Site I shown in Fig. 1).
Based on these authors, the average maximum lateral resist-
ance of bored piles was 41 kPa, while the average value for
continuous flight auger (CFA) was 57 kPa. According to
these data, we can infer that the two-step grouting methodol-
ogy with high injection pressures used in this study signifi-
cantly enhanced the lateral resistance at the soil—pile inter-
face of the micropiles. The average ultimate bond strength
is 2.41 and 1.75 times greater than the maximum average
lateral resistance measured for traditional bored and CFA
piles, respectively. As a result, the type D post-grouting
methodology showed to be essential in improving the load
capacity of the micropiles installed in tropical lateritic soil.

Summary and conclusions

In this study, a new configuration of post-grouted steel pipe
micropiles was installed in a tropical lateritic soil at a new
experimental site localized at the University of Campinas,
Brazil. In short, the main innovation of the new construc-
tion technology is the use of a high-capacity steel tube as
casing protection, drilling tool, injection device and struc-
tural element. Furthermore, the micropiles were performed
with a two-step process of grouting with high injection
pressures which positively affected their overall bearing
capacity. Therefore, they can be treated as a special type
of micropile and also be classified as a type D based on the
grouting methodology, according to FHWA [1]. Full-scale
pile loading tests were performed to investigate the axial
behavior under compression and tension of the new set of
micropiles. Aspects such as the difference between shaft
bearing capacity and grout-to-ground bond strength under
both load conditions were analyzed and discussed based on

the interpretation of the load—movement response and the
instrumentation data. The main conclusions can be drawn,
as follows:

e Slow monitored load test results indicated a sudden fail-
ure after the full mobilization of the grout-to-ground
bond strength of both micropiles. This indicates that the
lateral resistance governs the overall bearing capacity of
the presented micropiles, and tip resistance should not be
considered for workload or ultimate load conditions;

e The ultimate shaft capacity of the micropile under ten-
sion was almost the same as the micropile under com-
pression loads, excluding tip capacity. In this instance,
the preliminary design computation of the ultimate
capacity of type D micropiles, suggested by the FHWA
[1], provided a close estimation of the ultimate load for
both piles;

e The tangent/secant method proposed by Fellenius [58]
is indicated to be appropriate for instrumentation data
interpretation of the studied micropiles in view of the
nonlinear behavior of their composite structure;

e Both micropiles presented a post-peak softening behav-
ior of the mobilized bond stress along the shaft which
reflected in a brittle response of the load—-movement
response at the top of the pile. The sensitive response of
the annulus grout and the steel pipe interface was prob-
ably due to the intense shrinkage of the neat cement grout
used during the grouting phases. Although the use of
anti-shrinkage additives for this type of micropile was
recommended to overcome this issue, the precise mecha-
nism of the post-peak reduction of the mobilized bond
stress remains to be elucidated in further studies;

e The average value of the ultimate bond strength sug-
gested by the FHWA [1] for type D micropiles was in
good agreement with the values measured in the field for
both types of loads, showing an estimated/measured ratio
close to the unity. The average value of the ultimate bond
strength under tension was of the same magnitude as the
under compression, which indicates the effectiveness of
the micropile installation methodology on the ground-to-
grout bond tension resistance enhancement;

e The two-step grouting technique with higher injection
pressures showed to positively affect the axial bear-
ing capacity of the steel pipe micropiles embedded in
diabase residual soil since the values of ultimate bond
strength predicted by the API [63] for nongrouted piles
were improved by 29% and 45% under compression and
tension loads, respectively, for this type of soil. In addi-
tion, the average ultimate grout-to-ground bond strength
of the micropiles under compression and tension is 2.41
and 1.75 times greater than the average lateral resist-
ance of traditional nongrouted and non-injected piles
performed in the same soil conditions at Unicamp,
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respectively. Therefore, these results also indicate that
the presented grouting methodology leads to a lateral
resistance improvement of the tropical lateritic soil and
the micropile interface.
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