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ABSTRACT The bearing capacity of shallow foundations on soft soils can generally be estimated based on Local Shear Failure (Terzaghi
theory). Several researchers previously stated that the installation of micro-piles on the failure area (slide) can increase the shear strength
of the soil. This can be followed up by providing micro-pile reinforcement to prevent lateral soil movement. Therefore, this research was
conducted to increase the bearing capacity of shallow foundations on medium-consistency soft clay soils that have been reinforced with
micro piles. The research was conducted using modeling in the laboratory with a scale of 1:30. The soil sample used was kaolin clay made
from slurry made from kaolin powder with a water content (wc = 1.77 LL), liquid limit (LL = 62.35%) and sample diameter (d = 33 cm). The
slurry was formed by compacting at a medium consistency level with an undrained cohesion value (cu = 0.397 kg cm2). The micro-pile
material in the form of apus bamboo was installed, varying in diameter (d) 0.2 cm (0.027 B), 0.3 cm (0.04 B), and 0.5 ¢cm (0.07 B); sum (n)
4,9, 16, and 25; and length (L) 10 cm (1.33B), 13 cm (1.73B), and 16 cm (2.13B) micro-piles. While the foundation model uses a square
foundation B x B with B = 7.5 cm. The tests were carried out before and after the micro-piles were reinforced with a soil shear failure test.
The results showed that a decrease of 0.1B caused an increase in the ultimate bearing capacity of the micro-pile (qyjt.empirical, 0.18) from
the ultimate bearing capacity before installing the micro-pile. This value is then used to determine the ultimate bearing capacity ratio so
that Rq,0.18 = Quit-empirical,0.18/Quit-Terzaghi With the optimum bearing capacity ratio occurring at Ry .18 With n3 = 16, d, = 0.04B, L, = 1.73B.
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1 INTRODUCTION

Soft soils are generally characterized by several
factors that contribute to their poor bearing ca-
pacity and substantial settlements. This can be
attributed to their high-water content, void ratio,
and minimal resistance between the soil particles,
all of which result in a weak soil strength. The
soil lacks the necessary strength to withstand the
applied loads, leading to a low carrying capacity.
Furthermore, loading the soil causes a reduction
in the void ratio and land subsidence. Therefore,
the greater the load applied, the greater the set-
tlement.

Figure 1a shows the application of load (q) on shal-
low foundations with an expected gradual increase
in the foundation settlement as the load increases.
The soils on both sides of the foundation bulged,
and the slip surface extended to the ground sur-
face when the load q reached the q-ultimate (q =

Quit), as indicated in Figure la. This failure sur-
face is referred to as general shear failure (Terza-
ghi et al., 1996) and is typically observed in foun-
dations constructed on granular and stiffer soils.
The construction of a shallow foundation on rel-
atively soft soils can lead to local shear failure,
causing the triangle wedge underneath the foun-
dation to move downward, and the failed surface
ending somewhere within the soil as, presented in
Figure 1b. The curves of the load-settlement re-
lationship for general and local shear failures are
represented by Curve-I and Curve II, respectively,
in Figure 1c (Terzaghi et al., 1996).

The pattern of local shear failure, presented as
curve II in Figure 1c, exhibited the same trend as
the results obtained when testing on medium clay
soils before the installation of micro-piles. This
served as the basis for the analysis in this study to
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Figure 1 Illustration of bearing capacity failure of the soil
underneath (Terzaghi et al., 1996; Das, 2010)

determine the testing results of soft clay samples.
The cohesion value for local shear failure was 2/3
of the undrained cohesion ( ¢ = 2/3¢c,) (Terzaghi
et al., 1996; Das, 2010), as depicted in the Terza-
ghi failure model shown in Figure 1b. The general
formula for the ultimate support of shallow foun-
dation with a square shape is as follows:

quit = 1.3¢Ne +vDfNq+03ByN, (1)

The bearing capacity of shallow foundations
can be improved through the implementation of

228

Vol. 9 No. 3 (September 2023)

micro-piles reinforcement to prevent lateral soil
movement. Numerical studies conducted on clay
and sandy soils using micro-piles reinforcement
under shallow foundations showed an increase in
soil carrying capacity compared to soil without
micro-piles (Alnuaim et al., 2016).

Another numerical study investigated the use
of micro-piles with the deep soil mixing (DSM)
method to mitigate the decrease in the bearing
capacity of shallow foundations caused by lig-
uefaction, employing FLAC3D. The results indi-
cated that the increase in seismic carrying capacity
was greater with longer DSM, however, the larger
the diameter of the DSM, the smaller the bear-
ing capacity of the shallow foundations (Hashem-
inezhad and Bahadori, 2022).

In addition to numerical study, laboratory exper-
iments have also been conducted on models of
shallow foundations in clay soils, incorporating
different diameters and lengths of micro-piles.
The results showed an increase in the carrying ca-
pacity of soft clay soils by up to 2.2 times compared
to those without micropile reinforcement (Suroso,
2008, 2010).

Efforts were made to strengthen previous studies
by installing micro-piles under a shallow founda-
tion at different slope angles (©) of 0°, 15°, 30°,
45°, and 60°. The largest increase in the bearing
capacity of the soils was observed in micro-piles
placed vertically (©=0°), while those with a greater
angle of inclination had smaller values (Tsukada
et al., 2006).

Several other studies involving laboratory and nu-
merical models have also been conducted in addi-
tion to those previously mentioned. This partic-
ular study utilized laboratory model testing and
GeoStudio 2D element analysis to examine fly
ash reinforcement on shallow foundations using
micro-piles with varying length-to-diameter ra-
tios (L/D= 60; 80; 100; 120). The results showed
that each case of the bearing capacity ratio (BCR)
exceeded 1 (Shah et al., 2021).

Field studies have also been conducted with post-
grouting micro-piles on soft soil, a case study of
transmission leaning tower foundations in China.
The results showed an increase in axial compres-
sive bearing capacity of 2.5 times non-grouting
micro-piles (Wen et al., 2020).
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Micro-piles

Figure 2 Illustration of micro-piles installation to resist lat-
eral forces

The data provided highlighted the necessity for
further studies on the use of micro-piles as rein-
forcement to resist lateral movement, as shown in
Figure 2. Micropiles are used as reinforcement to
increase the ultimate bearing capacity of shallow
foundations through variations installed in length
(L), diameter (d) and number (n). This study fo-
cused on soft soils, specifically medium clay con-
sistency. The relationship between the length, di-
ameter and number of crevices to the ratio of ulti-
mate bearing capacity at 0.1 B settlement (Rqyo.1 5=
Quit-empiris,0.1 B/Quit-local shear Terzaghi) was discussed,
where B was the width of the foundation. The
study addressed the following aspects:

1. The effect of the number of micro-piles on
increasing the ultimate bearing capacity of
shallow foundations.

2. The effect of micro-piles length on increasing
the ultimate bearing capacity of shallow foun-
dations.

3. The effect of micro-piles diameter on increas-
ing the ultimate bearing capacity of shallow
foundations.

To ensure even settlement, it is crucial to evenly
distribute the installed micro-piles with a square
number of micro-piles (n;= 22= 4; ny= 3%= 9; nz=
32=9; nz=42= 16; n4= 5%= 25 ). The top end of the
micro-piles should not be connected to the shal-
low foundation to allow the micro-piles resist lat-
eral movement, in accordance with the objectives
of this study. The novelty of this study lied in the
fact that micro-piles as reinforcement intersected
the failure plane, withstood lateral movements,
increased the shear strength of the soil, thereby
enhancing the ultimate bearing capacity of shal-
low foundations.
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2 METHODS

This study used a scale of 1:30 as a comparison be-
tween test objects in the laboratory and reality in
the field. The determination of the scale was based
on the experimental scale by considering the lab-
oratory capacity, test tubes and sample material,
as well as supporting literature based on previ-
ous research (Alfani et al., 2022). In building scal-
ing, there were no definite criteria regarding the
scale range used, but most laboratory experiments
have been successful with a scale range of 1:10 to
1:50 depending on the tested parameters and lab-
oratory capacity (Esmaeilpour et al., 2023). Also,
micro-piles testing as a reinforcement for shallow
foundations on soft soils to increase ultimate bear-
ing capacity used a scale value of 1:30 where 1 cm
inthe laboratory represents 30 cm in field or actual
conditions, as shown in Table 1.

The materials included medium consistency clay
and micro-piles used with apus bamboo Gigan-
tochloa apus from East Java, Indonesia. Apus bam-
boo was used because it belongs to a strong class
11, hence it can be classified as a construction class
material (Manik et al., 2017). The bamboo also
has the best type of structural gradation due to its
maximum compressive load carrying capacity (F.)
which can be precisely and accurately predicted
(Bahtiar et al., 2019). Apus bamboo is good for use
on trees of at least 2 years old (Ye and Fu, 2018).
The laboratory test results based on SNI 03-359-
1995 and ASTM D-143 showed average values of
0.2 cm and 0.3 cm for micropiles diameters, 0.5 cm
for bending stresses (oy;) of 3900 kg cm™2, elastic
modulus (E) of 1.89x10° kg cm™2, torsion moment
(MP) of 2.374 kgcm, and strain (¢) of 2.574%. The
stages involved in this study are as follows:

1. Soil sampling
2. Installation of micro-piles on samples
3. Tests

This study was conducted in a laboratory with
the micro-piles varied at different diameters (d) at
0.027B, 0.04B, and 0.07B, numbers (n) at 4, 9, 16,
and 25, as well as length (L) at 1.33B, 1.73B, and
2.13B. Furthermore, the micro-piles were placed
under a shallow foundation designed in the form
of a B x B square where B = 7.5 cm. The exper-
iment was used to produce the ultimate bearing

CapaCity ratio (RqO.lB = Qult—empiricalo.lB/ qult—Terzaghi)’
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Table 1. Using a mini-scale laboratory model of 1:30 from the size in the field

Information notation Satuan Laboratory model scale 1/30 Real size in the field

Foundation width B cm 7.5 225

The thickness of the iron plate foundation tp cm 0.3 9

Foundation depth (t depth) Df cm 0 0

Maximum vertical collapse length (Brown, 1994) D=B cm 7.5 225

The failure length horizontal direction (left and right side) was mea- Ls cm 7.5 225

sured from the edge of the foundation (Brown, 1994)

Micro-pile diameter (d1, d2, d3) d cm 0,2;0,3;0,5 6,9,15
0.027B; 0.04B; 0.07B

Micro-pile length (L1, 12, 13) L cm 10; 13; 16 300; 390; 480
1.33B; 1.73B; 2.13B

Soil sample height: H1 cm 18.5 555

0.5+ L3 +2.0

Where,

2.0 cm = vertical settlement space

Soil sample diameter: ds cm 33 675

2Ls+ B +10.5
Where,

10.5 cm = anticipating more free left and right side lateral move-
ments

where, qyjt-empirical Was obtained from testing the
soil samples with and without micro-piles.

2.1 Soil Sample Production

Clay samples with medium consistency were pre-
pared from kaolin-based slurry using the compres-
sion method. The kaolin soil was sourced from
the island of Bangka, Indonesia, with a liquid limit
(LL) value of 62.35% and a plastic limit (PL) value
of 38.33%. The slurry was produced with a wa-
ter content (w.) of 1.7xLL (Lambe and Whitman,
1969) and placed into a tube with a diameter (d) of
33 cm. The production of a sample with c,= 0.397
kg cm2 and water content (w.= 53.95%) required a
load (o) of 1.989 kg cm™ for time (t) of 5 to 7 days.
These load and time values were determined from
the results of previous experiments. The method
for loading the slurry into the tube is illustrated in
Figures 3a and b.

Slurry Compression Method Soil samples with a
clay medium consistency level were obtained from
slurry samples using compression method. An es-
timate of the cu value (Ardana, 1999) was initially
carried out to determine the magnitude of the ver-
tical effective stress (¢p’). The magnitude of o},’=
1.989 kg cm™ based on the estimated c, value was
used for the loading test on the sample diameter
(d=7.15 cm; 17 cm). The time needed to compress
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the sample was reviewed at the degree of consol-
idation (95% < U < 100%). This was to ensure the
pore water pressure (u) in the sample returned to
hydrostatic pressure (u = u,). The consolidation
time took 3 days for thick slurry samples (H, = 23
cm) with d =7.15 cm, and 2 days for slurry samples
of (H, = 13 cm) with d = 17 cm. The compressed
diameter sample (d = 7.15 cm; 17 cm) was sub-
sequently tested for soil shear strength using the
Unconfined Compression Test (UCT) and the Vane
Shear Test (VST) to determine the true undrained
cohesion (cy).

The test was conducted on four soil samples with
a medium clay consistency level. This was car-
ried out to obtain the average c, values for the
two sample diameters (7.15 cm and 17 cm) of 0.395
kg cm™ for UCT and 0.403 kg cm™2 for VST. Since
the ¢, values from the test fell within the range of
medium clay consistency level (Umum and Rakyat,
2019), the value of 7’= 1,989 kg cm™ was used as a
reference for preparing samples d = 33 cm. It was
subjected to a loading time at the degree of con-
solidation (95% < U < 100 %), taking a minimum
of 5 days for a slurry sample thickness of approxi-
mately H, = 29 cm. Micro-piles were later installed
in the soil samples produced at this stage.
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Figure 3 Formation of medium clay samples, d =33 cm

2.2 Micro-pile Installation

The micro-piles were installed under a shallow
foundation using the pattern presented in Figure
4, from the outside to the inside direction:

The number of micro-piles installed spread evenly
with n = 2% = 4; 32= 9; 42= 16; 5% = 25, ensur-
ing even distribution (no differential settlement)
when there was a decrease. The micro-piles were
installed starting from the edge point and end-
ing at the inner point to reduce the buildup of ex-
cess pore water pressure (due to installation of the

Journal of the Civil Engineering Forum

micro-piles) outside the group of micro-piles. This
process is illustrated in Figure 5.

The ends of the micro-piles were sharpened be-
fore installation to minimize the damage to the
soil grain structure. They were plugged vertically,
at an angle (#) of 0°, from the outer side to the in-
ner side. This was aimed at reducing the excess
pore water pressure toward the outer area of the
micro-piles group caused by the installation pro-
cess.

The tops of the micro-piles were not directly in-
stalled under the foundation plate but kept at a
distance of 0.5 cm from the soil surface. This en-
sured they did not bear any vertical load from the
foundation plate, as shown in Figure 6a. The dis-
tance between the edge of the foundation plate
and the outer cylinder wall of the soil sample was
approximately 2B, as shown in Figure 6b.

The test specimens were left in a closed and moist
place for several days (waiting period) after the in-
stallation of the micro-piles. This was carried out
to restore the initial strength of the soil which was
probably disturbed by the installation process and
the possible elevation of uneven pore water pres-
sure around the group. The waiting period for each
number of micro-piles “n” varied. For instance,
ni= 4 required 1 to 2 days, ny=9, 2 to 3 days, nz=
16, 3 to 4 days, and ny= 25, 5 to 6 days.

Perforated iron was attached to the foundation
plate to ensure the load P remained in the mid-
point position. The magnitude of P was calcu-
lated by multiplying the effective vertical stress
by the cicular cross-sectional area of the sample
(P=oy. 471'ds ).

The next stage after the installation of micro-piles
is the Shear Collapse Test.

2.3 Test

This soil shear failure test phase was used to de-
termine the working load at the time of settle-
ment 0.1x B (Py.1), where B, the width of the
foundation, was 7.5 cm (Badan Standarisasi Na-
sional, 2017). Observations were made with a ver-
tical loading speed set at 15 mm/minute, and the
starting position of the loading was confirmed to
be at force (P) = 0 Newton. The test was stopped
upon experiencing significant deformation or fail-
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Figure 4 The installation pattern of the micro-piles under a shallow foundation at different numbers (n) =4, 9, 16, and 25
as well as a distance of 1.2cm from the edge of the foundation to the axle micro-piles
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Figure 5 Micro-piles installation order for n=9

Table 2. Composition of 20 (twenty) samples installed
with micro-piles with variations of n, L, d

Length of diameter of
Number of sample

micro-piles, L micro-piles, d

(cm) Number of micro-piles, n (cm)
nl=4 n2=9 n3=16 n4=25

d1=0.2 (0.027B)
d1=0.2 (0.027B)
d1=0.2 (0.027B)
d2 =0.3 (0.04B)
d3=0.5 (0.07B)

L1=10(1.33B)
L2 = 13 (1.73B)
L3 =16 (2.13B)
L3 =16 (2.13B)
L3 =16 (2.13B)

—_ = = e
—_ = e
—_ = = e
= =

ure, and the load conditions were recorded at a
decrease of 0.1 B (Pg 1g). The test was conducted
on twenty samples with micro-piles at different L,
d, and n as well as one sample without the rein-
forcement, as shown in Table 2. The shear fail-
ure of micro-piles under shallow foundations on
soft soils was tested based on ASTM: C 293-02, as
shown in Figure 7.
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2.4 Data Analysis

The data from the one sample without micro-piles
and the twenty samples with micro-piles installed
at different L, d, and n were analyzed to determine
the ultimate bearing capacity ratio (Rq), as shown
in Table 2. Ry is the ratio of the empirical bearing
capacity (quit-empirical) With a 0.1 B reduction to the
Terzaghi bearing capacity (Quic-terzaghi)- The em-
pirical bearing capacity (qyit-empirical) Was obtained
through the shear failure test conducted on both
the sample without micro-piles (quit-empirical, n=0)
and those with micro-piles (Quit-empirical, n #0)- The
bearing capacity of Terzaghi (qyit-Terzaghi) Was de-
termined using the formula for a square foot foun-
dation (Isnaniati, 2017), as presented in Equation
1. The undrained clay soil ¢= 0° produced N, = 5.7,
N~v=0,and Ng=1atDf=0m

quit = 1,3.¢.Nc 2)

The c for local shear failure conditions was 2/3cy,
indicating an ultimate bearing capacity (Terzaghi
et al., 1996) of

quit = 7,41.cy 3

3 RESULT AND DISCUSSION

The ratio of the ultimate empirical bearing ca-
pacity obtained through 0.1 B reduction (Na-
sional, 2017) to the ultimate carrying capac-
ity of Terzaghi was determined using Ry =
Quit-empirical0.1 B/ Quit-Terzaghi. Figures 89, and 10
show the results based on the variations in the
number (n), diameter, (d; =0.2 cm), and length (L4,
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Figure 7 Shear failure test on medium clay soil samples
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Ly, L3), along with their relationship with the ul-
timate bearing capacity. This is explained as fol-
lows:

1. The empirical bearing capacity at 0.1 B sub-
sidence for soil without micro-piles showed
only slightly differences from the carrying ca-
pacity obtained from the Terzaghi formula,
with an average Ry of 0.953. This indicated
there was practically a match between Terza-
ghi’s theory (Terzaghi et al., 1996) and the
present study.

2. A significant increase was observed for Ry
with a greater number of micro-piles, but
this increase became insignificant when n >
16, resulting in a constant or decreasing Rq
value. This indicated both the soil and the
number of micro-piles determined the bear-
ing capacity of the foundation, but the Rq
stopped increasing at a higher number or
high strength of micro-piles. Similar observa-
tion were reported in several previous studies
(DM-7, N., 1971; Mochtar, n.d.; Rusdiansyah
and Mochtar, 2015, 2016)

3. The length (L) of the micro-piles had a rel-
atively small effect on the increase in Ry as
shown in Figure 8. The increment in R re-
mained small for different lengths (L) but the
same number of micro-piles (n). This was
probably due to the fact that the 10, 13,and 16
cm lengths practically intersected the shear
failure line of the soil under the foundation
slab. The effect of micro-piles length on Rq
was also presented in Figure 9, where the
change in Ry was relatively small for the spec-
ified variations of micro-piles length, as fur-
ther confirmed by Brown (Brown, 1994). The
highest Ry was obtained at L = 13 cm (1.73B).

4. The effect of micro-piles diameter on the
bearing capacity of soil is presented in Fig-
ure 10. According (Rusdiansyah and Mochtar,
2016), a relatively small increase in the diam-
eter of micro-piles enhanced the soil’s resis-
tance to shear, but this improvement usually
became insignificant when a certain diameter
was reached. This indicated both the soil and
micro-piles contributed to the increase of Rq,
but when the micro-piles became too strong
due to a relatively large diameter, the shear
failure was predominantly determined by the
strength of the soil. This consequently led
to stagnancy and possible decrease in the Ry
value. Figure 10 shows an increase in the Ry
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value for n = 4 and n = 9 when the diameter
increases from d = 0.20 cm (= 0.027 B) to d =
0.3 cm (0.04 B), followed by a reduction when
d = 0.5 cm (0.07 B). Although the pattern for
n = 16 and n = 25 was not clear, the change
in Ry due to the diameter of the micro-piles
was relatively less significant compared to the
change caused by their number. Moreover, the
change in Ry was only significant at a specific
diameter d, falling between 0.2 and 0.3 cm.

The results above showed that micro-piles under
specific conditions, such as number and length of
the piles, had the ability to increase the bearing
capacity of the foundation. Similar results have
also been reported in several previous studies. Cao
et al. (2004) verified the effectiveness of using
micro-piles under a shallow foundation, consider-
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ing factors such as thickness, pile depth, instal-
lation pattern, and number of piles. The study
showed that micropile beneath a raft foundation
could reduce settlement and bending moment of
rafts. In addition, Park et al. (2020) obtained sim-
ilar results by conducting a centrifuge test. It was
found that disconnected rift piles had the same
system as the micro-piles in the present study,
thereby reducing soil settlement while also affect-
ing its bearing capacity.

Eslami et al. (2012) examined the ratio of the width
of the area where disconnected raft piles were in-
stalled (using the same system as this study) and
the width of the foundation to settlement. The
results showed that disconnected raft piles in-
stalled under the raft effectively reduced settle-
ment when placed at the center of the foundation.



Vol. 9 No. 3 (September 2023)

2.0
Q

¢
18( /

L
1.6 O

~

trendline nj

Journal of the Civil Engineering Forum

trendline n,

o

4

1@ »\

trendline n,

quk-urnp ilimn.llﬂ/quh- Terzaghi

q0.18 =

1.0

R

N %)

trendline n,

0.8

0.2 0.25 0.3 0.35

0.4 0.45 0.5 0.55

micro-piles diameter, d (cm)
®nl=4 @n2=9 @n3=16 0On4=25

Figure 10 Graph of the relationship between the diameter of micro-piles “d” to the qy ratio at 0.1B "Rqo.18" With variation n

for L3=2.13B

The function of pile configuration in raft geom-
etry, as demonstrated in this study, could reduce
settlement, particularly when concentrated at the
middle of 15-25% of the raft plan area.

These results were consistent with El Sawwaf
(2010) which examined sand soil and Reul and
Randolph (2004). El Sawwaf explored the ratio of
the bearing pressure of a piled raft to that of an un-
piled raft at the same settlement level. The results
showed that improvements in the bearing pres-
sures at the same settlement level were greater
with longer piles. The ratio of the bearing pres-
sure of a piled raft to that of an unpiled raft at the
same settlement level initially increased with the
increase in pile number. However, the increasing
rate and the settlement of rafts became quite small
when the number reached a certain value.

In summary, the results showed that micro-piles
under raft/shallow foundation could increase the
bearing capacity, the increase ratio depending on
the number, length, and configuration. These re-
sults aligned with previous studies conducted on
various soil types using different methods.

4 CONCLUSION

In conclusion, the results obtained from the place-
ment of micro-pile models under a shallow foun-
dation showed that the number ”"n” of the micro-
piles had a significant influence on the increase in
the ultimate bearing capacity ratio (Rqo.1). The
length of the micro-piles had a less significant ef-
fect due to the length (L) intersecting the failure

line. A similar pattern was observed for the diam-
eter, where the effect was insignificant after a cer-
tain value. Moreover, the highest increase in the
average Rqo 1 g value was observed at n3 = 16, d; =
0.3 ¢cm (0.04B), and L, = 13 (1.73B).
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